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ABSTRACT

We show by molecular dynamics simulations that configuration-sensitive molecular spectroscopy can be realized

on optimally doped graphene sheets vibrated by an oscillatory electric field. High selectivity of the spectroscopy

is achieved by maximizing Coulombic binding between the detected molecule and a specific nest, formed for

this molecule on the graphene sheet by substituting selected carbon atoms with boron and nitrogen dopants.

One can detect binding of different isomers to the nest from the frequency shifts of selected vibrational modes

of the combined system. As an illustrative example, we simulate detection of hexanitrostilbene enantiomers in

chiral nests formed on graphene.
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1. Introduction

Selective molecular sensing is important in numerous
areas, such as military [1], fire sensing [2], wine tasting
[3], and cancer detection [4]. Recent advances in nano-
technology have brought new possibilities to develop
accurate, reliable, and portable chemical sensors, which
may benefit a broad range of industries [5, 6]. Among
numerous tested systems, carbon nanostructures [7, 8]
and, in particular, carbon nanotubes (CNT) allow the
preparation of highly sensitive sensors [9-16]. The
molecules adsorbed on the CNT surfaces are sensed
via changes of the CNT quasi-one-dimensional
conductivity [17], but the approach is usually less
specific, due to the nonspecific character of molecular
binding to CNTs.

Molecular sensing can also be realized with vibrating
microstructures which measure the mass of adsorbed
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molecules [18]. CNTs have been tested as vibrational
sensors of attached molecules [19, 20], where the
molecules can be sensed with Raman scattering
[21, 22]. Suspended and vibrated graphene monolayers
may also be used for this purpose [23, 24]. Although
CNT and graphene-based sensors might be highly
sensitive, they cannot easily distinguish between
isomers.

In this work, we describe highly selective graphene-
based vibrational sensors that can detect molecules in
different isomeric states. Our idea is to form selective
nests for polar molecules on small graphene sheets
by selectively replacing carbon atoms with boron and
nitrogen dopants [25]. The dopants are positioned to
create an electrostatic field above the graphene that is
complementary to that of the detected (attached)
molecule, so that their Coulombic binding is maxi-
mized. Once attached in the nest, the molecule can be
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distiguished from its isomers by the frequency shifts
of the normal vibrational modes of the combined
graphene-molecule system.

Several approaches might be potentially used to
experimentally realize such nests. For example, scanning
tunneling microscopy (STM) has been shown to
induce local reactions [26]. STM might be used to
reactively replace selected C atoms with B and N
atoms in the graphene. Alternatively, STM might form
the nests by attaching charged (polar) atomic [27-29]
or molecular ligands [30, 31] to different regions of the
graphene [32, 33]. One could also externally synthesize
molecules that are complementary to the tested
molecules, attach them covalently to the graphene,
and vibrate the combined system [34].

2. Design of the molecular nest

We demonstrate these ideas for a hexanitrostilbene
(HNS) sensor. First, we calculate the electronic structure
and optimized geometry of HNS using Gaussian03
[35] at the B3BLYP/STO-3G level. The atomic charges
are calculated using the natural bond order (NBO)
approach. As shown in Fig. 1(a), HNS is composed of
two trinitrobenzyl groups connected via a trans
double bond. In the ground state, HNS is chiral since
these two groups are twisted with respect to one

another, like the blades of a molecular propeller [36].
In Fig. 1(b)-1(c) the calculated electrostatic potential
of HNS is presented in the (x, y) plane with a fixed
distance (z=-2.35 A and 3.15 A) below (Fig. 1(b)) and
above (Fig. 1(c)) above (bottom left) and below (bottom
right) the geometric center of the molecule, which is
located at z=-0.166 A below the central C-C double
bond. Slight (ground-state) bending of the HNS in the
central region and related reorganization of the -NO,
groups result in the HNS having C, symmetry along
the z axis but not along the x or y axis. Therefore, the
two charged profiles shown in Fig. 1(b)-1(c) are not
mirror images of each other. The six highly polar -NO,
groups provide useful sites for recognition. The
distinct arrangements of charges in the chiral HNS
might in principle be used to distinguish between its
two enantiomers [37], with mirror imaged charges.
We design a selective molecular nest on doped
graphene for the chosen (M)-HNS enantiomer. We
position the molecule above the center of the graphene
sheet (= 39.5 A x 24 A) at a typical binding distance of
z=23.35 A. Then, we start to form the nest under the
(M)-HNS by modifying the graphene sheet, considering
that each of its C atoms is a potential candidate for
replacement by boron or nitrogen. Two B or two N
atoms are not allowed to be neighbors, and the edge
of graphene is left open and without doping. The

(c)

Figure 1 (a) The (M) enantiomer of the 2,2",4,4",6,6" hexanitrostilbene molecule. The electrostatic potential distribution formed in the
plane located (b) = -2.35 A below and (c) = 3.15 A above the geometric center of the HNS molecule
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doping B and N atoms in the sheet have the charge of
Qs =0.55 e and Qy=-0.55e, which is approximately
(exactly in the model) neutralized by the charges on
the three neighboring C atoms. The energies associated
with the substitutions of C with B and N atoms are
given by the formula AEg) = Egoped + Ec = Eundoped — Eg(.
Both reactions are endothermic and (in a 78 C-atom
flake) require AE;=4.58 eV and AEy=2.53eV. The
NBO charges and substitution energies are obtained
using the B3LYP density-functional and 6-31G" basis
set within Gaussian03 [35].

When we test for B or N doping of a particular site,
we calculate the change of potential energy due to
Coulombic coupling between the molecule and the
neutral cluster formed by the charged dopant and its
three oppositely charged neighbors [25]. This change
of potential energy is

L0 (1 &1
EB(N) = QB(N)Z dne '[__ 1_31’ ’ (1)
0 —

i=1 To i

where 1 is the distance between the ith atom in the
molecule, with the charge Q, and the dopant with
the charge Qg 7;j is the distance between this ith
atom and the jth neighbor of the dopant, with the
charge = —Qpny/3, and ¢o is the dielectric constant. We
decide to dope a particular site when the change of
the Coulombic potential energy decreases at least by
the value of AE =-0.02 eV.

In Fig. 2(a), we show the nest formed by doping
the graphene sheet under the (M)-HNS. The doping
pattern complements the electrostatic fields under
the molecule (Fig. 1(c)) and copies its C, symmetry;
the exact C, symmetry is achieved by doping the sheet
by atom pairs with central symmetry. Figure 2(b)
shows the profile of the electrostatic field generated
in a (x, y) plane positioned at a distance of 1 A above
(or below) the sheet. The partial positive charges of
the boron dopants in the graphene match the partial
negative charges of the oxygens in nitro-groups in
the (M)-HNS, and the partial negative charges of the
nitrogen dopants in the graphene match the partial
positive charges of the electron deficient benzene
rings in the (M)-HNS. The resulting nest possesses a
two-dimensional chirality [38].

PV)

-0.2

Figure 2 The doping pattern of the nest designed for the (M)-HNS
enantiomer docked above the sheet (a). The electrostatic potential
distribution (b) formed above (or below) the doped graphene sheet
(complementary to that in Fig. 1(c))

3. Simulation of selective molecular docking

Next, we use molecular dynamics (MD) simulations to
model nesting and sensing of the HNS on the doped
graphene sheet. The simulations are realized with the
NAMD package [39], based on the CHARMM?27
force field [40]. We use the NVT ensemble without
periodic boundary conditions, where Langevin
damping is used to thermalize the system and model
its vibrational damping, as explained later, and the
simulation time step is 1 fs. The vibrational properties
are described by Lennard—Jones potentials, para-
metrized in HNS as in the trinitrobenzyl molecule [41],
while graphene is parametrized by CHARMM?27,
where kyona =305 kcal/A% K,yge = 40 kcal/(mol-rad?),
and Kgihedral = 3.1 kcal/mol.

In Fig. 3, we show that the (M)-HNS enantiomer
can properly dock (T=75K) in the chiral nest only
from the top side of the graphene sheet. On the top,
the (M)-HNS lays in the nest, while on the bottom, it
stands like a “scorpio”. Therefore, by blocking the
bottom side, the nest matches only the (M)-HNS
enantiomer. This enantioselectivity is caused by the
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Figure 3 The (M)-HNS enantiomer docked in the nest on the
graphene sheet designed for it (top). However (bottom), the
(M)-HNS enantiomer does not bind well to the nest at the bottom
of the graphene sheet, because this nest (with its vertically mirrored
electric field) matches the opposite (P)-HNS enantiomer

fact that the bottom of the sheet creates an electric
field that is a mirror image (in the z axis) of that
above the sheet. Therefore, this field matches a mirror
imaged molecule, i.e., the (P)-HNS enantiomer. The
(M)-HNS enantiomer can still bind to it, but its nesting
configuration is very different, which might be recog-
nized by vibrational means.

We calculate the binding energy of the nested
(M)-HNS, shown in Fig. 3 (top). Initially, we center
the molecule in the nest and allow the system to relax
for t+=25ps at the temperature of T=75K. At this
temperature the (M)-HNS has enough energy to
rapidly explore the doped graphene, but once docked
it shows only very small vibrational motion. By using
VMD [42], we obtain (from 225 ps long simulations)
the total (electrostatic, van der Waals (vdW), and HNS
configuration) binding energy of the (M)-HNS to the
top of the nest of AE,.=—39.1 kcal/mol, while to
the bottom of the nest it is AE, . = —30.2 kcal/mol,
and its binding energy to the undoped graphene is
AE,aphene = —28.2 kcal/mol. Due to the large difference of
AE = AE, st = AEgraphene = —10.9 kcal/mol, the (M)-HNS
remains (Coulombically) bound to the top of the nest
at T=300 K.

For practical reasons, it is interesting to find out if
the (M)-HNS nests on its own. When it is displaced
from the nest by 20 A in the x-axis and 5 A in the z-axis,
it diffuses back to the nest after 7., =200 ps (T =75K)
(see the movie in the Electronic Supplementary
Material). We also test if other residual molecules can
stay in the nest at room temperature. It turns out that

water molecules leave it at T=300 K. Similarly, we
tested binding to the nest of stilbene, an achiral
molecule similar to HNS but with hydrogen atoms
replacing the nitro groups. The binding energy is
AE, st = —27.3 kcal/mol, while its binding energy to
the undoped graphene is AE,,phene = —18.0 kcal/mol.
Therefore, the (M)-HNS binds by AE = -1.6 kcal/mol
more strongly to the nest than stilbene, despite the
similarity of the two structures. These results show that
when various molecules are captured in the nest, in
practice only the (M)-HNS can remain there at higher
temperatures.

4. Simulation of molecular sensing

We start the MD simulations of molecular sensing by
comparing the elastic properties of our model graphene
with experiments. First, we calculate the Young’s
modulus of graphene defined as E = o/s, where o is
the stress and ¢ the applied strain [43]. We clamp one
side of the graphene sheet and exert an in-plane
stretching force on the edge opposite the clamped side.
The induced stress is given by o= nF/w,t,, where n is
the number of atoms with force F acting on each of
them, t,~ 3.4 A is the thickness (interlayer separation
of graphite) and w, is the width of the graphene
(y=24 A). Likewise, the strain is ¢ = Al/l,, where Al is
the change in length of the graphene, with the original
length I, due to the force acting on it. We find that
our model graphene has the Young’s modulus of
E=1TPa, in good agreement with the experimental
value of E=1 Tpa+ 0.1 TPa [44].

Next, we determine the flexural rigidity D of our
model graphene by rolling it into a cylinder and
calculating the difference in configuration energies

[45]. The associated energy density, W= %DKZ, can be

used to obtain the flexural rigidity D from the curvature
of the rolled graphene, x =R™. Our graphene gives
D =45 (eV-A?)/atom, in a reasonable agreement with
ab initio results, giving D = 3.9 (eV-A?)/atom [46, 47].
Therefore, the elastic parameters of our model
graphene should match the real values.

We continue with modeling the (M)-HNS sensing
in a nest formed on a small piece of doped graphene,
shown in Fig. 2 (a), and clamped at the shorter sides.
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In experiments, the sheet can be suspended over a gap,
clamped on two edges, and vibrated by an oscillatory
electric field applied to an electrode located below the
sheet [48, 49]. The highly polarizable graphene sheet
becomes periodically attracted to the electrode and
mechanically oscillated. The vibration amplitude can
reflect the presence of the molecule in the nest, since
the effective mass and thus the frequency of selected
normal vibrational modes are shifted.

We model sensing of the (M)-HNS nested on a doped
graphene sheet that is driven by an oscillatory force
of F(t) = Asin(wt)-6(t), where 6 (t) is the Heaviside
step function. For simplicity, the force is applied in the
z direction to each of the six carbon atoms in the center
of the graphene sheet. The vibration of the graphene
sheet may be approximately characterized by the
absolute displacement of each atom in the z direction
(neglecting the x and y displacements). We can model
the excitation of normal modes in the clamped
graphene sheet as driven and damped harmonic
oscillators. The displacement in the z direction in the
center of the sheet (or other selected points) can be
described for each normal mode by the equation,

m 3 (t) = ba(t) + kz(t) = E(t), @)

where m, is the effective mass of the oscillator (normal
mode), b is its damping constant and k is its force
constant. Eq. (2) has the solution [50],

_st 2000, cos(wyt)+ wA_sin(w,t)
(@ —@*) +45° 0"
26w, cos(wt)+ w, A, sin(w,t)
(0 —@*) +45° 0"

2(t) = 0(t) Ae

+0(t)A , 3

where 4,=6"+0’ t®;, w, =\k/m, is the intrinsic
frequency, 6 =b/2m,is the effective damping, and
@, =+Jw} -5 is the resonant frequency of the damped
oscillator.

The coefficient ¢ in Eq. (3) represents the total
damping of the chosen normal mode r in the graphene
sheet suspended over a gap and clamped at the edges
[51]. This damping is caused by coupling of the normal
mode to other internal and external (at the contacts)
degrees of freedom (vibrational, electronic, etc.) [52].
In our simulations, we approximate this total damping
by applying to the system a Langevin damping of

0.2 ps, which roughly corresponds to theoretical
values obtained for graphene mechanically oscillated
at the frequency of 100 GHz [51].

The steady-state component in Eq. (3) (second term),
valid for one normal mode, has a resonant character,
where the position and width of the resonance could
be used to detect the mass of the nested molecule. Its
nesting configuration [53] might be also detected,
because different normal modes have their effective
masses, oscillation maxima, and nodes distributed
differently on the graphene. These modes may sense
the configurations of the molecule, depending on its
nesting position at the maxima and/or nodes of the
modes.

The sensitivity of a given mode to the attached
molecule can be obtained from the change of its
frequency when the molecule is bound. Assuming, for
simplicity, that the HNS molecule sits in the “center
of the mode vibration”, where its mass, myyns, may
simply add to the effective mass of the mode, m,, we
obtain for the ratio of the intrinsic frequencies of the
two (free and with molecule) oscillators,

a)unbound = 1+ mHNS . (4)
a)bound m

e

Here, we assume that the force constant of the mode,
k, is the same for both the bound and unbound cases.
This shows that modes with smaller effective masses
m,. are more sensitive, because the HNS mass is a
larger perturbation for them. By exciting the system
at different driving frequencies, @, we can detect the
modified resonances of the individual modes. Since
the driving may simultaneously excite many different
modes of finite energy widths, we need to separate
their contributions.

5. Results and discussion

We illustrate these ideas by detecting the (M)-HNS
nested on both sides of the doped graphene. We use
the “axial” and “edge” normal vibrational modes of the
clamped graphene sheet, shown in the insets of Figs. 4
and 5, respectively. First, we obtain the “reference
frames” of these two modes by exciting the empty
sheet, held on its two edges, at two frequencies that
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Figure 4 The frequency dependent values of the projected
amplitude (arbitrary units) of the axial vibration mode (7= 75 K).
We display the vibrations of the unbound sheet (green), and the
sheet with the (M)-HNS bound at the top (red) and bottom (blue).
The inset shows the atom displacements in the reference frame of
the axial vibration mode in the clamped graphene sheet (7= 5 K)
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Figure 5 The frequency dependent values of the projected
amplitude (arbitrary units) of the edge vibration mode (7= 75 K).
We display the vibrations of the unbound sheet (green), and the
sheet with the (M)-HNS bound at the top (red) and bottom (blue).
The inset shows the atom displacements in the reference frame of
the edge vibration mode in the clamped graphene sheet (7= 5 K)

are close to their resonances. In the initial simulations,
realized at T=5 K, we pick frames with a maximum
atom displacement and use them as the reference
frames, shown in Figs. 4 and 5. The frames are
obtained after relaxing the transient component in

the solution (Eq. (3)). The axial mode corresponds to
the displacement of the graphene sheet, as in

transverse acoustic (TA) phonon modes with waves
propagating along the sheet [54]. The edge mode has
the same type of displacement but the TA waves
propagate in the orthogonal direction, where the
graphene edges are free.

In the simulations of the molecular detection
(realized at T =75 K), we relax the transient component
in Eq. (3) and find the oscillatory contributions of
these two modes to the total vibration of the graphene
sheet. We approximately separate the amplitude of
vibrations of the modal type r at frequency o, A.(®),
by projecting the actual frames on the reference frame
of the chosen mode,

N¢

A, (o) :NLZ

f i=1

> 2 @)z (@) )

=1

Here, N; is the number of frames sampled from
the molecular dynamics trajectory and used in the
averaging, and N, is the number of atoms in the
sheet. zf.i (@) are the z-coordinates of atom j in the
simulation frame i at frequency w. Likewise, z;(®)
are the z-coordinates of atom j in the reference frame
of mode r at the modal resonant frequency @,. From
the A (w) amplitude we can obtain the position and
width of the resonance of the mode r.

In our simulations, the force F of the amplitude A =
10.4 pN is applied on each of the six C atoms, and its
frequency ranges in the interval of @=1-900 GHz, in
stepwise increments of 3 GHz. Each frequency step is
held constant for 0.5ns comprised of 2000 frames.
The first 100 frames (0.025 ns) are discarded in order
to eliminate transient vibrations caused by the change
in frequency (the first term in Eq. (3)). The remaining
1900 frames (0.475 ns) per frequency step are analyzed,
as shown in Eq. (5).

In Fig. 4, we show the results of our simulations of
(M)-HNS sensing realized by the axial mode at T=75 K;
this low temperature is chosen to reduce the noise
level of the vibrating system. We compare frequency
dependent values of the projected amplitude obtained
for the vibrations of the free sheet (unbound case),
and the sheet with the (M)-HNS bound at the top and
bottom. The full width at half-maximum (FWHM) of
52-55 GHz is similar in all three cases and fixed mostly
by the Langevin damping. On the other hand, the
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resonant frequencies are shifted from the unbound
value of @unpound = 220 GHz to the values of @young =
202 GHz and @young = 205 GHz for the case when the
(M)-HNS is bound above and below the graphene,
respectively. Although, the last two frequencies are
similar, we can distinguish between the two cases. From
the unbound and bound (above graphene) frequencies,
and the HNS mass, mjns = 450 g/mol, we can obtain,
using Eq. (4), the effective mass of the axial mode,
me =2 419 g/mol.

Let’s now evaluate the same spectra for the edge
mode, as shown in Fig. 5. In this case, the resonance
shifts from the unbound-case frequency of @umpound =
535 GHz (FWHM =~ 48.2 GHz) to ®youna ~ 484 GHz
(FWHM = 46.1 GHz) and ®youna = 526 GHz (FWHM =
53.1 GHz) for the case when the HNS is bound above
and below the graphene, respectively. We can also find
the effective mass of the edge mode, m, =2 027 g/mol,
using Eq. (4). In this case, we can not only clearly detect
the presence of the bound (M)-HNS, but we can also
see where it is bound. Therefore, if only one side of the
graphene is exposed, we could distinguish between
the two HNS enantiomers.

The above results show that the edge mode is much
more sensitive than the axial mode in the detection of
the HNS configurations. This is because (1) the effective
mass, 11, of the edge mode is smaller than that of the
axial mode and (2) the fact that the different (M)-HNS
configurations influence very differently the resonance
in the edge mode. In the axial mode, the con-
figuration of the (M)-HNS molecule does not matter
much, because the molecule is in both cases (above
and below) close to the maximum of mode oscillations.
On the other hand, in the edge mode, when the
(M)-HNS is above the graphene, it is close to the
maximum of the oscillations, while when it sits below
the graphene it is positioned very close to the nodal
point of this mode. In principle, we can use this type
of spectroscopy to fully recover the average orientation
of the nested molecules.

In summary, we have shown that polar molecules
may be selectively captured by electrostatic nests
formed on doped graphene sheets. Their presence
and docking configurations can be detected by the
described configuration-sensitive spectroscopy from

the shifts of resonant frequencies in selected vibrational
modes of the graphene sheet. With this spectroscopy,
one can detect and possibly sort the chirality of
enantiomers by vibrational means, when attached to
flat but chiral surfaces.
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