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ABSTRACT: Amino acids provide novel and superior performance for two-dimensional materials and bio-based devices. The
interaction and adsorption of amino acid molecules on substrates have thus attracted extensive research for exploring the driving
forces involved in the formation of nanostructures. Nevertheless, the interactions within amino acid molecules on inert surfaces have
not been fully understood. Herein, from the interplay of high-resolution scanning tunneling microscopy imaging and density
functional theory calculations, we show the self-assembled structures of Glu and Ser molecules on Au(111), which are dominated by
intermolecular hydrogen bonds, and further investigate their most stable structural models at the atomic scale. This study would be
of fundamental importance in understanding the formation processes of biologically relevant nanostructures and provide possibilities
for chemical modification.

■ INTRODUCTION
Biomolecules play an extensive role in many in vivo activities,
which range from storing and expressing genetic information
and maintaining normal metabolic functions to participating in
various biochemical reactions.1 Among them, amino acids, as
the basic building block of proteins, can form a natural system
of weak interactions via the intrinsic polar groups, i.e., amino
groups (−NH2) and carboxyl groups (−COOH). In the past
decades, the adsorption and assembly of amino acid molecules
have attracted broad interest from the field of surface science.2

Accordingly, varieties of two-dimensional (2D) functional
biomimetic materials have been fabricated at interfaces3−5 due
to their structural diversity and potential for artificial
modification.6,7 Based on the incorporation or functionaliza-
tion of amino acid molecules, such as polymerizable histidine
derivatives,8 serine,9 and glutamic acid,10 biohybrid sensors
have been successfully designed and exhibited desirable
recovered toughness and great self-healing performance.
Despite these efforts, among various kinds of amino acids,
glutamic acid (Glu),10,11 and serine (Ser),12−14 playing
important roles in protein metabolism in organisms, have
also been widely studied in surface modification.15,16 More-
over, surface analysis techniques, such as scanning tunneling
microscopy (STM) and low-energy electron diffraction

(LEED), provide a unique opportunity to directly observe
nanoscale details of these self-assembled structures on
surfaces.17,18 It has been reported that Ser molecules adsorb
on the copper surface in the anionic form,17,19 while Glu
molecules adsorb on the silver surface in the zwitterionic form
and further change to anionic glutamate at relatively high
coverage, during which the deprotonated oxygen atoms of the
carboxyl groups intensively interact with the substrates.20−23 In
both cases, the self-assembled structures are dominated
primarily by the strong interactions between the molecules
and the underlying substrates. However, the self-assembled
structures of Glu and Ser molecules on a relatively inert metal
surface have been less investigated. It is, therefore, of utmost
interest to study such self-assembled structures, which may
facilitate the understanding of interactions between intrinsic
amino acids and provide more possibilities for the prospective
design of chemical modification.
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In this study, glutamic acid (Glu) and serine (Ser) molecules
(cf. Scheme 1), together with a noble Au(111) surface, are

chosen as a model system to explore the fundamental
intermolecular interactions among amino acids. An inert
Au(111) surface is employed as a support to weaken the
influence of the substrate, on which the potential interactions
among molecules could be explored. From the interplay of
high-resolution STM imaging and density functional theory
(DFT) calculations, we show the well-ordered self-assembled
structures of Glu and Ser molecules on Au(111) stabilized by
intermolecular hydrogen bonds, respectively. By carefully
modeling the self-assembled structures, the Glu dimer and
Ser dimer, which consist of molecules with opposite chiralities,
are demonstrated to be elementary structures and further form
racemic periodic structures. Our study demonstrates the
formation of well-ordered self-assembled structures of Glu
and Ser molecules at an atomic scale, which may further
facilitate the exploration of fundamental mechanisms of
adsorption and assembly of amino acids in real space.

■ EXPERIMENTAL METHODS
All STM experiments were performed in a UHV chamber (base
pressure 1 × 10−10 mbar) equipped with a variable-temperature, fast-
scanning “Aarhus-type” STM using electrochemically etched W tips
purchased from SPECS,24,25 a molecular evaporator, and other
standard instrumentation for sample preparation. The Au(111)
substrate was prepared by several cycles of 1.5 keV Ar+ sputtering,
followed by annealing to 800 K for 15 min, resulting in clean and flat
terraces separated by monatomic steps. The glutamic acid and serine
molecules (purchased from the Chinese Peptide Company, with a
purity > 95%) were loaded into glass crucibles in the molecular
evaporator. After thorough degassing, the molecules were deposited
onto the Au(111) surface by thermal sublimation. The sample was
thereafter transferred within the UHV chamber to the STM, where
measurements were carried out at ∼150 K. Scanning conditions: It =
0.6−0.9 nA and Vt = −1700 − 1900 mV. All of the STM images were
further smoothed to eliminate noises.

The calculations were performed in the framework of DFT using
the Vienna Ab Initio Simulation Package (VASP).26,27 The Perdew−
Burke−Ernzerhof generalized gradient approximation (GGA) ex-
change−correlation functional was employed,28 and van der Waals
interactions were included using the dispersion-corrected DFT-D3
method of Grimme.29 The atomic structures were relaxed using the
conjugate gradient algorithm scheme as implemented in the VASP
code until the forces on all unconstrained atoms were c0.03 eV/Å.
The simulated STM images were obtained by the Hive program based
on the Tersoff−Hamann method.30,31

■ RESULTS AND DISCUSSION
After the deposition of Glu molecules onto the Au(111)
surface held at room temperature (RT), a well-ordered self-
assembled structure formed, as shown in Figure 1a. The close-

up STM image (Figure 1b) reveals that the structure is
composed of Glu dimers, as depicted by the white contour.
The observable herringbone reconstructions of the Au(111)
surface under the monolayer of Glu molecules confirms that
the molecule−substrate interaction can be neglected (Figure
S1). Thus, to further investigate the intermolecular interactions
within the self-assembled nanostructure, extensive DFT
calculations on a series of gas-phase structures have been
performed on the basis of experimental observations. As shown
in Table 1, both homochiral and heterochiral Glu dimers (i.e.,
(L,L)-Glu and (L,R)-Glu) have been taken into consideration.
The network consisting of heterochiral (L,R)-Glu dimer is
calculated to be the energetically most favorable one
(highlighted by the green shadow), indicating that the
interaction within the Glu structure most likely results from
intermolecular OH···O hydrogen bonds (depicted by green
dashed lines) between neighboring Glu dimers.22,23 As seen in
the model superimposed on Figure 1b,c, we can identify that
the Glu molecules bind to each other mainly via OH···O and
NH···O hydrogen bonds within each dimer, and double OH···
O hydrogen bonds between the dimer (depicted by green
dashed lines). The lengths of the hydrogen bonds are indicated
in Figure 1b,c, which are in good agreement with the length
range in the literature.32−35 Based on the structural model, the

Scheme 1. Chemical Formulas and Gas-Phase-Optimized
Structural Models of Glutamic Acid (Glu) and Serine (Ser)
Molecules

Figure 1. Self-assembly of Glu molecules on Au(111). (a) Large-scale
STM image showing the well-ordered self-assembled structure of Glu
molecules on Au(111). The indicated unit cell has parameters a1 = 6.5
± 0.1 Å, b1 = 10.1 ± 0.1 Å, and θ1= 64 ± 1°. (b) Close-up STM image
showing more details of individual Glu dimers (as typically depicted
by the white contour). The superimposed DFT-optimized model
shows the interconnections between Glu dimers. (c) High-resolution
STM image of the Glu dimer superimposed with the DFT-optimized
model. Hydrogen bonds are depicted by green dashed lines, together
with the hydrogen bond lengths. H: white; C: gray; N: blue; O: red.
(d) Simulated STM image of an isolated Glu dimer.
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simulated STM image of the (L,R)-Glu dimer (Figure 1d) is
calculated, showing a good agreement with the experimental
data.

As the next step, to extend the research model system, the
adsorption and assembly of Ser molecules have also been
explored on Au(111). Deposition of Ser molecules onto the
Au(111) surface, followed by annealing at 400 K, leads to the
formation of a well-ordered self-assembled structure, as shown
in Figure 2a. The close-up STM image (Figure 2b) reveals that
the structure is composed of peanut-shaped Ser dimers
(depicted by yellow and blue contours). The herringbone
reconstructions are also clearly observed under the assembly of
Ser molecules (Figure S2), which validates further calculations
in the gas phase. To further investigate the intermolecular

interactions involved, extensive DFT calculations on gas-phase
structures have been performed based on experimental
observations. As shown in Table 2, both homochiral and
heterochiral Ser dimers (i.e., (L,L)-Ser and (L,R)-Ser) have
been considered as the elementary structural motif. The left
two panels in Table 2 show the networks composed of the
identical dimers ((L,L)-Ser or (L,R)-Ser), with total energies
of 0.95 and 2.43 eV, respectively, whereas in either case, no
hydrogen bonds exist between neighboring Ser dimers.
Thereafter, Ser structures consisting of (L,R)-Ser with a
different organizational chirality of whole dimer (indicated by
blue and yellow parallelograms) have been calculated. The
energetically most favorable structural model (highlighted by
the green shadow) is composed of (L,R)-Ser dimers with
different chirality (highlighted by blue and yellow parallelo-
grams). These two kinds of self-assembled structures in the
right two panels of Table 2 show comparable stabilities, while
the second one does not agree with the STM morphology
(with a zigzag interaction mode between two rows). Closer
inspection of the network (overlaid with models in Figure 2b)
shows that it is composed of heterochiral Ser dimers (depicted
by blue and yellow contours) and the neighboring Ser dimers
are linked via NH···O and OH···O hydrogen bonds (depicted
by green dashed lines). From the high-resolution zoomed-in
STM image and the structural model shown in Figure 2c, we
attribute the unit cell to a Ser tetramer, in which the molecules
in one dimer interact with each other via NH···O and OH···O
hydrogen bonds (depicted by green dashed lines). The lengths
of the hydrogen bonds are indicated in Figure 2b,c, which are
in good agreement with the length range in the literature.32−35

The corresponding simulated STM image of the (L,R)-Ser
dimer (Figure 2d) shows a good agreement with the
experimental data. From the above analysis, we conclude that
the self-assembled structure of Ser molecules on Au(111)
prefers to form the racemic framework.

■ CONCLUSIONS
In conclusion, by the combination of STM imaging and DFT
calculations, we have shown the real-space experimental
observation of the self-assembly of two amino acids (Glu
and Ser) via intermolecular hydrogen bonds on Au(111).
Theoretical models show that the self-assembled structures of
both Glu and Ser molecules prefer to form racemic structures.
In contrast with previous studies, both Glu and Ser molecules
are adsorbed on inert Au(111) in their neutral forms owing to
the almost neglected molecule−substrate interactions, which
allows the exploration of potential interactions among the
amino acid molecules themselves. This study may help to

Table 1. DFT Calculations on the Self-Assembled Structures of Glu Molecules and the Corresponding Total Energies of
Different Networksa

aEnergetically most favorable gas-phase structural model is highlighted.

Figure 2. Self-assembly of Ser molecules on Au(111). (a) Large-scale
STM image showing the well-ordered self-assembled structure of Ser
molecules on Au(111). The indicated unit cell has parameters a2 = 8.3
± 0.1 Å, b2 = 9.4 ± 0.1 Å, and θ2 = 68 ± 1°. (b) Close-up STM image
superimposed with the energetically most favorable gas-phase
structural model, showing the Ser dimers in different chiralities
(depicted by yellow and blue contours). (c) High-resolution STM
image of two heterochiral Ser dimers superimposed with the DFT-
optimized model. Hydrogen bonds are depicted by green dashed
lines, together with the hydrogen bond lengths. H: white; C: gray; N:
blue; O: red. (d) Simulated STM image of the (L,R)-Ser dimer.
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extend a fundamental understanding of the self-assembly of
amino acids governed by intermolecular interactions, which
would further rationalize processes such as molecular
recognition and chiral selectivity in biological systems.
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