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ABE CXEMBI ITOAYYEHUA MOAEKYAAPHBIX NOHOB
HA N30OTHYTBIX AUCTAX IT'PAG®EHA

H. A. TOKJIOHCKHH?", C. B. PATKEBHY", C. A. BBIPKO", A. T. BIACOB"

])Eeﬂopycczcuﬁ eocyoapemeennwlil ynusepcumem, np. Hezasucumocmu, 4, 220030, . Munck, Berapyco

[IpuBenen kpaTkuii 0030p METOIOB ITOIYYEHUSI MOJIEKYJISIPHBIX HOHOB, HA OCHOBE KOTOPOTO MPE/JIOKEHBI JIBE OPUTH-
HaJIbHBIE CXEMBI TCHEPAIMH IOTOKA OTPHIATEIBHO U TIOJIOKUTEIIHLHO 3apsHKEHHBIX HOHOB U3 ITOTOKA MIEKTPHUECKH HEHT-
PaJIbHBIX MOJIEKYII, PACCEUBAIOIIMXCS HA HIIEKTPOIPOBOISIINX H30THYTHIX JINCcTax rpadena. I1pu usrude muctos rpadena
MPOUCXOIUT TIepepacpeieNieHNne INIOTHOCTEN T-3JIEKTPOHOB aTOMOB YINIEPO/d, U B HAMPABICHUH, TIEPIICHANKYIISIPHOM
K M30THYTOW MMOBEPXHOCTH, MOSIBJISIETCS WHIYLIUPOBAHHBIN JedopMalieil deKTpruuecKrid IMIoNbHbIH MoMeHT. [pen-
CTaBJICHHBIE CXEMbI OTJIMYAIOTCS B3aUMHBIM PACIIOI0KEHHEM U30THYTHIX JINCTOB rpad)eHa OTHOCUTENBHO TOTOKA MOJIEKYII.
Ha ocHOBe KBaHTOBO-XMMHYECKHUX PACUETOB MOMYIMIHUPHUUECKUM MeToAoM PM7 naHbl OLIEHKH CPOACTBA K IEKTPOHY
U 3Hepruu (moreHunuana) nouusanuu psga monekyi (Cej, O,, H,O, CO, u 11p.), IPpUroAHbIX IJIs OTYyYEHHUs U3 HUX MO-
JIEKYJISIPHBIX HOHOB IO TIPEVIOKEHHBIM cxeMaM. Ecii paccessHiue MOJISKyYITbI IIPOMCXOUT HA OTPHLATENBHO 3apsSHKCHHON
cTopoHe rpadeHa, To 3a CUET Nepexo/ia AEKTPOHa OT rpad)eHa K MOJIEKyle OHA IPHOOpeTaeT OTpULaTebHbIN 3apsia. Eciu
paccestHue MOJIEKYIIbl IPOUCXOAUT Ha MOJIOKUTENIBLHO 3apsKEHHON CTOpPOHE Tpad)eHa, TO 3a CUeT Mepexo/ia AEKTPOHa OT
MOJIEKYJIBI K Tpad)eHy MoJeKyia MpHoOpeTaeT MOIOKUTENbHBIH 3apsi. [lJ1s oy deH st MOJISKYJISIPHBIX HOHOB HEOOX0ANMO
BBIOMpATh MOJIEKYJIBI CO 3HAUCHHUSIMH CPOJICTBA K QJICKTPOHY (JJIsI TTIOJTyYEHUsI OTPUIIATEIbHBIX HOHOB) MIIN DHEPIHH HOHU-
3aluH (IS TOTYYCHUS TTOJIOKUTEIHHBIX HOHOB), OJMI3KUMH K BETMYNHE paOOTHI BRIXOA AMEKTPoHA U3 rpadeHa (24,3 3B).

Knroueswie cnosa: u30rHyThIi TUCT rpadeHa; T-IIEKTPOHBI; MOJICKYJIa; MOJCKYJISIPHBIA NOH; HOHU3AIMS; CPOACTBO
K DJICKTPOHY.
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TWO SCHEMES FOR PRODUCING MOLECULAR IONS
ON A BENT GRAPHENE LAYERS
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A brief review of methods for producing molecular ions is given, on the basis of which two original schemes for
generation of a flow of negatively and positively charged ions from a flow of electrically neutral molecules scattered on
electrically conductive bent graphene layers are proposed. When graphene layers are bent, the densities of n-electrons of
carbon atoms are redistributed, and a deformation-induced electric dipole moment appears in the direction perpendicular
to the bent surface. The presented schemes differ in the mutual arrangement of the bent graphene layers relative to the
flow of molecules. Quantum chemical calculations using the PM7 semiempirical method provide estimates of the electron
affinity and ionisation energy (potential) of a number of molecules (Cy, O,, H,O, CO,, etc.) suitable for production of
molecular ions from them according to the proposed schemes. If a molecule is scattered on a negatively charged graphene
side, then due to the transfer of an electron from graphene to the molecule, the molecule acquires a negative charge.
If a molecule is scattered on a positively charged graphene side, then due to the transfer of an electron from the molecule
to graphene, the molecule acquires a positive charge. To obtain molecular ions, it is necessary to select molecules with
values of electron affinity (to obtain negative ions) or ionisation energy (to obtain positive ions) close to the work function
of graphene (=4.3 eV).

Keywords: bent graphene layer; n-electrons; molecule; molecular ion; ionisation; electron affinity.
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Introduction

To solve a number of problems of high-energy ion implantation, mass spectrometry, diagnostics of the compo-
sition and topography of the surface of crystals, etc., sources of negative ions are required [1-3]. Let us note the
known approaches to obtaining flows of molecular ions and electrically neutral radicals. Thus, a technique was
proposed [4] for removing desorbed (from the engineering surfaces of accelerating devices) ions from the general
flow using an ion filter, which passes only gas-phase ions from the source to the detector and retains the desorbed
ions due to the difference in their kinetic energies. In this case, the interaction of the adsorbate (molecular ion)
with the surface of the ion filter (for example, made of a crystalline semiconductor) is important, which leads to
bending of single-electron bands of allowed energy values, and further to pinning of the Fermi level at surface
energy levels of semiconductor defects [5]. In the case of active semiconductor-adsorbate interfaces, chemical
bonds arise between them, which leads to equalisation of the energies of the valence electrons of the adsorbate
and semiconductor.

Particles adsorbed on graphene affect the width of the energy band gap induced by them and the position of
the Fermi level in graphene. In this case, the adsorbate-graphene binding energy non-linearly depends on the
concentration of adsorbed particles [6]. The electric potential of the ion-solid interaction differs distinctly from
the potential describing collisions of molecules in the gas phase [7], which is due to an increase in the electron
density in the region between the incident particle and the scattering center. In particular, it was shown by cal-
culation [8] that the ionisation energy of the hydrogen atom goes to zero when the distance between the proton
and the atomically smooth metal surface becomes slightly less than the Bohr radius. The binding energy be-
tween water molecules in a cluster (up to six molecules) is also affected by the presence of a second graphene
layer and the distance between the layers [9]. When the distance between the graphene layers becomes less
than 0.6—0.8 nm, the intermolecular interaction in the cluster quickly decreases, which leads to a weakening
of the adhesion between molecules in the «compressed» cluster.

Dielectric graphene layers and graphene ribbons, as well as soft lipid bilayer membranes, are capable, un-
der certain conditions, of converting the effects of an electric field into mechanical deformation [10]. And vice
versa, mechanical deformation can give rise to an electric field. The phenomenon of flexoelectricity is greatly
enhanced at the nanoscale, so two-dimensional membranes of atomic thickness exhibit a strong relationship
between their curvature (bending) and the external electric field. It has been shown theoretically [11] that the
value of the electric polarisation vector normal to the surface of a graphene layer (in the form of an electric
double layer) depends on the curvature of the layer, and the electronic charge of the n-bonds of carbon atoms
mostly «flows» to the convex side of the layer.
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The study of chemical reactions accompanied by the decomposition of water molecules on graphene layers
is relevant for applications in biomedicine: the resulting electrically neutral hydroxyl groups OH can be used as
a bactericidal agent. Thus, using the flexoelectric properties of graphene, in work [12] a model of an electrical
«capacitor» made of graphene was proposed to generate a negatively charged and electrically neutral hydroxyl
groups OH from a flow of water molecules. The «capacitor» consists of two graphene layers bent in one direc-
tion placed on copper substrate plates bent in the same way (see also [13]). The copper substrates are connected
to an external source of electrical voltage: positive potential is applied to the upper concave substrate, negative
potential is applied to the lower substrate bent towards the upper substrate. When the water vapor is pumped be-
tween the plates of such an electrical «capacitor», the water vapor at the exit from the «capacitor» is enriched
with electrically neutral radicals (OH) and hydrogen molecules H, [12].

Photocatalytic decomposition of water on graphene could be an effective approach to produce hydrogen by
converting solar energy into chemical energy [14; 15]. Biophysical methods are being developed for charge
separation under the influence of light in the reaction centers of plant photosynthesis [16]. Using quantum che-
mical methods and thermochemical methods (by the Gibbs energy change), we studied possible chemical reac-
tions involving molecules of water, fullerenes C,, and C,, hydrogen and chlorine with the release of atomic or
molecular hydrogen at room temperature and atmospheric pressure [17; 18].

The physical processes underlying the generation of ion beams with a high emission current density in electro-
hydrodynamic emitters operating on liquid metals and alloys, as well as with low-temperature ion liquids, are
considered in work [19]. The factors that determine the stability of ion emission and their interaction with en-
gineering surfaces are also analysed there. The results of the one-dimensional theory of a plasma emitter of
positive ions are presented in publication [20].

The model of explosive electron emission [21] allows to describe emission processes during discharges at the
points of contact of the metal wall with the plasma under magnetic confinement of the plasma. In works [22; 23]
a description of models of field (cold) emission from various low-dimensional carbon systems is given.

Another mechanism for the formation of ions is one-electron charge exchange during the collision of fast
ions such as H" and He?* with a neutral hydrogen molecule. Thus, in paper [24], the cross sections for one-elec-
tron charge exchange in collisions of fast ions with an H, molecule in the ground state were calculated. Ion-
molecular collisions are considered using the relationship between quantum mechanical and quasi-classical
charge exchange amplitudes. For the collisions H" + H, — H + H;, the dependence of the differential charge
exchange cross sections on the orientation of the symmetry axis of the H, molecule is considered. By nume-
rical modelling the possibility of separating flows of electrically polarised macromolecules in non-uniform
electric fields created by charged filaments is demonstrated [25].

The purpose of the work is to propose simple schemes for producing a flow of negatively and positively
charged molecular ions from a flow of electrically neutral molecules interacting with two bent layers of elect-
rically conductive graphene.

Schemes for generating molecular ions

In the proposed method, ionisation of molecules is carried out using bent graphene layers. When passing
through a non-uniform stationary electric field, the molecules change their configuration and (or) break up into
ions. To form a non-uniform electric field, the redistribution of -electrons (asymmetrically elongated r-bonds)
of carbon atoms on the surfaces of a bent graphene layer is used (fig. 1), creating a dipole moment (an electric
double layer covering opposite sides of a single graphene layer). The direction of the dipole moment induced
by graphene bending is determined by the density of m-electron states, which is greater on the convex side of
the graphene layer [11; 26]. The redistribution of charge density that occurs on a graphene layer is determined
by its curvature. It is quite natural to use several differently bent graphene layers on metal substrates, to which
adjustable electric potentials are applied and between which the movement of ionised molecules and the re-
moval of molecular ions along the surface of an electrically conductive grid are organised.

z n-Orbitals

Graphene

Graphene

n-Orbitals

Fig. 1. Schemes of occurrence of a local electric dipole moment in a graphene layer
due to the deformation of 6-bonds (determining the mechanical strength of graphene)
and the redistribution of electron density for the n-orbitals of carbon atoms along the z axis
(perpendicular to the graphene layer) when the layer is bent
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Due to the bending on the convex side of the bent graphene surface, the electron density increases, and it
is chemically reactive to combine with partially positively charged atoms (for example, hydrogen atoms in
water molecules [12; 26]). In this case, in molecules, the lowest energy level E| ;o unoccupied by electrons
(measured relative to the vacuum level £, ) should be located lower than the highest energy level (E; — e¢) of
electron-occupied 7-states in bent graphene, which makes it possible for electrons to transfer from graphene
to molecules, turning them into negative ions (fig. 2, ). Here E} is the Fermi level of graphene in equilibrium,
e is the elementary charge, ¢ is the electric potential of the external voltage source. This corresponds to the fact

that the work function of graphene WF((p) =E,.— (EF - e(p) should be less than the electron affinity (EA) of
the molecule (EA = —E| ;\0)- The experimentally measured value of the work function of graphene monolayer
is WF ((p = O) ~ 4.3 eV [27]. Energy relations for electronic states in macromolecular and metal nanocontacts
see in publications [28; 29].

E.—ep

Graphene Molecule Graphene Molecule

Fig. 2. Schemes of the transition of an electron (e¢”) from the Fermi level of graphene (E — ep)
to the lowest unoccupied molecular orbital (LUMO) with the formation of a negative molecular ion (a)
and the transition of an electron from the highest occupied molecular orbital (HOMO)
to the Fermi level of graphene with the formation of a positive molecular ion (b).
The dependences of the single-electron energy of graphene in one of the six equivalent points
of the 1* Brillouin zone on the wave number k of t-electrons

when an electric potential @ < 0 (a) or ¢ > 0 (b) is applied to the graphene are shown;

EA is the electron affinity of the molecule, IP is the ionisation energy (potential) of the molecule

Let us consider a scheme for obtaining a flow of negatively charged molecular ions M from a flow of elec-
trically neutral molecules M° when they interact with two electrically conductive graphene layers bent in op-
posite directions (fig. 3, ). Two bent graphene layers (placed with their convex sides facing each other, which
leads to compression and then expansion of the flow, as in a Laval nozzle) are electromechanically attached at
the edges to two flat substrates of a chemically inert metal (see also [12]). The substrates are connected to an
external source of electrical voltage: a negative potential (¢ < 0) is applied to two substrates (cathodes), and
a positive potential is applied to the anode in the form of a metal grid located (perpendicular to the flow of
molecular ions) far from the cathodes (see fig. 3, a). The intensity of ion formation depends on the flow density,
the speed of molecules, the distance from the molecules to the graphene surface and other factors.

The transition of electrons from the convex side of the graphene surface to the lowest unoccupied mole-
cular orbital (LUMO) of a molecule M is initiated by the electric potential ¢ applied to the substrate from
an external source. Potential ¢ can be either constant or variable. In the case of an alternating potential, the
electric field acts on the electron with a certain frequency, this can lead to the coincidence of the electron ener-
gy with the energy level E; ;o of the molecule. Varying the frequency of electric field oscillations makes
it possible to increase the intensity of ion formation. There is an analogy here with the Sena effect [30; 31],
in which, when a negative ion and an atom collide, an electron transfers from the ion to the atom without
changing their trajectory (the so-called resonant charge exchange), that is equivalent to the scattering of
the ion. The resonant charge exchange cross section replaces the elastic scattering cross section in the phe-
nomena of ion transport in the intrinsic gas of atoms, when the transport of particles is associated with their
elastic scattering.
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a b

Electromechanical Electromechanical
contact graphene/copper contact graphene/copper

Flow of neutral - Flow of neutral 0 +
molecules M° I molecules M" :> M I

Copper g+ + 2 Copper & —
Cathode Anode Anode Cathode

Fig. 3. Schemes for generation of a flow of molecular ions: @ — scheme for generation of negative ions (M )
between convex graphene surfaces on a copper substrate (analogy of a Laval nozzle), WF((p) < EA;

b — scheme for generation of positive ions (M ) between concave graphene surfaces, WF((p) > P

Similarly, by changing the sign of the electric potential on copper substrates (¢ > 0) (fig. 3, b), it is pos-

sible to realise transitions of electrons from the highest occupied molecular orbital (HOMO) of molecules
to graphene, resulting in the formation of positively charged molecular ions in the flow. In this case, the
energy level Ey\o in molecules should be located higher than the energy level (E; — eg) of electron-filled
n-states in bent graphene, which makes it possible for electrons to transit from a molecule to graphene, turni
molecules into positive ions (see fig. 2, b). This corresponds to the fact that the work function of graphene

WF(¢) = E,, — (Eg — e@) should be greater than the ionisation energy of the molecule (IP = —Ejo0)-

ng

The table shows the experimental values [32—34] of electron affinity and ionisation energy for molecules that

Values of electron affinity (EA) and ionisation potential (IP)
of neutral molecules and radicals

Molecule EA, eV 1P, eV Reference Molecule EA, eV IP, eV Reference
~0.72 - [32] . 2.17 - [32]
Hy(dl_rlofen B 1543 | [33] Hyd“zf‘gg)admal 183 | 13.02 | [33]
2 —7.04 15.02 PM7 1.63 11.18 PM7
0.87 - [32] . . 1.62 - [32]
Oz((})lg)en 045 | 1206 | [33] N“ro(gz‘f\‘l‘(;h)ome 227 | 959 [33]
2 0.92 9.17 PM7 2 1.09 10.56 PM7
Nitrogen - 15.58 [33] Nitrate radical ggi | 2757 Eg}
(N,) 0.13 | 13.66 | PM7 ("NOs) vos | 11a | oy
Dicarbon 327 | 1141 | [33] Methyl radical I I Bg}
(&) 2.15 11.74 PM7 ('CH;) 054 997 PM7
Water I IV Bg% Ammonia - 1007 | [33]
(H,0) a5 | oG | B (NH,) —457 | 1015 | PM7
Carbon dioxide -0.59 13.78 [33] Carbon monoxide 1.33 14.01 [33]
(CO,) ~055 | 1276 | PM7 (CO) 160 | 1233 | PM7
Anthracene (1) ! 2 » [32] Adamantane -03 . [34]
I 5 7.44 [33] Cor - 9.25 [33]
147410 1.09 8.39 PM7 10°716 —-4.07 10.20 PM7
Fullerene 2.68 7.6 [33] Fullerene 2.77 8 [33]
(Cy0) 296 | 966 | PM7 (Cro) 323 | 919 | PM7

Fullerene + adduct Fullerene + adduct
2.88 9.75 PM7 3.54 9.45 PM7
(Cgo + [2(COOH)]5) (Cy + [2(COOH)],)

can be used to obtain molecular ions. To compare with experimental values and evaluate data missing from the
literature, we have calculated EA = —E| ;o and IP = —E}; 4, using the PM7 semiempirical method [35], imple-
mented in the MOPAC2016 package.
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To obtain negative molecular ions, it is necessary to select molecules with electron affinities close to the work
function of graphene (WF = 4.3 eV). To obtain positive molecular ions, it is necessary to select molecules with an
ionisation energy close to the work function of graphene. When a negative potential (¢ < 0) from the external
voltage source is applied to the graphene, the Fermi level in graphene (£ — e) shifts upward to the vacuum
level E,., this makes it possible to obtain negative ions from molecules with EA < WF ~ 4.3 eV. When a po-
sitive potential (¢ > 0) from the external voltage source is applied to the graphene, the Fermi level in graphene
(Er — eo) shifts downward from the vacuum level £, this makes it possible to obtain positive ions from mole-
cules with IP > WF =~ 4.3 eV. From the data presented in the table it can be seen that candidates for obtaining
negative and positive ions are molecules of fullerenes and fullerenes with carboxyl adducts, as well as nitrate
and hydroxyl radicals and dicarbon. Positively charged ions can also be obtained from oxygen molecules,
anthracene, adamantane, methyl radical, nitrogen dioxide and ammonia.

Molecules with negative electron affinity are, as a rule, very stable molecules with fully occupied outer bon-
ding HOMO orbital (Eyop0 < Ey,e) and antibonding unoccupied LUMO orbital (E| j\o > Ey,c)- This rules out

the addition of an extra electron to the molecule and the formation of a stable negative ion. These molecules
include: hydrogen, water, carbon dioxide, ammonia, adamantane.

Conclusions

It has been shown that during the charge-exchange interaction of molecules with bent graphene layers, the
generation of both negative and positive molecular ions in a flow of electrically neutral molecules is possible.
Quantum chemical calculations using the PM7 semiempirical method provided estimates of the electron affi-
nity and ionisation potential of a number of molecules. Based on values of electron affinity and ionisation po-
tential known from the literature, supplemented by our calculated estimates, molecules are identified that are of
interest for the production of molecular ions and require electron affinities and ionisation potentials close to the
work function of graphene. The energy received by the molecules must be sufficient for their ionisation, which
is achieved by changing the electric potential ¢ by adjusting the circuit to recharge molecules of a certain type.
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