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Abstract: This paper presents the results of systematic studies of the atomic structure of the layered
bulk, bilayer, and monolayer of diamene (a two-dimensional diamond monolayer recently synthe-
sized by various methods) functionalized with fluorine and hydroxyl groups with the chemical
formulas CoF and C,OH. The results of our calculations show that both types of diamene under
discussion have a wide optical gap corresponding to the absorption of light in the UV spectral
range. The formation of a boundary between these two types of diamene layers leads to a significant
decrease in the band gap. Therefore, this layered material, with an interface between fluorinated and
hydroxylated diamenes (C,F/C,OH structures), can be considered a suitable material for converting
UV radiation into visible light in the orange-yellow part of the spectrum. The adsorption of acetone
or water on the C;F/C,OH structures results in visible changes in the band gap. The effect on
photoemission is different for different detected analytes. The presence of formaldehyde in water
ensures the appearance of distinct peaks in the absorption spectra of structures based on C,F/C,OH.
Our simulation results suggest that the simulated C,F/C,OH structures can be used as chemically
stable, lightweight materials composed of common elements for a highly selective chemical sensor in
liquid and air.
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1. Introduction

In the last decade, luminescent sensor materials have been widely discussed both
experimentally [1-3] and theoretically [4-6]. The advantages of this class of materials are
the stability of the sensing characteristics in external electric and magnetic fields and the
possibility of separating the sensitive and detecting parts of the device [7,8]. The latter
property makes it possible to use luminescent sensor materials in remote areas and/or in
hazardous environments. Complex compounds with lanthanides are usually considered
promising for use as luminescent sensor materials [7,9]. In addition to the rarity and
cost of the lanthanides, another disadvantage of these compounds is the deterioration
of perceptual characteristics in a humid environment. Thus, it is necessary to develop
an alternative effective luminescent sensing material that is reliable in various harsh and
humid conditions and is built from common elements.

When stability is essential, diamonds are an obvious choice for transparent materials.
Bulk diamonds are less commonly used as sensors. However, thin diamond layers and
submicron diamond particles can be used to design sensors. Thus, diamond particles
50-100 nm in size with nitrogen-vacancy fluorescent centers have recently been used for
local determination of the pH of the medium inside biological cells in real time using the
method of optically detected magnetic resonance [10]. Thin layers based on diamond-like
carbon or nanocrystalline diamond can be used as carriers of grafted molecular structures—
sensitive molecules that can be used as sensors. For example, a diamond surface terminated
by atomic hydrogen can be used to design gas sensors [11]. In the latter case, the change
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in the electrical properties of the surface during the sorption of external agents from
the atmosphere is monitored. The surface of a diamond can also be a carrier of grafted
hydrophobic polymer structures that facilitate the separation of the studied analyte in
the sensor from the aqueous medium [12]. In this case, infrared absorption spectroscopy
in the total internal reflection mode is used to study the analyte absorbed inside the
polymer. In turn, diamond doped with boron can act as an electrode for a number of inert
electrochemical sensors with nanomolar threshold sensitivity [13,14]. The advantage of the
diamond lattice is its inertness to external agents and environments.

Two-dimensional diamonds (see Figure 1a,b) or diamenes were initially predicted the-
oretically [15] and, decades later, synthesized in several experiments by different research
groups [16,17] (for review, see Ref. [18]). Functional groups on the surface play essential
roles in the stabilization of 2D-diamond morphology. Experimental works demonstrate
that hydrogenation of the surface allows for the formation of structures that are stable only
under high pressure [19]. On the contrary, diamene, with its surface functionalized with
fluorine and hydroxyl groups, is rather stable material [18]. Theoretical simulations [15]
and experimental measurements [17] demonstrate that diamenes have a wide energy gap.
The combination of the energy gap corresponding with the UV part of the spectra with
stable and uniform atomic structure makes diamene a prospective wide-gap material for
the optical [20] and chemical [21] sensors.
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Figure 1. Side view of optimized atomic structure of diamenes C,OH (a), CF (b), and part of bulk
diamene with alternating C,F/C,OH structure (d). On the right are corresponding total densities of
states of C,OH and CF monolayers (c) and C,F/C,OH-structure in bulk (e) and single C;F/C,OH-
layer form. All distances on panels (a,b,d) are reported in nanometers. Er is a Fermi energy.
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In this paper, we report the results of the simulations of the atomic and electronic
structure of the interface between the layers of diamene functionalized by fluorine and the
layers of diamene functionalized by hydroxyl groups. We studied the suitability of these
compounds for probing in air and liquid. Because the presence of acetone in exhaled air is
important for diagnosing early stage diabetes [22], we modeled the adsorption of acetone
from the air on diamene-based compounds. To test the effect of moisture and liquid media,
the interaction of these compounds with water was simulated. To evaluate the effectiveness
of diamene-based compounds as sensors in liquid media, we simulated the interaction of
formaldehyde [23] in aqueous media with diamene-based compounds.

2. Computational Methods

Theoretical modeling was carried out using SIESTA pseudopotential code [24] employ-
ing the generalized gradient approximation (GGA-PBE) [25] for the exchange-correlation
potential in a spin-polarized mode. Van der Waals correction was also taken into account
using the approach proposed by Dion et. al. [26] implemented in SIESTA code. A full
optimization of the atomic positions was carried out, during which the electronic ground
state was consistently found using norm-conserving pseudopotentials [27] for the cores
with a double-¢-plus polarization basis for the localized orbitals of nonhydrogen atoms and
a double ¢ for hydrogen atoms. Note that the used basis corresponded with a minimal basis
set superposition error (BSSE) [28]. Note that the typical van der Waals bonds contribution
from BSSE is about 5 K or 0.42 meV [29], which is three orders smaller than the values of
energy calculated for these systems. The force and total energy were optimized with an
accuracy of 0.04 eV A~! and 1.0 meV/cell (or less than 0.02 meV /atom), respectively. The
values of transferred charge were calculated by Bader analysis.

In this paper, we discuss the relationships between atomic structures of various simu-
lated systems and the value of the energy gap between the valence band maximum (VBM)
and conductive band minimum (CBM) in the analyzed periodic systems. The value of
this band gap determines the wavelength of the characteristic fluorescence/luminescence—
more precisely, its lower limit (in the approximation of the absence of the energy states
associated with intrinsic defects in the band gap). In practice, luminescence is excited
by optical short-wavelength laser radiation. This kind of luminescence is called photo-
luminescence (PL). The standard DFT realized in used computational code provides an
underestimation of the values of the bandgap. [30] In the mentioned work, the simple
linear relationship between the measured (Eexp) and calculated within standard DFT (Epgr)
values of the bandgap (in the range from 0 to 7 eV) were reported. Relationships be-
tween empirical values of bandgaps and those calculated within DFT frameworks can be
approximated by a semiempirical formula:

Eexpt = 0.8 eV + 1.1Epgr 1)

We used this formula to estimate the correct values of the bandgaps based on the
results of our DFT calculations.
The values of interlayer binding energies were calculated by the following standard formula:

Epind = (Em1 + Em1 — Einter)/n )

where E,1 and E,,; are the calculated total energies of the free-standing isolated monolayers
forming the interface when in contact, Einer is the calculated total energy of the resulting
interface, and n is the number of interlayer interactions for each unit of monolayer. The
value of n is equal to one for a bilayer and two for a monolayer. Note that positive binding
energy corresponds to stable interfaces. The enthalpy of adsorption was calculated by a
similar standard formula:

Eads = Ehost+guest — (Enost + Eguest) 3)
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where Ejost, Eguest, and Epostiguest are the total energies of the substrate, analyte, and
substrate with adsorbed analyte, respectively.

3. Results and Discussion
3.1. Atomic Structure and Physical Properties of CoF/C,OH Interface in Air

The first step in our modeling was the construction of models of diamond-like C,F and
C,OH monolayers. For this, we used a unit cell of two-layer graphene with AB stacking
under periodic boundary conditions. Two carbon atoms located one above the other were
initially slightly (by 0.1 A) shifted toward each other to initiate the formation of an interlayer
covalent bond. The carbon atoms belonging to another sublattice were displaced in opposite
directions with the addition of fluorine atoms or hydroxyl groups to these carbon atoms.
After that, complete optimization of the lattice parameters and the positions of atoms was
carried out. The results of the DFT calculations are shown in Figure 1a,b. All carbon atoms
in these structures are located in a tetrahedral environment, which corresponds to sp®
hybridization. Half of the carbon atoms in each sublayer of the diamene are bonded to only
carbon atoms. The other half of the carbons consist of three carbons from the same sublayer
and one surface functional group. The distance between the nearest average parallel lines
passing through the centers of functional groups is about 0.21 nm, and the interlayer
distance is about 0.74 nm with an interlayer distance of 0.36 nm (see Figure 1a,b,d). Note
that the first value (0.21 nm) matches well with the period of straight bands observed in
some carbon nanostructures [31]. Thus, we also assumed the possibility of the formation
of some diamene-like structures during the production of carbon dots. Thus, the atomic
structure of some carbon dots known from the literature should be considered, taking into
account the possibility of the formation of diamene-like structures. Note that the methods
used to produce the mentioned carbon dots are considerably simpler than the modern
methods for the fabrication of diamenes (see Introduction).

Because almost all carbon atoms in these systems have sp® hybridization, the electronic
structure of both systems has a diamond-like character (see Figure 2c). The key difference
between the two discussed systems (C,F and C,OH) lies in the absolute positions of the
valence band maximum (VBM) and conduction band minimum (CBM) on the energy scale.
The formation of the interface between these two compounds allows for the transfer of
photogenerated electrons from CBM C,OH (about 0 eV) through the interface into the CyF
conductive band with a CBM of about —1.8 eV. A photogenerated hole from the top of the
C,F valence band (about —6 eV) moves through the interface to the C;OH valence bands
with a maximum of about —3.5 eV (see Figure 1c), and further radiative recombination
occurs. To estimate the energy characteristics of the emitted photons, we simulated the
boundary between C,F- and C,OH-terminated atomic layers (see Figure 1d) and estimated
the energy gap of the material under discussion. The calculated density of states of the
C,F/C,0H interface (see Figure le) confirmed this initial assumption. The calculated
value of the band gap is about 1.2 eV. Taking into account the underestimation of the band
gap in the standard DFT framework, estimated by Formula (1), the energy of the emitted
photon is about 2.1 eV, which corresponds to a wavelength of about 590 nm and lies in
the orange-yellow part of the visible spectrum. Therefore, C,F/C,OH interfaces can be
considered suitable materials for converting absorbed UV radiation into visible light in the
orange-yellow part of the spectrum. Thus, diamene, like other wide-gap [15] materials, can
be used to convert UV radiation into visible radiation.

The implementation of the scenario considered above is possible only in the presence
of charge transfer between parts of the interface (for a detailed discussion and experimental
evidence, see Ref. [32]). Similar to the work cited above, we calculated the change in the
charge density after the formation of the interface between the C;F and C;OH monolayers.
The calculation results (Figure 2a) demonstrate a visible change in the charge density map
across the interface, which is direct evidence of charge transfer between the C;F and C,OH
monolayers. The value of the transferred charge is about —0.03 €™ per unit cell. Note that
the hopping of the electrons across the interface requires overlap between CBM-related
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bands of neighboring layers in the coordinate space. The visualization of these bands (see
Figure 2b) demonstrates the presence of this overlap. An almost identical picture (omitted
due to similarity) could be observed for the overlap between the bands corresponding with
VBM of both constituents of the interface. Therefore, the conversion of UV /blue light to
the longer wavelength of visible light discussed above is possible.

Figure 2. Changes in charge density after formation of C;F/C,OH interface (a), the sequence charge
density of conductive band minimum orbitals of C,F and C,OH in C,F/C,OH interface (b), and
changes in charge density after formation of multilayered water—C,F-water—-C,OH-water structure
(c). Cyan and yellow clouds corresponding with decreasing and increasing charge density. The color
scale of the atoms is the same as in Figure 1.

The next step in our simulation was to test the effect of the formation of a bulk
structure from alternating CoF and C,OH monolayers (see Figure 1d). The calculated
atomic structure of the C,F/C,OH bulk structure is similar to that obtained from the
calculations for a single layer. The formation of an infinite alternation of C,F and C;OH
layers leads to insignificant changes in bandwidth values, so the color of the emitted light
does not depend on the number of layers in the system. Because the fabrication of the
bulk structures based on CoF/C,OH by precipitation is much easier than that of single-
layer C,F/C,0OH, the production of bulk devices based on diamene can be considered a
realistic proposal.

The next step in our modeling of C,F/C,OH interfaces was the assessment of the
chemical and structural stability of the system. The calculated energies of removal of one
fluorine atom or a single hydroxyl group from the surface of the C,F/C,OH are approxi-
mately 2.5 eV and 1.8 eV, respectively. Therefore, thermal degradation of C,F/C,OH-based
materials requires a temperature of hundreds of degrees Celsius (see reference discussion
in [33]). The binding energies calculated by Formula (2) between the C;F and C,OH mono-
layers are 0.22 and 0.46 meV /unit for the Co,F/CoOH bilayer and bulk, respectively. Note
that the energies obtained are typical for hydrogen bonds (about 0.15 eV /bond) [34] and
higher than those calculated for interlayer bonds in graphite (0.04 eV /bond) [35]. Thus,
spontaneous delamination of layers in structures based on CoF/C,OH at room temperature
can be considered unlikely at temperatures below several hundred degrees Celsius.
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3.2. Atomic Structure and Physical Properties of CoF/C,OH-Interface in Liquid Media

The CF/C,OH interface described in the previous section can be considered an inter-
face between hydrophobic (CF) and hydrophilic (C,OH) surfaces. Known experimental
results demonstrate the possibility of water intercalation between such interfaces, with
the formation of hexagonal ice in the interlayer space [36,37]. To test this scenario, we
increased the supercell along the layers and then quasirandomly placed several water
molecules between and above the layers. Similar to previous works [36,38], the formation
of a monolayer of hexagonal ice was observed (see Figure 3a,b). Note that the ordering of
water molecules in hexagonal ice was obtained by optimizing quasirandomly distributed
water molecules without any initial guidance. The formation of these “bonding clusters”
(also called “iceberg layers”) on surfaces is a fairly common phenomenon and does not
affect the accessibility of the surface to other molecules, which is important for sensors [39].
The incorporation of an ordered layer of water into the interlayer slit affects the charge
transfer between the C,F and C,OH surfaces (see Figure 2b) and affects the band gap
for CoF/C,OH based structures (two-layer and bulk; see Figure 3c). The wavelength of
the characteristic PL of C,F/C,OH-based structures in humid environments, estimated
by Formula (1), is about 400 nm, which corresponds to the violet part of the visible light
spectrum. The blueshift of the PL of structures based on C,F/C;OH in water and a hu-
mid environment makes it possible to use these compounds in humidity sensors, as well
as to detect various chemical compounds in water. Note that the charge transfer (about
—0.01 e per unit cell) shown in Figure 2c corresponds to the formation of C,F-H,O-C,OH
electrostatic bonds; therefore, C,F/C>OH interfaces can be considered stable in wet and
liquid media. The smaller value of the charge transfer between the layers is caused by an
increase in the distance between the layers and by significant changes in the charge density
on water molecules (see Figure 2c). Note that the effect of water on the diamene-based
sensors described in this section demonstrates the advantage of these compounds over
lanthanide-based luminescent sensor materials, where coordination of active sites by water
could quench the luminescence [7].
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Figure 3. (a) Side view of optimized atomic structure of bulk C,F/C,OH system intercalated by
water, and (b) top view of hexagonal patterns formed by water in the interlayer space of the structure
presented in panel (a). (c) Total densities of states of C,F/C,OH single layer and bulk intercalated by
water (solid lines), and total densities of states of corresponding structures without water. The color
scale of the atoms in panel (a) is the same as in Figure 1.
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3.3. Sensing Properties of C,F/CoOH Structures

The sensitivity of the optical properties of structures based on C,F/C,OH to a humid
environment, considered in the previous section, demonstrates the possibility of using these
materials as sensors. To explore this possibility, we modeled the detection of acetone (AC)
in air and formaldehyde (FA) in water (see Figures 4a and 5a). Note that the termination
of structures based on C,F/C,OH can be equally probable with a monolayer of C,F or
C,OH. Thus, to complete the picture, we considered the adsorption of AC both on the
C,F-terminated side and on the C;OH-terminated sides of the C;F/C,OH bilayers. The
results of our calculations show that AC adsorption on both the fluorine and hydroxyl
ends of the C,F/C,OH bilayer leads to a decrease in the calculated band gap from 1.2 to
0.7 eV. The last value, converted by Equation (1), corresponds to radiation in the red region
of the spectrum. The enthalpy of adsorption of AC on the discussed substrate, calculated
by Equation (3), is about —34 kJ/mol. Note that the magnitude of this value is close to
the value of acetone vaporization enthalpy (about 32 k] /mol at 300 K) [40]. Based on the
formulas derived from our previous works (see, for example, Refs. [18,41]), the estimated
temperature of the desorption of AC from C,F/C,OH is about 45 °C. Therefore, C,F/C,OH
can be cleaned from adsorbed AC by simple mild heating. Thus, the redshift in C,F/C,OH
fluorescent radiation may indicate the presence of AC in the air, and this therefore suggests
that C,F/C,OH can be used in a device to detect the presence of AC in exhaled air. Note
that a fairly small amount of material is required for the efficient operation of sensors of
this type. As a rule, a thin layer of the material can be deposited on an area of the same
order as the size of a focused excitation laser beam (3-5 pm), which is not overly intense,
so that there is no heating of intercalating liquids or burning of a carbon substrate, and
luminescence registration can be carried out for several minutes to accumulate signals in
photon counting mode.

(b) — C,F/C-.OH
v'!'" 0.25- — CyFIC,0H + AC (F-termination)

— C,F/C,0OH + AC (OH-termination)
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Figure 4. Side view of optimized atomic structure of C;F/C,OH single layer with acetone molecule
physically adsorbed on F-terminated side (a), and total densities of states of the CoF/C,OH single
layers before and after adsorption of acetone on different sides (terminations) (b). The color scale of
the atoms in panel (a) is the same as in Figure 1.



Chemosensors 2022, 10, 480

8of 11

(@)

® tQ«_‘b t.(u.‘j ce

(b) o (C) 0.5

— monolayer + water 0.31 — bulk + water
=03 = monolayer — bulk + water +FA
S + water + FA E 0.251
© ©
3 o 0.2
§ 0.2 E §
©
B, 3 F ﬁ 0.15 Er
(2] 0
O O 0.11 @

VBM | CBM 0.05 VBM CBM
0- . T 7 r 0 T . T T
-6 -4 -2 0 -6 -4 -2 0
Energy [eV] Energy [eV]

Figure 5. Side view of optimized atomic structure of bulk C,F/C,OH structure intercalated by water
with molecule of formaldehyde (a), and total densities of states of C;F/C,OH single layer intercalated
by water (b) and bulk intercalated by water (¢) with and without molecules of formaldehyde (see
panel (a)). The arrows show features in electronic structure corresponding with additional adsorption
in near-UV part of spectra. The color scale of the atoms in panel (a) is the same as in Figure 1.

To evaluate the sensor properties of the systems based on CoF/C,OH in liquid me-
dia, we simulated the interaction of formaldehyde (FA) molecules with bulk and bilayer
CyF/C,0H systems intercalated with water. We started our modeling by replacing one wa-
ter molecule with a single FA molecule in the already-simulated bulk and layered structures
with an intercalated water layer and then carried out a full optimization of lattice constants
and atomic positions. The results of our calculations demonstrate that the presence of a
single FA molecule does not significantly affect the order of water molecules (compare
Figure 5a with Figure 3a). In contrast to AC adsorption from air, the interaction of FA with
the C,F/C,OH structure dissolved in water does not lead to a change in the band gap
either in bulk or in two-layer C,F/C,OH (see Figure 5b,c). However, there are two distinct
peaks near VBM and one distinct peak near CBM. These three peaks can be the sources of
two additional features in the absorption spectra of C;F/C,OH in the near UV region of
the spectrum, and C,F/C,OH can thus be used for simple optical detection of FA in water,
by analogy with the previously discussed MOF-based method. [18]. Unlike the detection of
molecules by detecting changes in the spectrum (color) of emitted fluorescent radiation, the
detection of molecules by detecting changes in the absorption spectrum of the supporting
active nanomaterial (matrix) requires more effort in sample preparation for its use in sensor
devices in order to provide appropriate changes in the intensity of the light transmitted
through a matrix with guest molecules.

The final step of our work was to compare the proposed material with previously
reported carbon-based sensing systems. Graphene-based compounds are usually discussed
as the best prospective materials for carbon-based sensing materials, mainly due to the
changes in their conductivity and in the spectrum of electronic states during the sorption
of external agents by means of van der Waals forces, because they have a zero gap and are
essentially semimetals in the initial state. In contrast, sensors based on graphene oxide or
reduced graphene oxide have a large nonzero gap (~2.2 eV or 1~1.7 eV, depending upon
the degree of reduction). This makes it possible to use the fluorescence of these materials
for the detection of agents that have the properties of luminescence quenchers [42]. Among
the latter are the cations of a number of metals. The same applies to the grafting onto
graphene oxide particles of sensitive fluorescent organic molecules that can effectively
interact with the analyte and whose intrinsic luminescence is not suppressed by a wide-
gap carrier particle [42]. Nanoscale graphene quantum dots also have a gap and exhibit
photoluminescent properties that can be used to detect luminescence quenching agents in
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trace amounts. Graphene quantum dots are sometimes used in combination with other
metal nanoparticles to study the analyte by measuring the optical absorption of the solution
and detecting the spectral shifts associated with plasmon resonance and the presence of the
analyte [43]. The main advantage of the described systems over the proposed C,F/C,OH
system is the developed procedure of the production. The main disadvantage of other
carbon-based materials is that the exact atomic and electronic structure of the materials is
uncontrollable.

4. Conclusions

Based on the results of ab initio modeling, we conclude that layered compounds built
from CyF/C,OH interfaces are stable in air and water. This paper also demonstrates the
possibility of UV light conversion into visible light, as in the case of light-emitting carbon
dots. The adsorption of acetone molecules from the air changes the spectral composition
of emitted radiation from orange-yellow to red. On the contrary, intercalation with water
leads to a blueshift in the luminescence to the violet region of the spectrum. These results
demonstrate that C,F/C,OH-based thin-layer materials have a unique optical response
selectivity for different types of analytes. In contrast to adsorption from the gas phase, the
presence of a formaldehyde molecule in water on or between the layers of materials based
on C,F/C,0OH does not change the color of the emitted light, but changes their absorption
spectra in the near-ultraviolet spectral range. Therefore, CoF/C,OH-based materials can
also be proposed as materials for the detection of various simple molecules in both gaseous
and liquid media.
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