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A model is proposed in which the interaction of a macromolecule (MM) with a single-layer graphene (SLG) is

carried out by dangling interfacial molecular bonds. To estimate the energy of MM−SLG stitching, or adsorption

energy (the index i numbers the broken bonds), a simple theoretical scheme, permitting to obtain analytical results,

was used. The adhesion energy is defined as the sum of the terms Eads
i Ni , where Ni is the concentration of i-type

dangling bonds. The obtained results are compared with experimental data on adhesion for various heterostructures
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1. Introduction

Among the various unique properties of graphene, its
ability to detect (in the undoped state) the adsorption
of a single gas molecule, demonstrated for the first time
in [1], has apparently attracted the greatest interest of
researchers. This interest has produced theoretical sug-
gestions (with subsequent technological implementation) of
different variants of chemical gas sensors [2–7]. Further
developments in this area were biosensors [2,8–18]. From
the theoretical viewpoint, the value of charge transfer
between the adsorbed object and the substrate must
be known in order to describe sensor operation; from
the technological viewpoint the energy of bond between the
studied object and the substrate (adsorption energy) has to
be known. As regards gas molecules (like other microscopic
objects), researchers developed many variants of ab initio
calculations (mainly based on the density functional theory
(DFT)) and model approaches in order to answer these
questions [19–21]. DFT-methods in case of bioobjects,
which are macromolecules (MMs), are extremely labor-
intensive. Indeed (see [22]), the typical MM structures are
plaques formed, for instance, by beta-amyloid peptide (Aβ)
which have a molecular mass of 4 · 103 hydrogen masses
and linear dimensions of about 40 amino acid residues (one
unstructured amino acid residue has the length of 0.36 nm).
Moreover, both the geometry of this plaque and area of its
contact with the substrate are not only unknown, but also
are not fixed, they rather are random values. Therefore,
radically simplified schemes are required for a model de-
scription of a macromolecule−substrate system. (It should
be noted that such a situation occurred during consideration
of the thermodynamics of free macromolecules [23]). In
the present paper, to the author’s knowledge, the first
attempt is made for describing the MM bond to a solid-state
substrate (here graphene) at the microscopic level within the
framework of a simple model.

It is assumed in the proposed dangling bond model that

MM interaction with single layer graphene (SLG) is per-

formed by cross-links of these interface orbitals to graphene

atoms [24,25] (Fig. 1, 2). Such multicenter adsorption should

be more logically called MM adhesion to SLG.

2. Model

Let us represent the Hamiltonian of the MM−SLG

system as

H =
∑

k

εSLG(k)c+
k ck +

∑

i

εi a
+
i a i

+
∑

i,k

V 2
i (c+

k a i + a+
i ck)

ω − εSLG(k) + i0+
, (1)

where ω is the energy variable, εSLG(k) is the SLG

dispersion law, εi is the energy of i-th dangling MM bond

(p-orbitals, which contained one electron before interaction

with graphene), Vi is the energy of interaction of i-th MM

bond with the SLG electronic spectrum, c+
k (ck) is the

operator of creation (annihilation) of the SLG electron in

state |k〉, a+
i (a i) are similar operators for i-th dangling

Macromolecule on SLG

Figure 1. Diagram of macromolecule contact with single-layer

graphene. Vertical lines show the cross-links of MM to SLG.
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Figure 2. Energy diagram of MM adhesion to SLG

(εi is the energy of dangling bond, εD is the energy of Dirac

point).

MM bond. It is easy to show [20,21,26] that, due to

adsorption, the density of states (DOS) of an electron on

an i-th bond (for one spin projection) is equal to

ρi(ω) =
1

π

Ŵi(ω)
(

ω − εi − 3(ω)
)2

+ Ŵ2
i (ω)

, (2)

where the functions of half-width and shift of an i-th quasi-

level are respectively equal to

Ŵi(ω) = πV 2
i ρSLG(ω), 3i(ω) =

1

π

∞
∫

−∞

Ŵi(ω
′)dω′

ω − ω′
(3)

and ρSLG(ω) is the density of states of SLG. Within

the framework of a low-energy approximation, the SLG

spectrum has the form ε±SLG(k) = ±(3t/2)|k|a , [27],
where t ∼ 2.7 eV is the electron hopping energy between

the nearest neighbors in SLG, located at distance a , k is the

wave vector counted from the Dirac point, to which energy

εD = 0 is ascribed [27]. This spectrum in the low-energy

region (i.e. near the Dirac point) corresponds to DOS of the

form

ρSLG(ω) = |ω|/ζ 2, |ω| < ζ, (4)

where ζ =

√

π
√
3/4t ∼ t ∼ 3 eV [27]. Then the functions

of half-width and shift of MM quasi-levels can be repre-

sented as follows [28]:

Ŵi(ω) = πV 2
i ρSLG(ω),

3i(ω) =
V 2

i ω

ζ 2
ln[ω2/(ζ 2 − ω2)]. (5)

Using the approximation, often applied in the adsorption

theory [21], and assuming that V 2
i /ζ

2 ≪ 1, let us represent

DOS (2) as

ρi(ω) ≈ 1

π

Ŵ̄i

(ω − ε̄i)2 + Ŵ̄2
i

, (6)

where ε̄i = εi + 3i(εi), Ŵ̄i = πV 2
i ρSLG(εi). Since the oc-

cupation number of an i-th (initially broken) bond at zero

temperature is

ni = 2

0
∫

−∞

ρi(ω)dω, (7)

where the Fermi level of undoped graphene EF = εD = 0,

the charge of bond is Zi = 1−ni is approximately equal to

Zi ≈
2

π
arctan

ε̄i

Ŵ̄i
. (8)

The total charge transfered from MM to SLG is equal

to ZSLG = −
∑

i Zi , so that charge carriers with concen-

tration nSLG = |ZSLG|/S originates in the initially undoped

graphene, where S = 3
√
3a2/2 is the graphene unit cell

area (a = 1.42 Å is the distance between the nearest

neighbors in graphene). Thus, SLG conductivity becomes

equal to

σSLG = enSLGµSLG, (9)

where µSLG is carrier mobility. Charge carriers at ZSLG < 0

are electrons, at ZSLG > 0 are holes. Relation (9) was

written down assuming that carrier mobility does not greatly

depend on adsorption (see [29] and the references therein).
Similarly to adsorption energy [21,26], let us represent

adhesion energy as a sum of ionic E ion
adh and metallic Emet

ads
components. Quantity E ion

adh can be estimated as electrostatic

energy of the form

E ion
adh =

∑

i

E ion
i Ni , E ion

i = e2Z2
i /4εstdi, (10)

where e is the elementary charge, di is absorption bond

length, εst is the static dielectric function of SLG, Ni = mi/S
is concentration of mi dangling bonds per a graphene

unit cell.

Let us estimate the metallic component Emet
ads taking into

account the uncertainty principle. In the absence of contact

with SLG, uncertainty of position of electron 1r i
a , localize

on bond i , is of the order of radius rai of the atom via

which the bond to graphene is provided. Thereat, electron

kinetic energy E i
kin is of the order of ~/2m0r2ai , where m0

is the free electron mass, ~ is the reduced Planck constant.

If we assume complete delocalization of an electron upon

a transfer from bond i into SLG, the contribution of such

electrons to adhesion energy, equal to a decrease of kinetic

energy, is

Emet
i1 = |Zi |(h2/2m0r2ai). (11)

Uncertainty of coordinate 1r i
a for the remaining electrons

1−|Zi | is of the order of di , so that a gain in kinetic energy

is equal to

Emet
i2 = 2(1− |Zi |)(h2/m0d2

i )(1 − r2ai/d2
i ). (12)

Thus, the total adsorption energy for i-th bond is

Eads
i = E ion

i + Emet
i , where Emet

i = Emet
i1 + Emet

i2 . energy of

MM adhesion to SLG is equal to

Eadh =
∑

i

Eads
i Ni . (13)
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In the absence of a charge transfer,

Eads = (h2/m0d
2)M/a2

√
3,

where M =
∑

i mi . It should be noted that the accepted

proportionality of adhesion energy to Ni is true at mi ≪ 1,

when the interaction dangling bonds need not be taken into

account.

The cases of MM adhesion on doped graphene and

gapped graphene are discussed in the Appendix.

3. Numerical estimates

MMs consist of different molecular combinations of H,

C, N and O atoms. Dangling bonds of C, N and O atoms,

bordering with SLG, are considered as i-bonds. In order

to estimate energy εi , counted from the graphene Dirac

point, we assume εi = φSLG−(I i + Ai)/2 (φSLG is the SLG

work function, I i and Ai are energies of ionization and

electron affinity for a molecule). It is taken into consi-

deration that intra-atomic Coulomb repulsion of electrons

with opposite spins is Ui = I i−Ai . The work function is

φSLG = 4.50 eV [30,31], the values of I i and Ai for a number

of gas molecules were taken from [32]. The obtained values

of εi are given in the table.

Let us note one additional circumstance: real energies εi

of dangling bonds for one and the same molecule depend

on the MM fragment to which the given molecule is bound.

Indeed, let us imagine a dimer composed of an
”
atom“

with orbital energy ε∗, which models a MM fragment, and

an
”
atom“ with orbital energy εi which models a molecule.

If the states of ε∗ and εi are bound by matrix element t∗, we
obtain a bonding state (the minus sign) and an antibonding

state (the plus sign)

ε± =
[

ε∗ + εi ±
√

(ε∗ − εi)2 + 4t2∗
] /

2.

Thus, energies of dangling bonds of the same molecule,

which is in contact with graphene, will differ.

According to the numerical calculations [33–35], values di

for the gas molecules C, N and O lie in the interval

of ∼ 2−3 Å. For the σ -bond of dangling p-orbitals of

MM with the pz -orbital of SLG we have Vi = Vppσ

= 2.22(h2/m0d2
i ) [36], which for the average bond length

value of d ≈ 2.5 Å gives the average energy of V ≈ 3 eV.

Thus, V 2/ζ 2 ∼ 1. It should be noted that the possibility of

such averaging is based on the closeness of atomic radii rai

of C, N and O atoms, respectively equal to 0.77, 0.71

and 0.74 Å [32].
The values of ε̄i , found from expression ε̄i = εi + 3(εi),

and Zi are given in the table. The obtained charge

values considerably exceed the results in the numerical

calculations [37,38], but they are of the same order as in [39]
(in [37,38] the adsorption bond lengths are significantly

greater than herein). It should be noted that the signs

even for the same molecule, depending on its orientation

in relation to a graphene sheet, may differ [37]. As a

Energies of dangling bonds εi , values of charges Zi and energies

E ion
i , Emet

i1 , Emet
i2 , Eads

i

Fragment
εi , eV Zi E ion

i , eV Emet
i1 , eV Emet

i2 , eV Eads
i , eV

MM

O2 −1.78 −0.12 0.01 0.29 1.61 1.91

NO −0.47 0.67 0.43 1.64 0.60 2.67

NH −0.32 0.53 0.27 1.15 0.85 2.27

CH2 −1.02 0.20 0.04 0.49 1.46 1.99

NH2 −0.96 0.23 0.05 0.56 1.42 2.03

CH3 −0.96 0.23 0.05 0.56 1.42 2.03

consequence, values of ZSLG = −∑

i Zi and σSLG can be

close to zero, although Zi 6= 0.

When estimating the components of adhesion

energy (8)−(10), let us assume (for simplicity)
rai = di/2 = d/2, from where E ion

i = (eZi)
2/2εstd,

Emet
i1 = 2|Zi |(~2/m0d2), Emet

i2 = (3/2)(1−|Zi |)(~2/m0d2),
so that

E ion
adh = (e2/2εstd)

∑

i

Z2
i Ni ,

Emet
adh = (3h2/2m0d2)

∑

i

[1 + |Zi |]Ni . (14)

The estimation results are given in the table; we have

calculated E ion
i assuming thatεst = 3 [40,41].

When estimating the components of adhesion

energy (10)−(12) let us assume (for simplicity)
rai = di/2 = d/2, from where E ion

i = (eZi)
2/2εstd,

Emet
i1 = 2|Zi |(~2/m0d2), Emet

i2 = (3/2)(1 − |Zi |)(~2/m0d2)
and Emet

i = (3~/2m0d2)
∑

i(1 + |Zi |). The estimation results

are given in the table (we have calculated E ion
i assuming

that εst = 3 [40,41]).
In the absence of a charge transfer

Eadh(Zi = 0)/M = (h2/m0d
2)/a2

√
3

= 0.35 eV/Å
2

= 5.6 J/m2, (15)

where M =
∑

i mi . The experimental values of interplanar

adhesion energy in layered structures of graphite and

hexagonal boron nitride are 0.33 J/m2, in the structures

composed of MoS2 layers — 0.48 J/m2 [42]. A considerable

spread in the experimental data should be noted: for

graphite, e.g, Eadh is within 0.15−0.72 J/m2; for heterostruc-

tures formed by SLG and MoS2 on the SiOx substrate.

Eadh is estimated as 0.14−0.90 J/m2 and 0.17−0.48 J/m2

respectively [42]. For mica we have Eadh ≈ 0.22 J/m2 [43].
For a series of van der Waals vertical heterostructures,

paper [44] gives values from several units to ∼ 20meV/Å2.

The adhesion energies of solvent liquids on Pt (111)
and Ni (111) vary from 0.15 to 0.60 J/m2, increasing towards

CH3OH<HCOOH<H2O< benzene≈ phenol [45]. Eadh

Physics of the Solid State, 2022, Vol. 64, No. 12
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for adhesion of various polymers on the surface of a stiff-

chain polymer has the value of 40−70mJ/m2 [46]. Applying
formula (15) purely formally to the given experimental

results, we come to the conclusion that the value of

multiplier M must not exceed 0.01−0.1.

4. Conclusion

In the present paper we proposed a model where the

contact between MM and SLG is conditioned by dangling

bonds and presented a simple theoretical scheme for

estimating the corresponding bond energies. This approach

made it possible to obtain analytical expressions for the

adhesion energy. The calculation results were compared

with the available experimental data.

While dealing with biological systems, it should be noted

that information about intercellular and intercellular-matrix

adhesion is very important and of crucial importance not

only for fundamental research, but also for technological

applications [47–49]. It should be noted, however, that quan-

titative studies of adhesion are evidently insufficient, though

such papers are sometimes published [10,50]. Moreover,

adhesion issues are not considered at all in papers on

biosensors [2,8–18].
The proposed adhesion model is considerably simplified,

but even in this case additional information is required for an

adequate estimation of parameters. That’s why experimental

studies are required to develop the theory of macromolecule

adhesion on graphene.
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Appendix

1. Undoped graphene has been considered so far. Let

us find out how doping changes the MM adhesion on

SLG, by substituting the upper limit of integration EF = 0

in expression (7) with EF = δEF . Then the numerator of

equation (8) is equal to ε̄i−δEF . Assuming (for simplicity)
|δEF | ≪ Ŵ̄i , instead of (8), we obtain

Z̃i = Zi − πρi (ε̄i)δEF , (A1)

where DOS ρi(ε̄i ) is determined by expression (6). Then,

when the Fermi level is shifted upwards from the Dirac

point of SLG, values of negative charges on dangling bonds

increase and those of positive charges decrease. Thus, the

charge value of a dangling O2 bond increases, while that of

the other molecules decreases for the considered cases at

δEF > −0 (see the table). A reverse situation takes place

upon a downward shift of the Fermi level from the Dirac

point. The total doping effect depends on specific values

of positive and negative charges and their concentrations,

i.e. coefficients mi . It should be noted that, according

to (14), the ionic and metallic components of adhesion

energy increase with an increase of |Zi |.
2. Let us now consider the influence of a gap with width

21 in the SLG electronic spectrum on adhesion. In this

case, DOS of SLG near the gap can be represented as

ρSLG(ω) =

{

|ω|/ζ 2, |ω| > 1,

0, |ω| ≤ 1,
(A2)

assuming that the gap center coincides with the Dirac point,

εD = 0. Then we obtain the following expression instead of

shift function (5) [27]:

3i(ω) =
V 2

i ω

ζ 2
ln

∣

∣

∣

∣

12 − ω2

ζ 2 + 12 − ω2

∣

∣

∣

∣

. (A3)

When the level of dangling bond εi overlap with the contin-

uous spectrum of gapped graphene, the situation described

above for gapless graphene takes place. Therefore, let us

consider a case when level εi is in the gap. As shown

in [27], the occupation number of this level is equal to

nloc
i =

∣

∣

∣

∣

1− ∂3i(ω)

∂ω

∣

∣

∣

∣

−1

ε̄loc
i

, (A4)

where ε̄loc
i = εi + 3i(εi) is the energy of the local level

in the gap (|ε̄loc
i | < 1). The analytical expression for

∂3i(ω)/∂ω is given in [27]. Having determined the value

of ε̄loc
i and calculated nloc

i , let us find the local-level

charge Zloc
i = 1−nloc

i , which will be substituted in equa-

tions (11)−(13).
The following circumstance should be noted. In

the present paper we have determined DOS (4)

and (A2) using parameter ζ =

√

π
√
3/4t, which ade-

quately describes the derivative ∂ρSLG(ω)/∂ω ∝ ζ−2 at

|ω| ≪ ζ . On the other hand, quantity ξ2/2, where

ξ =
√

2π
√
3t ∼ 3t, is used instead of ζ 2 when calculating

the occupation numbers of graphene [51]. That’s why

parameter ξ is used in [27]. Here we do not calculate the

SLG charge directly, but, based on a maintained number of

electrons, we take it equal to —
∑

i Zi , while parameter ζ

should be used when calculating charge Zi for estimating

the values of ε̄i and Ŵ̄i included in formula (8).
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