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We present a theoretical study of interactions of anionic and neutral serine (Ser) on pure
or metal-doped graphene surfaces using density functional theory calculations. Interactions
of both types of Ser with the pure graphene surface show weak non-covalent interactions
due to the formation of -COOH· · · π, -COO− · · · π, and -OH· · · π interactions. On metaldoped graphene, covalent interactions to the surface dominate, due to the formation of
strong metal−O and O−metal−O interactions. Furthermore, the doped Fe, Cr, Mn, Al,
or Ti enhances the ability of graphene to attract both types of Ser by a combination of
the adsorption energy, the density of states, the Mulliken atomic charges, and diﬀerences
of electron density. At the same time, the interaction strengths of anionic Ser on various
graphene surfaces are stronger than those of neutral Ser. These results provide useful insights
for the rational design and development of graphene-based sensors for the two forms of Ser
by introducing appropriate doped atoms. Ti and Fe are suggested to be the best choices
among all doped atoms for the anionic Ser and neutral Ser, respectively.
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strong Au−O, Au−S, and Au−N interactions. Ma et
al. [7] discovered that adsorption of Cys on a Pt-doped
graphene surface is greater than that on the pristine
graphene surface. Chi et al. [8] studied the adsorption
of HCHO on pure and Al-doped graphene surfaces, and
suggested that the Al-doped graphene can be more suitable for the detection of HCHO gas. In addition, many
researchers have investigated interactions between small
gas molecules such as CO, H2 O, NH3 , NO2 , and HCHO,
and pure or doped graphene. They discovered that
the doped graphene can be more sensitive to these gas
molecules [8–11].
The structure and stability of Ser have been studied intensively in the last decade using theoretical and
experimental methods, because of the biological signiﬁcance [12, 13]. Ser plays an important role in the
metabolism of lipids, fatty acids, and muscle growth by
producing immunoglobulin and antibodies, thus maintaining a healthy immune system.
To the best of our knowledge, previous theoretical
studies about the interaction between Ser and graphenebased materials have not been reported. In this work, in
order to explore potential applications of metal-doped
graphene sensors, and to provide a useful reference for
designing and developing graphene-based sensors for t-

I. INTRODUCTION

Graphene is a two-dimensional atomic layer of carbon
atoms in hexagonal arrangement. Recently, graphene
has attracted signiﬁcant attention in the development
of sensors owing to its unique structural, chemical, and
electrical properties [1, 2]. Graphene is commonly modiﬁed by doping with covalent or non-covalent functionalization to improve the characteristics of graphene-based
sensors and electronic devices [3, 4]. Researches showed
that doping graphene with metals such as Au, Ni, Al,
Mn, or Cu, can eﬀectively modify the performance of
graphene-based sensors. Cazorla [5] investigated interactions of glycine (Gly), proline (Pro), and hydroxyproline (Hyp) with pure and Ca-doped graphene, and
found that interactions of these amino acids on the
Ca-doped graphene surface are stronger than that on
the pure graphene surface. Zhang et al. [6] indicated that the interaction of cysteine (Cys) with a Audoped graphene surface is stronger than that on the
unmodiﬁed graphene surface, due to the formation of

∗ Author

to whom correspondence should be addressed. E-mail:
fencal@163.com, Tel./FAX: +86-28-85415030

DOI:10.1063/1674-0068/29/cjcp1512250

437

c
⃝2016
Chinese Physical Society

438

Qun Wang et al.

Chin. J. Chem. Phys., Vol. 29, No. 4

FIG. 1 Three-dimensional structures of (a) anionic Ser, (b) neutral Ser, and (c) G. Carbon: gray, oxygen: red, nitrogen:
blue, hydrogen: white. Bond lengths are in Å.

he diﬀerent forms of Ser, we study systematically interactions of the anionic and neutral Ser with pure
and metal-doped graphene (G) by the density functional theory (DFT) method. The stable adsorption
conﬁgurations, adsorption energies, the density of states
(DOSs), the Mulliken atomic charges, and diﬀerences of
electron density are all discussed in detail.

II. COMPUTATIONAL DETAILS
A. Building models

Ser and G models: The chemical formula of
anionic and neutral Ser are -OOCCH(NH2 )CH2 OH
and HOOCCH(NH2 )CH2 OH, respectively. The Ser
molecules contain one α-amino group (α-NH2 ), one
α-carboxyl group (α-COO− or α-COOH) and one βhydroxyl group (β-OH). Three-dimensional structure
models are shown in Fig.1 (a) and (b). The G model
contains 16 six-member carbon rings, for 32 carbon
atoms in total. The C−C bond length is 1.420 Å, which
is consistent with the previous results [14, 15]. A larger
supercell with 96 atoms has also been used to test the
calculated results. We found that our results are not
aﬀected by the supercell size, which accord with Zhang
et al.’s results, they found that interactions of NO2 , NO
and Ti, N-doped graphene are not aﬀected by the size
of graphene [16]. In fact, the 32 atoms supercell is usually used to simulate graphene [8, 15, 17, 18]. Periodic
boundary conditions are used to model the slab, and
the area of the surface is 8.522 Å×7.380 Å. A vacuum
slab 25 Å in thickness is added to separate each slab
from its periodic images, as shown in Fig.1(c).
Metal-doped G models: Based on the model of pure
G, metal-doped G models are built by replacing a carbon atom with a metal atom. The optimized structural
models of metal-doped G are shown in Fig.2.
Pure and metal-doped G-Ser models: the anionic
and neutral Ser interact with pure and metal-doped G.
When the α-NH2 of Ser directed the Fe-doped surfaces,
the adsorption energies are quite small (−0.346 eV for
the anionic Ser and −0.268 eV for the neutral Ser),
DOI:10.1063/1674-0068/29/cjcp1512250

FIG. 2 Structures of (a) Fe-, (b) Cr-, (c) Al-, (d) Mn-, (e)
Ti- doped G after geometric structure optimization. Bond
lengths are in Å.

therefore, the α-COO− , α-COOH and -OH of Ser adjacent to these G surfaces models are built.
B. Simulation parameters

The simulation was performed with the DFT program
Dmol3 in Materials Studio (Accelrys, San Diego, CA),
in which the physical wave functions were expanded in
terms of numerical basis sets. Dmol3 produces highly
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FIG. 3 Anionic Ser interacting with the (a) pure G and (b) Fe-, (c) Cr-, (d) Al-, (e) Mn-, (f) Ti- doped G. Bond lengths
are in Å.

FIG. 4 Neutral Ser interacting with the (a) pure G and (b) Fe-, (c) Cr-, (d) Al-, (e) Mn-, (f) Ti- doped G. Bond lengths
are in Å.

accurate results, while keeping the computational cost
fairly low [19, 20]. The bond lengths and bond angles of
neutral Ser from Dmol3 (Table I), are in agreement with
previous results [21]. The reproducibility of previously
reported data validates the applicability of Dmol3 to
the present systems.
During simulation, the DNP double numerical basis
set was used, which is comparable to the 6-31G∗∗ basis
set. Core electrons were treated with DFT semi-core
pseudo potentials [22]. The exchange-correlation energy was calculated using the Perdew-Burke-Ernzerh of
DOI:10.1063/1674-0068/29/cjcp1512250

generalized gradient approximation, the GGA of PBE
can be deﬁned as:
∫
GGA
EXC
[n ↑, n ↓] = d3 rnεunif
(n) FXC (rs , ζ, s)
x
a detailed description of the GGA of PBE can be found
in Ref.[23]. Special point sampling integration over
the Brillouin zone was employed using the MonkhorstPack scheme with a 2×2×1 k-point mesh. A Fermi
smearing of 0.005 Ha (1 Ha=27.211 eV), and a global
orbital cutoﬀ of 4.8 Å were employed. We left the
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TABLE I Comparison of results in bond lengths and angles of the neutral serine
from literature values calculated with Dmol calculations.
Bond length/Å
Bond length/Å
Calc. [21] This work
Calc.
This work
C1−O1
1.35
1.39
Fe−C
1.762−1.754 [25] 1.654−1.658
C1−O2
1.20
1.24
Cr−C
1.859 [28] 1.677−1.684
C1−C2
1.52
1.52
Al−C
1.725 [27] 1.706−1.707
C2−C3
1.52
1.56
Mn−C 1.897−1.898 [28] 1.673−1.674
O1−H1
0.97
0.99
Ti−C
1.831 [26, 27] 1.749−1.753
C2−N1
1.45
1.46
O3−H7
0.96
0.99

spin unrestricted for the entire systems, and the TS
method for DFT-D corrections was used to deal with
van der Waals forces in the simulation systems [24].
The convergence criteria for the geometry optimization
and energy calculation were set as follows. The selfconsistent ﬁeld tolerance was 10−6 Ha/atom, energy
tolerance was 10−5 Ha/atom, a maximum force tolerance was 0.002 Ha/Å, and a maximum displacement
tolerance was 0.005 Å.
C. Adsorption energy

The adsorption energy of Ser is calculated according
to the following equation:
Eads = Etotal − (ESer + Esurface )

(1)

Where Etotal , ESer , and Esurface represent the total energy of the adsorption system, the energy of the Ser
molecule, and the energy of the graphene surface, respectively. A negative Eads value corresponds to a stable adsorption. The more negative Eads is, the more
stable the adsorbed structure is.
D. Differences in electron density

Electron density maps can directly display the interaction between biomolecules and biomaterials. The
electron density diﬀerence reveals the change of electron
density in the process of adsorption, which is calculated
by the total electron density (ρtotal ), subtracting the
electron density of isolated Ser (ρSer ), and the G surface (ρsurface ),
∆ρ = ρtotal − (ρSer + ρsurface )

(2)

III. RESULTS AND DISCUSSION
A. Stability analysis of the metal-doped graphene models

Metal-doped graphene models are built by replacing a carbon atom with a metal atom, after the structure of graphene is optimized. Then, the metal-doped
DOI:10.1063/1674-0068/29/cjcp1512250

molecule and bond lengths of metal−C

H7−O3−C3
O3−C3−C2
C3−C2−C1
N1−C2−C1

Bond angle/(◦ )
Calc. [21] This work
108.00
104.60
106.00
109.10
109.30
111.10
113.90
108.60

graphene models are optimized to estimate their stabilities, as shown in Fig.2. The doped atoms did not
protrude out of the graphene plane, and the distances
between C and the metals increase comparable with the
C−C distance. The distances are Fe−C: 1.654−1.658 Å,
Cr−C: 1.677−1.684 Å, Al−C: 1.706−1.707 Å, Mn−C:
1.673−1.674 Å, and Ti−C: 1.749−1.753 Å, which are
in accord with previous studies (Table I) [25–28]. Furthermore, these also suggested that the bonds of metal
to carbon are not destroyed, and the metal-doped
graphene models in this study are all stable.
B. Analysis of adsorption energies

Both anionic and neutral Ser lay parallelly to the
pure and metal-doped graphene surfaces and the αCOOH, α-COO− and -OH of Ser are adjacent to the
metal-doped G surfaces. Interactions of both types of
Ser on pure graphene surfaces are weak because of the
low adsorption energies of −0.75 and −0.53 eV for anionic and neutral Ser, respectively. Moreover, we found
weak non-covalent interactions due to the formation of
-COOH· · · π, -COO− · · · π, and -OH· · · π interaction between Ser and pure graphene, as shown in Fig.3(a) and
Fig.4(a). In the pure G-anionic Ser model, the shortest
distance between the O atom of -OH and the graphene is
3.189 Å. The O atoms of -COO− are oriented toward the
graphene surface, and the shortest distances between
the O atoms and the graphene are 3.184 and 3.081Å,
respectively, as shown in Fig.3(a). In the pure G-neutral
Ser model, the shortest distance between the O atom of
-OH and graphene is 3.190 Å, and the shortest distances
between the O atoms of -COOH and graphene are 3.342
and 3.909 Å, respectively, as shown in Fig.4(a). These
results are comparable with those previous investigations on the interaction between amino acids or peptides and graphene. Guo et al. found that distances
are between the 2.649 and 3.660 Å when the RGD peptide interacts with pure graphene [14]. Ma et al. found
that the distances between graphene and Cys vary from
3.280 Å to 3.960 Å [7]. The distances in this work follow the non-covalent -COO− · · · π, -COOH· · · π and c
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TABLE II Adsorption energies of the anionic and neutral Ser on pure, Fe-, Cr-, Al-, Mn-, and Ti-doped graphene surfaces.
Models
Pure G-anionic Ser
Fe-doped G-anionic Ser
Cr-doped G-anionic Ser
Al-doped G-anionic Ser
Mn-doped G-anionic Ser
Ti-doped G-anionic Ser

Eads /eV
−0.75
−4.21
−4.24
−4.78
−4.88
−5.24

OH· · · π interaction standard, which shows weak noncovalent interactions between both types of Ser and
pure graphene [29, 30].
Table II shows adsorption energies of all models. The
interactions are much stronger between both types of
Ser and metal-doped graphene surfaces than that between both types of Ser and pure graphene surfaces.
Moreover, they are typical of covalent interactions between the Ser and metal-doped graphene due to the
formation of strong metal−O and O−metal−O interactions. When the anionic Ser adsorbs on metal-doped
graphene surfaces, adsorption energies are between
−4.21 and −5.24 eV. When the neutral Ser adsorbs on
metal-doped graphene surfaces, adsorption energies are
between −1.89 and −2.47 eV. These adsorption energies results demonstrate that the two forms of Ser have
strong interactions with metal-doped graphene. These
results are in line with several previous studies. Cazorla [5] reported interactions were stronger when Gly,
Pro, or Hyp adsorb on a Ca-doped graphene surface
(from −1.166 eV to −2.076 eV) than on pure graphene
(from −0.020 eV to −0.090 eV) due to the formation
of O−Ca−O interaction. Zhang et al. [11] found the
adsorption of HCHO on Ti-doped graphene was much
stronger than on pure graphene (−2.26 eV compared
to −0.027 eV) when the O atom interacts with the
doped Ti atom. Liu et al. also investigated interactions of HCHO and pure or metal-doped graphene [31],
and they found interactions of HCHO on Al, Cr, Mn,
or Au doped graphene due to the strong metal−O interactions. Moreover, they found the strongest interactions were between the HCHO and Al and Mn doped
graphene [31]. Note that the distances of metal−O
can further conﬁrm the strength of interaction. In the
anionic Ser model (Fig.3), the shortest distance from
the anionic Ser to the pure graphene plane is 3.081 Å.
When the anionic Ser is adsorbed on the metal-doped
graphene, all the doped metal atoms protrude out of
the graphene plane and cause obvious and local curvature of graphene, with the increase of 1.359, 1.508,
1.709, 1.482 and 1.752 Å. And the shortest distances
between O and Fe, Cr, Al, Mn, and Ti are 1.787, 1.810,
1.862, 1.941, and 1.950 Å, respectively, which are much
shorter than 3.081 Å. In the neutral Ser models (Fig.4),
DOI:10.1063/1674-0068/29/cjcp1512250

Models
Pure G-neutral Ser
Fe-doped G-neutral Ser
Cr-doped G-neutral Ser
Al-doped G-neutral Ser
Mn-doped G-neutral Ser
Ti-doped G-neutral Ser

Eads /eV
−0.53
−2.47
−2.40
−2.23
−2.08
−1.89

the shortest distance is 3.190 Å from the neutral Ser to
the pure graphene plane. All the doped metal atoms
are also above the surfaces of graphene when the neutral Ser adsorbs on the doped graphene, with the elevation of 1.279, 1.409, 1.559, 1.406, and 1.648 Å. And
the shortest distances between O and Fe, Cr, Al, Mn,
and Ti are 1.966, 2.041, 1.910, 1.980, and 2.141 Å, respectively. The adsorption strength is inversely proportional to metal−O distances, therefore, these distances
indicated that interactions are stronger on metal-doped
graphene surfaces than on the pure graphene surface.
At the same time, the shortest distances of the neutral Ser models are obviously longer than those of
the anionic Ser models, which also suggests the interaction strength of the anionic Ser is greater than
that of neutral Ser. In addition, the anionic Ser
also forms a stable “bidentate mode” on the Al, Mn,
and Ti doped graphene surfaces. As shown in Fig.3
(d)−(f), the O atoms of α-COO− and -OH interact
with the doped metal atom simultaneously and form
O−metal−O bonds. Ding et al. [32] also found adsorption of nitrated tyrosine on Au, Ni, and Cr doped
graphene can be greatly enhanced, especially when the
two O atoms of -NO2 were adjacent to the dopant
atoms. Figure 3 (b) and (c) show that H atoms transferred from the -OH and -NH2 to α-COO− , and just
the “monodentate mode” existed between the Fe or Cr
atom and O atom. However, the distances of Fe−O and
Cr−O in the anionic Ser model are shorter than these in
the neutral Ser model. These results also demonstrated
reasons for the interaction strength in the anionic Ser
model is larger than that in the neutral Ser model.
C. Analysis of DOS

The overlap of partial density of states (PDOS) shows
atom hybridization between the adsorbent and the substrate [33], thus the DOS based on energy band theory
can help us to reveal the nature of the interaction between Ser and graphene.
In the following sections, the DOSs of Ti-doped Ganionic Ser model and the Fe-doped G-neutral Ser
model are discussed in detail, as these are the most
stable models interacting with metal-doped graphene.
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FIG. 5 Total density of states (TDOSs) of (a) anionic Ser adsorption on the Ti-doped G surface and (b) neutral Ser
adsorption on the Fe-doped G surface. Partial density of states (PDOSs) of (c) anionic Ser adsorption on the Ti-doped G
surface and (d) neutral Ser adsorption on the Fe-doped G surface.

The total DOS (TDOS) and the partial DOS (PDOS)
of Ser adsorption on doped graphene surfaces are shown
in Fig.5. In Fig.5(a), it can be seen that the TDOS
of the anionic Ser and Ti-doped graphene overlaps at
−0.75, −2.09, −4.08, −6.26, −8.02, −10.61, −17.44,
and −18.41 eV relative to Ef . In Fig.5(b), the TDOS
of the neutral Ser and Fe-doped graphene overlaps at
−0.94, −6.02, −11.40, −13.82, and −17.50 eV relative
to Ef . These ﬁndings reveal that there is hybridization
between both types of Ser and metal-doped graphene.
At the same time, the PDOS results suggest that
there are overlapping peaks between doped metal atoms
and O atoms of Ser. For the Ti-doped G-anionic Ser
model (Fig.5(c)), there are overlapping peaks between
Ti(s,p,d) and O36(s,p), O38(s,p), and O39(s,p) ranging from the 4 eV to −10 eV. For example, there
are overlapping peaks between Ti(d) and O39(p) at
1.57 eV, Ti(s,p) and O36/39(p) at 3.25 eV, Ti(d) and
O36/39(p) at −0.85 eV, Ti(s,p,d), and O36/39(p) at
−5.33 and −7.54 eV, Ti(d) and O38(s,p) at 3.68 eV,
Ti(d) and O38(p) at −3.90 eV, which demonstrate there
are strong interactions between Ti and all O atoms of
DOI:10.1063/1674-0068/29/cjcp1512250

the anionic Ser. For the Fe-doped G-neutral Ser model
(Fig.5(d)), there are overlapping peaks only between
Fe(p,d) and O38(s,p) at the 3.15 eV, Fe(d) and O38(p)
at −4.43, −6.22, −8.10 eV, while there are almost no
overlapping peaks between Fe and O36 or O39, which
indicates the main bonding only occurs between Fe and
O38. These results can further demonstrate that there
are stronger interactions of the anionic Ser on metaldoped graphene surfaces than the neutral Ser on the
metal-doped graphene surfaces, which can also be conﬁrmed by Mulliken atomic charges.

D. Analysis of Mulliken atomic charges

From Table III, we can see charge transfer between
doped metal atoms and O atoms in Ser, thus, there
are interactions of metal atoms and O atoms. Table
III indicates that charge transfer mainly occurred from
metal atoms to O atoms of -COO− (O36/O39) and -OH
(O38) in the anionic Ser model, whereas charge transfer
primarily took place from metal atoms to the O atom
c
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TABLE III Mulliken atomic charges changes caused by the anionic Ser and neutral Ser absorbing on Fe-, Cr-, Al-, Mn-,
and Ti-doped graphene surfaces.
Models
Metal-doped Ganionic Ser

Metal-doped Gneutral Ser

Metal
O36
O39
O38
Metal
O36
O39
O38

Fe-doped G
0.024
−0.018
−0.012
−0.249
0.004
0.000
0.026
−0.055

Mulliken atomic charges/∆e
Cr-doped G
Al-doped G
Mn-doped G
0.085
0.744
0.042
−0.006
−0.444
−0.240
−0.143
−0.003
−0.019
−0.311
−0.202
−0.131
−0.010
0.387
−0.004
0.001
0.003
−0.002
0.026
0.017
0.014
−0.101
−0.193
−0.095

Ti-doped G
0.208
−0.286
−0.001
−0.117
0.062
0.000
0.013
−0.136

(O38) of -OH in the neutral Ser model. Furthermore,
the quantity of charge transfer in the metal-doped Gneutral Ser model is less than that in the metal-doped
G-anionic Ser model. It can also be concluded that
interactions are stronger between the anionic Ser and
metal-doped graphene than that between the neutral
Ser and metal-doped graphene. These conclusions are
also in agreement with the analyses of adsorption energies and DOS.
E. Analysis of differences in electron density

Figure 6 shows the electron density diﬀerence of both
types of Ser on pure and metal-doped graphene surfaces.
Charge accumulation and depletion are represented by
red and blue, respectively. On the pure graphene surface, charge accumulation appeared in the area that
interacts with the -COOH (Fig.6(b)), and charge depletion occurred in the area that interacts with -COO−
(Fig.6(a)) and -OH (Fig.6(b)), which reveals that there
are -COO− · · · π, -COOH· · · π and -OH· · · π interactions between both types of Ser and pure graphene surfaces. These interactions were also found between another biomolecules and biomaterials. Rajarajeswari et
al. found that there were non-convalent interactions between valine, alanine and carbon nanotubes through the
-OH· · · π and -COOH· · · π interactions [34, 35]. Guo et
al. also indicated that a -COO− · · · π interaction exists
between the RGD peptide and graphene [14].
For the Ti-doped G-anionic Ser and Fe-doped Gneutral Ser models, there was charge accumulation
surrounding the O36, O38, and O39 of anionic Ser
(Fig.6(c)), whereas there was charge accumulation only
in the vicinity of O38 of the neutral Ser (Fig.6(d)).
These indicate that there are interactions between the
Ti atom and all O atoms of the anionic Ser, while there
is interaction only between Fe and O38 of the neutral
Ser. These results further demonstrate that interactions
are stronger between the anionic Ser and metal-doped
graphene than that between the neutral Ser and metalDOI:10.1063/1674-0068/29/cjcp1512250

FIG. 6 Isosurface plot of the electron density mapped with
the diﬀerence electron density with the diﬀerent isovalues.
(a) Anionic Ser adsorption on the pure G surface, (b) neutral Ser adsorption on the pure G surface, (c) anionic Ser
adsorption on the Ti-doped G surface, (d) neutral adsorption on the Fe-doped G surface.

doped graphene.

IV. CONCLUSION

In this work, we use the DFT method investigated
adsorptions of the anion and neutral Ser on pure,
Fe, Cr, Mn, Al, and Ti-doped graphene surfaces.
The calculated results suggest that there are weak
non-covalent interactions between anionic or neutral
Ser and pure graphene due to -OH· · · π, -COOH· · · π,
and -COO− · · · π interactions. Furthermore, interactions of the anion and neutral Ser on metals doped
graphene surfaces are far stronger than that on the pure
graphene surface due to the formation of metal−O and
c
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O−metal−O covalent interactions, which can also indicate that the doped graphene helps to enhance both
types of Ser adsorption. Ti and Fe are considered to
be the best doped atoms for the anionic Ser and neutral Ser, respectively according to the larger adsorption energies, the number of hybridization peak of DOS,
and diﬀerences of electron density. At the same time,
the interaction strength between anionic Ser and various graphene surfaces is bigger than that between neutral Ser and various graphene surfaces, which implies
that anionic Ser is more prone to adsorption on various
graphene surfaces. Therefore, this study can provide
useful insights into the selection of appropriate metaldoped graphene-based sensors when detecting the two
forms of Ser.
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