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First-principles Study on the Adsorption Properties of Phenylalanine on
Carbon Graphitic Structures
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Using ab-initio density functional theory, we investigate the binding properties of phenylalanine,
an amino acid, on graphitic carbon structures, such as graphene, nanotubes, and their modified
structures. We focus especially on the effect of the adsorbate on the geometrical and the elec-
tronic structures of the absorbents. The phenylalanine molecule is found to bind weakly on pristine
graphitic structures with a binding energy of 40−70 meV and not to change the electronic configu-
ration of the graphitic structures, implying that the phenylalanine molecule may not be detected on
pristine graphitic structures. On the other hand, the phenylalanine molecule exhibits a substantial
increase in its binding energy up to ∼2.60 eV on the magnesium-decorated boron-doped graphitic
structures. We discover that the Fermi level of the system, which was shifted below the Dirac point
of the graphitic structures due to p-doping by boron substitution, can be completely restored to
the Dirac point because of the amino acid adsorption. This behavior implies that such modified
structures can be utilized to detect phenylalanine molecules.
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I. INTRODUCTION

Carbon graphitic structures, such as graphene and
carbon nanotubes (CNTs), have drawn diverse interests
in multiple disciplines due to their unique physical and
chemical properties [1–3]. With an expectation that they
would replace silicon-based electronics in the near fu-
ture, various carbon-based devices, which exhibits in-
triguing and unique characteristics, have been proposed
[4–23]. Furthermore, some of these devices have been de-
veloped as sensors to detect various gases, chemicals, and
biomolecules [24–36]. Compared to other existing sen-
sors, these carbon-based sensors exhibit superior charac-
teristics, such as their being compact, lightweight, and
power efficient. They are also inexpensive because they
can be mass-produced on a wafer level.

Among various analytes that can be detected by us-
ing graphitic structured materials, we focused on pheny-
lalanine (Phe), one of the essential amino acids for the
human body. Phe is converted into tyrosine, another
essential amino acid, to produce signaling molecules,
such as dopamine, epi norepinephrine (noradrenaline),
epinephrine (adrenaline), and the skin pigment melanin.
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In addition, a genetic disorder called phenylketonuria
(PKU) is caused by a deficiency of Phe hydroxylase, an
enzyme to metabolize Phe [37,38]. People with this dis-
order, who are known as phenylketonurics, can suffer by
serious problems such as mental retardation, irreversible
brain damage, and seizures if they are left untreated. Al-
though PKU is inherited and by far incurable, an opti-
mal treatment to maintain blood Phe levels may prevent
the development of serious mental incapacity [39–42], en-
abling PKU patients to have normal lives.

For such an optimal treatment, the quantitative moni-
toring of blood Phe levels together with the regulation of
Phe intake, is an indispensable procedure. Phe levels in
the blood have usually been measured by using centrifu-
gation, which is costly and requires much time for a data
analysis. Therefore, high-performance (quick and inex-
pensive) sensors to detect blood Phe levels, which could
potentially provide a beneficial alternative to the exist-
ing newborn screening equipment, are in demand. We
considered carbon graphitic materials as suitable candi-
dates. Here, we show our study on the effect of Phe ad-
sorption on the electronic properties of graphene and car-
bon nanotubes and their functionalized structures where
two carbon atoms are replaced by two boron atoms with
a magnesium atom [43]. Our finding reveals that Phe
adsorption may not be detectable when using the pris-
tine graphitic materials because these materials show no
noticeable changes in their electronic structures. Our re-
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sults shows, however, that the modified graphitic struc-
tures respond substantially to Phe adsorption; thus, they
may be utilized for Phe sensors.

II. COMPUTATIONAL DETAILS

To investigate the adsorption properties of Phe on car-
bon graphitic structures, we performed first-principles
calculations using density functional theory (DFT) [44,
45]. An atomic orbitals basis with a double-ζ polariza-
tion was used to expand the electronic wave functions.
We used the Ceperley-Alder exchange-correlation func-
tional [46] in the local density approximation (LDA) as
implemented in the SIESTA code [47]. Norm-conserving
Troullier-Martins pseudopotentials [48] in the Kleinman-
Bylander factorized form [49] were used to describe the
behaviors of the valence electrons. We determined the
potential and the charge density on a real-space grid with
a mesh cutoff energy of 210 Ry, with which the total
energy converged within 2 meV/atom. Using the conju-
gated gradient method [50], we allowed all atomic config-
urations to be relaxed without any symmetry constraints
until none of the residual Hellmann-Feynman forces act-
ing on any atom exceeded 10−3 Ry/aB, where aB is the
Bohr radius. To probe the possibility of magnetic order-
ing in the nanostructures, we used the local spin density
approximation (LSDA) as a systematic way to estimate
the net magnetic moments and the amount of exchange
splitting in the systems.

To avoid the molecular interactions of the Phe
molecule with those in neighboring unit cells, we ar-
ranged a 2D single layer of graphene in a hexagonal lat-
tice with a lattice constant of 12.38 Å corresponding to
a 5 × 5 supercell. Similarly, we prepared a 1D (8,0) or
(5,5) nanotube with a lattice constant of 17.04 or 17.22 Å
along its axial axis, including four or seven primitive unit
cells, respectively. To suppress an interlayer or an inter-
tube interaction, we also considered a large interlayer or
an intertube distance of � 15 Å.

In order to represent the Bloch wave functions ade-
quately for the momentum space integration, we sam-
pled the rather short Brillouin zone of these 2D and 1D
structures with 3 × 3 × 1 and 1 × 1 × 3 k-point grids,
respectively. For convergence test, the electronic struc-
tures of a few selected structures were calculated in a
twice as dense k-point grid, and no significant difference
was found. An isolated Phe molecule was described with
one k-point at the Γ point in a cubic supercell with a
length of 20 Å. A Mulliken population analysis was used
to estimate the charge transfer between the adsorbate
and the adsorbent within a single-ζ basis. The binding
energy, Eb, of Phe on a host material is defined by

Eb = E(Phe) + E(host) − E(Phe on host),

where E(A) is the total energy of a system A.

Fig. 1. (Color online) Two selected orbitals corresponding
to the (a) HOMO and the (b) LUMO levels overlaid on the
atomic structure (top and side views) of Phe. Different ele-
ments are depicted by different colors, as given in the legend.
(c) Density of states of Phe showing a large HOMO-LUMO
energy gap of 3.95 eV. The middle point between the HOMO
and the LUMO levels was chosen to be the Fermi level and
was set to zero.

III. RESULTS AND DISCUSSION

Before studying the adsorption property of Phe
on a host carbon material, we first investigated the
structural and the electronic properties of Phe itself,
which is an α-amino acid with a chemical formula of
C6H5CH2CH(NH2)COOH. A Phe molecule is composed
of amine (–NH2) and carboxyl acid (–COOH) groups
along with a benzyl (C6H5CH2–) side chain featuring a
benzene ring attached to a methanediyl (–CH2–) group,
as shown in Fig. S1 in the Supporting Information. Fig-
ures 1(a) and (b) display the wave functions of the high-
est occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO), respectively,
overlaid on its equilibrium structure. The HOMO is
dominant at the amine and the carboxyl acid groups,
as shown in Fig. 1(a), while the LUMO is distributed
mostly over the benzene ring, as displayed in Fig. 1(b).
The HOMO-LUMO energy gap was found to be 3.95 eV
from its density of states (DOS) shown in Fig. 1(c).

To inspect whether graphitic carbon materials can be
used to detect Phe molecules, we explored the adsorption
property of the Phe molecule on several graphitic carbon
structures, such as graphene and (8,0) and (5,5) CNTs.
We obtained the equilibrium configuration for each Phe-
adsorbed host material by performing geometrical opti-
mization with a variety of different initial configurations
determined by using different molecular orientations and
adsorption sites. For some selected configurations of
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Fig. 2. (Color online) The optimized structures (top and
side views) of Phe adsorbed on (a) graphene and on (b) (8, 0),
and (c) (5, 5) carbon nanotubes, and (d–f) their correspond-
ing band structures. For comparison, the host-only band
structures are underlined with red dashed lines. For the re-
spective elements, the same color scheme as that in Fig. 1, was
used except for the host materials which are yellow-colored
for distinction.

Phe-adsorbed graphene, see Fig. S2 in the Supporting In-
formation. Among these configurations are the most sta-
ble configurations shown in Figs. 2(a–c). In these equi-
librium configurations, clearly, the Phe molecule tends to
align its benzene ring over the graphitic structures simi-
larly to “AB” stacking in graphite. Moreover, its double-
bonded oxygen atom in the carboxyl acid (–COOH)
group appears to face toward the graphene surface while
its amine (–NH2) group moves away from it, resulting in
a structural deformation of the Phe molecule. The bind-
ing energy of a Phe molecule was numerically found to
be Eb ≈ 0.66, 0.44, and 0.41 eV on graphene and (8,0),
and (5,5) CNTs, respectively, which are quite small. Our
calculation also shows that the Phe molecule can diffuse
on these graphitic materials with a low diffusion barrier
of � 20 meV as long as the benzene ring keeps its orien-
tation parallel to the graphene sheet.

Figures 2(d–f) show the corresponding electronic band
structures, which are drawn with black solid lines, un-
derneath which the host-material-only band structures
are plotted with red dashed lines for comparison. Ob-
viously, the Phe adsorption does not modify the elec-
tronic structures of any pristine graphitic carbon mate-
rials, except for a few flat bands around 1.8 eV below
the Fermi level, which originate from the Phe HOMO
levels. This observation, unfortunately, indicates that
pristine graphitic carbon materials may not be used to
detect Phe molecules. We also checked the effect of an
external electric field (E-field), which can be easily ap-
plied through gating in the devices. No effect of E-field
on electronic properties of the pristine graphitic carbon
materials was found, as shown in Figs. S3 and S4 in the

Fig. 3. (Color online) Equilibrium configurations of Mg-
B2-functionalized (a) graphene and (b) (10,0) and (c) (5,5)
CNTs in top (upper) and side (bottom) views. (d–f) Equi-
librium configurations of Phe-adsorbed on the corresponding
structures given in (a–c), respectively. The calculated bind-
ing energies of the Phe molecule are given at the bottom.

Supporting Information.
In order to utilize a graphitic material as a Phe sen-

sor, clearly, one should enhance the reactivity of the
host materials toward the adsorbate. To attain this,
we considered alkaline-earth metal decoration on boron-
doped graphitic structures, which were used for hydro-
gen binding enhancement [43]. Boron substitution makes
the graphitic structures p-doped and plays the role as
an acceptor to adsorb metal atoms. The two substi-
tuted boron atoms occupy the two farthest vertices in a
hexagon, and the Mg atom is located in-between them
and above the center of the hexagon, as shown in Figs. 3
(a–c).

We considered several different orientations of the
Phe molecules adsorbed on various Mg-B2-functionalized
graphitic structures, such as graphene and both (8, 0)
and (5, 5) CNTs, to find the most stable binding con-
figuration for each case. We found that the Mg atom
tended to interact with the double-bonded oxygen atom
in the carboxyl acid (–COOH) group of the Phe molecule.
Through this interaction, we found an intriguing “bond
exchange” process, in which the C=O double bond
became a C–O− bond that binded to the Mg atom,
strengthening the Phe binding, while the C–O–H bond
lost the hydrogen atom, becoming a C=O bond. The
removed hydrogen atom was observed to encounter the
amine (–NH2) group to form –NH+

3 . The most stable
structures of the three cases are displayed in Figs. 3 (d–
f). The binding energies of a Phe molecule on these func-
tionalized structures were calculated to be 2.5 ∼ 2.6 eV,
which are about 30 times stronger than the values for
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Fig. 4. (Color online) (a) Isosurface plot in top and side
views of the charge density difference in the optimized struc-
ture of Phe-adsorbed Mg-B2-functionalized graphene. For
the respective elements, the same color scheme as that in
Fig. 1, was used except for graphene being yellow-colored for
distinction. The isovalue is ±0.001 e Å−3. (b) Band struc-
tures along the high-symmetry lines of Mg-B2-functionalized
graphene with (right) and without (left) the Phe adsorption.
In the left graph, the red and the blue curves represent spin
majority and minority bands, respectively.

their pristine counterparts.
To explore the electronic structure modification, we

calculated the charge density difference of Phe-adsorbed
Mg-B2-functionalized graphene. As displayed in Fig. 4,
electrons are accumulated on the side of the Mg-B2-
functionalized graphene while being depleted on the Phe
side. In addition, a charge redistribution in the Phe
molecule was found to occur because of the reconstruc-
tion of the Phe structure caused by the bond exchange
mechanism, as mention above. Figure 4(b) shows the
electronic band structures of the Mg-B2-functionalized
graphene with (right) and without (left) the adsorbed
Phe molecule. The left band structure can be interpreted
as follows: Two boron atoms substitute for two carbon
atoms, hole-doping graphene and shifting its Fermi level
down. As a result, the band crossing point or Dirac point
at K is located above the Fermi level. The added magne-
sium atom, which has two valence electrons, plays a role
as a donor, providing only one valence electron to the B2-
doped graphene and shifting the Fermi level halfway up;
thus, its flat or localized valence states become split: one
state occupied and one empty being spin-polarized. Sur-
prisingly, we found that Phe adsorption not only restores
its Fermi level exactly to that of the pristine graphene
but also changes the Mg spin-polarized states to nonmag-
netic degenerate states, as shown in the right graph in
Fig. 4(b). We can deduce from the charge redistribution
on the adsorbed Phe molecule shown in Fig. 4(a) that the
Phe molecule takes an electron from the Mg atom and
gives it to the graphene. As a result, the emptied Mg lev-
els are pushed away from the Fermi level, as seen in the
right graph of Fig. 4(b). Note that such an exact restora-
tion of the Fermi level is due to the one-to-one matching
of the Mg-B2 doping rate and the Phe concentrations.
Lower concentration of Phe adsorption may not restore
the Fermi level completely while a higher concentration

Fig. 5. (Color online) (a) Equilibrium structure with
charge density difference of Phe-adsorbed (a) (8, 0), and (c)
(5, 5) CNTs functionalized with Mg-B2. (b) and (d) Their re-
spective band structures and host-only band structures. For
the respective elements, the same color scheme as that in
Fig. 1, was used except for the CNTs being yellow-colored for
distinction. The isovalue of ±0.001 e/Å was used for charge
density difference in (a) and (c). In the band structure, the
spin majority and minority bands are depicted with red and
blue lines, respectively.

may not be able to shift the Fermi level further up be-
cause Phe adsorption on a pristine graphene surface does
not change anything, as discussed above. This observa-
tion implies that Mg-B2-functionalized graphene may be
used to detect the existence of Phe molecules. We also
checked the effect of an external E-field and found that
the electronic properties were robust for the external E-
field. (See Fig. S5 in the Supporting Information.)

We also explored the electronic structure modification
of the Mg-B2-functionalized (8,0) and (5,5) CNTs due
to Phe molecule adsorption. As discussed above, Phe
binding is enhanced through a bond exchange mech-
anism. As on Mg-B2-functionalized graphene, small
charge accumulations were observed on both function-
alized (8,0) and (5,5) CNTs while a charge depletion
and redistribution were observed on the Phe molecule, as
shown in Figs. 5(a) and (c). Figures 5(b) and (d) show
the electronic structures of the Mg-B2-functionalized
(8,0) and (5,5) CNTs without and with the adsorbed
Phe molecule, respectively. Similar to the Mg-B2-
functionalized graphene shown in Fig. 4(b), the Mg-
B2-functionalized CNTs becomes hole-doped and spin-
polarized mainly by Mg valence states. In both cases,
Phe adsorption brings back the Fermi levels of their pris-
tine counterparts. These results indicate that such func-



-L2024- Journal of the Korean Physical Society, Vol. 67, No. 12, December 2015

tionalized graphitic materials can be utilized as a sensing
platform to detect Phe molecules for PKU treatment.

IV. CONCLUSION

In summary, we investigated the adsorption properties
of phenylalanine on pristine and Mg-B2-functionalized
graphitic carbon materials, such as graphene and nan-
otubes using density functional theory calculations. We
found that a Phe molecule binds quite weakly on the
pristine carbon structures; thus, these carbon structures
undergo almost no modification. However, Mg-B2 func-
tionalization interacts strongly with a Phe molecule to
initiate the so-called bond exchange mechanism to en-
hance the binding by about 30 times. The Fermi levels
of the Mg-B2 hole-doped graphitic structures were found
to be shifted downward, but Phe-adsorption restored it
to where it had been in the pristine counterpart. This
study may shed light on the development of a simple
scheme for detecting amino acids.
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[4] Y.-K. Kwon, D. Tománek, and S. Iijima, Phys. Rev. Lett.
82, 1470 (1999).

[5] R. Martel, V. Derycke, C. Lavoie, J. Appenzeller,
K. Chan, J. Tersoff and P. Avouris, Phys. Rev. Lett.
87, 256805 (2001).

[6] A. Bachtold, P. Hadley, T. Nakanishi and C. Dekker,
Science 294, 1317 (2001).

[7] S. Heinze, J. Tersoff, R. Martel, V. Derycke, J. Appen-
zeller and P. Avouris, Phys. Rev. Lett. 89, 106801 (2002).

[8] A. Javey, J. Guo, Q. Wang, M. Lundstrom and H. Dai,
Nature 424, 654 (2003).

[9] M. Lee, J. Im, B. Y. Lee, S. Myung, J. Kang, L. Huang,
Y.-K. Kwon and S. Hong, Nat. Nanotechnol. 1, 66
(2006).

[10] E. Castro, K. Novoselov, S. Morozov, N. Peres, J. dos
Santos, J. Nilsson, F. Guinea, A. Geim and A. Neto,
Phys. Rev. Lett. 99, 216802 (2007).

[11] Z. Chen, Y.-M. Lin, M. J. Rooks and P. Avouris, Physica
E 40, 228 (2007).

[12] A. Rycerz, J. Tworzydlo and C. W. J. Beenakker, Nat.
Phys. 3, 172 (2007).

[13] A. F. Young and P. Kim, Nat. Phys. 5, 13 (2008).
[14] M. Lee, K. Y. Baik, M. Noah, Y.-K. Kwon, J.-O. Lee

and S. Hong, Lab Chip 9, 2267 (2009).
[15] M. Lee, M. Noah, J. Park, M.-J. Seong, Y.-K. Kwon and

S. Hong, Small 5, 1642 (2009).
[16] J. Wu, M. Agrawal, H. A. Becerril, Z. Bao, Z. Liu,

Y. Chen and P. Peumans, ACS Nano 4, 43 (2010).
[17] S. Myung, S. Woo, J. Im, H. Lee, Y.-S. Min, Y.-K. Kwon

and S. Hong, Nanotechnology 21, 345301 (2010).
[18] F. Xia, D. B. Farmer, Y.-M. Lin and P. Avouris, Nano

Lett. 10, 715 (2010).
[19] K. S. Novoselov, V. I. Fal’ko, L. Colombo, P. R. Gellert,

M. G. Schwab and K. Kim, Nature 490, 192 (2012).
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