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1. STM CHARACTERIZATION
A. Au(100) clean surfaces

Fig. S1, reports the characterization study of a clean surface of Au(100) single-crystal
substrate, surface obtained after performing a cyclic annealing process with butane
flame. Fig. S1(a), shows a topography STM image (100 nm x 100 nm) of the resulting
Au(100) surface acquired in the constant current mode. The image shows a stepped
surface where a series of terraces devoid of prominent features are bounded by
monoatomic steps. In Fig. S1(b), a profile of apparent heights acquired over a step is
depicted, i.e. obtained along the straight blue line shown in image S1(a). The profile
shows a height difference of 0.22 nm, measured between the average heights of the lower
and upper side terraces, marked with dotted lines in the figure. This value is in good
agreement with those reported in the literature, where the height of a monoatomic step
informed both theoretical and experimentally for Au(100) single-crystal surfaces is 0.205
nm and 0.200 nm [1-3], respectively. Fig. S1(c), shows an enlarged topography STM

image of the substrate surface, acquired on a terrace of image S1(a), where the
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surface atomic structure is observed. However, in order to enhance it to determine
the geometry of the atomic lattice, as well as the nearest neighbour distances, a 2D-
FFT low-pass filter was applied to image S1(c), obtaining the one shown in Fig.S1(d).
A height threshold was applied to this last one (image S1(d)) obtaining the image shown
in Fig. S1(e). From these images, the (1 x 1) reconstruction is clearly distinguished
on the surface [4, 5] and the distance to first neighbours between Au atoms can be

measured obtaining a value of 0.28 nm as reported previously [6].
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Fig. S1. (a) Topography STM image (100 nm x 100 nm) of a clean Au(100) single-crystal sur-face.
(b) Apparent height profile plotted along the blue straight line depicted in image (a). (c) Detail
topography STM image (5 nm x 5 nm) showing atomic resolution of the same surface shown in image
(a). (d) 2D-FFT filtered image obtained from image (c). (e) Height threshold filtered image applied
the image (d). Acquisition conditions: (a) Vg = +0.10 V and I; = 0.3 nA; (c) Vg =-0.002 V and I; =
16.0 nA.

The Au(100) samples prepared in UHV, by traditional cleaning methods [7], and in
the in- situ measurements [4], exhibit surfaces with the well-known hexagonal
reconstruction, usuallyreferred as hex. This reconstruction shows rows with heights
of 0.06 nm, equally spaced by a distance of 1.45 nm. [7-9]. In general, this is not the
case for surfaces prepared under conditions as those in this work, which mostly show a
(1x1) reconstruction [5], i.e. with surface atoms arranged in the same square structure
as the underlying ones, as shown in Fig. S1(c), S1(d) andS1(e). However, the existence

of the hex reconstruction, immediately after its preparation, can not be ruled out.
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B. L-Cys SAMs on gold surfaces

Fig. S2 shows topography STM images of Au(100) and Au(111) surfaces after a 10

minutes incubation in a 10 mM L-Cys methanolic solution.

Fig. S2. Topography STM images. (a) and (b) (150 nm x 150 nm); (c) and (d) (25 hm x 25 nm). (a) and
(c) are of the surface of a Au(100) single-crystal substrate incubated in a L-Cys methanolicsolution.
(b) and (d) are of the surface of a Au(111) single-crystal substrate incubated in a L-Cys methanolic
solution. Acquisition conditions: (a) VS =-0.78 Vand IT =6.6 nA; (b) Vs =-0.12 V and IT = 1.3 nA;
() Vs =-0.78 Vand IT = 6.6 nA; (d) Vs =-0.60 V and IT = 6.7 nA.

Fig. S2(a) show FL adsorbates, whose longitudinal axes form an angle of 90° to each
other. This feature is compatible with a growth ofthe SAM along the high-symmetry
compact directions <110> of the single crystal. It is interesting to note that domains can
be delimited by 2D twinning planes being on the same terrace. Figure S2(b) shows the
surface of Au(111) with a homogeneous coating after immersion in methanolic L-Cys
solution. Directions of high symmetry can be seen. In Fig. S2(c), which is a higher
resolution image, the arrangement of the FL structures along one of the high
symmetry directions is clearly observed. In Fig. S2(d), the increase in resolution
allows us to appreciate the distribution of the molecules along the three directions of

high symmetry with a very low range ordering, only in some regions of the surface.
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C. Procedure to find the width value of the FL structures

Through an example, Fig. S3 shows the procedure performed with a set of images, all
measured with the same bias voltage to find the width of the FL structures. The
width data extracted by applying an analysis to each individual image, were later
combined from the uncertainty propagation of each measurement into a single width
value.

Fig. S3(a) shows the matrix associated to the measured STM image, in which rows and
columns are lateral pixels in the x and y directions, and the element value, i. e. the height
(h) in z, is depicted in a grey scale. Each matrix was interpolated from the original STM
image, to then ’rotate’ it with the purpose of aligning the finger axes with the horizontal
direction (along the rows of the matrix). In doing so, each column becomes a vector

containing a line profile perpendicular to the FL structures.
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Fig. S3. (a) Dot matrix obtained from a topography STM image (252 pixels x 252 pixels) of theFL
structures assembled on the surface of a Au(100) single-crystal substrate incubated during10 minutes
in a 10 mM methanol solution of L-Cys. Acquisition conditions: V¢ =-0.78 V and I; = 6.0 nA. (b)
Apparent heights histogram obtained from image (a), red dot line in blue line Gaussian fitting of the
histogram. (c) Discretized matrix obtained filtering matrix in (a) with athreshold resulting of averaging
the peaking apparent heights in (b). (d) Histogram of finger widths in pixels.

To automate the measurement of the width of each finger, we need to discretize the values
in the image matrix of Fig. S3(a). To do it, we adopted the mean-high difference as the
threshold (t) to define whether a given height value (h) corresponds to a FL structure (h>t)
or to the base plane (h<t). Fig. S3(b) show a height histogram (in red symbols) showing
2 predominant frequencies associated to the heights of the finger (higher value) and the

base-plane (lower value), in calculating the mean of the maxima of these Gaussian
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distributions (see the fitting bimodal distribution in blue line) we obtained the threshold
(t). Figure S3c shows the discretized matrix associated to S3(a) with the values 1 (white)
corresponding to a finger and 0 (black) to pixels in the base-plane. A simple code sorting
the continuous 1 values in the each column vector produces the histogram in S3(d). By
fitting it with a Gaussian (blue line) the mean width (maximum) along with the standard
deviation (Gaussian width) of the measurement are obtained. Later on this values in

pixels can be converted into distance.
2. XPS SPECTRA FITTING

Fitting of the spectra with respect to C 1s was carried out considering equal intensities
of the Co and Cp signals as well as the combined peak area of carboxyl C (both
protonated and neutral). Therefore, the experimental C 1s spectra are fitted with only
a couple of components; a VVoigt function accounting mostly for usual spurious carbon
and another line-shape representing carbon atoms of the L-Cys molecules (dark grey
and light-red shaded areas, respectively, in Fig. 5). Thisline-shape is conformed by
adding up Voigt functions for the different binding energy shifts expected for the
different chemical states of carbon atoms in the molecules.

During fitting, the BE of the C component is allowed to change along with its intensity.
The signal intensity for the other components is fixed according to the stoichiometry of

the molecules! Cg = la = (Icoo- * lcoon )-
3. DFT STUDY

A. L-Cys molecule adsorbed on Au(100)

In this section, we theoretically study the most stable configuration for a single L-Cys
moleculeadsorbed on a Au(100) surface. To calculate the adsorption energy Egyd; (eV)
and the adsorption distance d?;};’ (nm), a set of relaxation processes were carried out.
First, the initial geometry forthe L-Cys molecule was obtained by optimizing the AA
independent structure. Later, with the aim of eventually finding the most stable

geometry of the system, the relaxed molecule was located on a Au(100) surface at
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different heights (h)* and orientations: (1) C, facing the Au(100) surface, (I1) the amino-
group (-NH2) pointing toward the Au(100) surface, (I11) the carboxyl-group (-COOH)
pointing toward the Au(100) surface and (1V) the S atom facing the Au(100) surface.
Figs. S4(a)-S4(d) show the initial configuration for systems I, 1, 111, 1V, respectively.
For each atomic arrangement, a total relaxation of the system was carried out (AA and
Au atoms) and thetotal energy (E;,) was calculated. The systems with the lowest total

energy for each orientationare shown in Figs. S4(e)-S4(h).
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Fig. S4. Systems studied. (a) L-Cys parallel to the Au(100) surface (system 1), (b) -NH2 pointing
towards the Au(100) surface (system Il), (c) -COOH pointing towards the Au(100) surface (system
1), (d) S atom facing the Au(100) surface (system 1V), before relaxation. (e), (f), (g) and

(h) are systems I, 11, Il and IV after relaxation, respectively.

The adsorption energies for the systems presented in Fig. S4 were calculated as
follows:

Eg;‘zi; = Etor (Cys/Au) — Eior (Au) — Etor (Cys) (S1)
where E;,: (Cys/Au) is the total energy of the L-Cys/Au system, E;,; (Au) is the total
energy of the Au(100) surface and E;,; (Cys) is the total energy of the L-Cys molecule

alone. Results of Eﬁ‘;{f and dgf;for each system can be compared in Table S1. Here, a

! The heights (h) were measured between the Au surface and the C, N, O and S atoms in the initial

orientations (a), (b), (c) and (d), respectively.
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more negative Eg;lss indicates spontaneous adsorption (exothermic), i.e. L-Cys tends
to bind with the Au(100) surface.
Table S1. EZ% and d&% for systems shown in Fig. S4. dZ% is measured from the average distance

of the AA to the first Au atoms layer of the Au(100) surface. dg_4, and dy—_a, are measured from
the S and N atoms towards the nearest Au atom as shown in Fig. S4.

System Egds dgs ds_ au dn_au
(eV) (nm) (nm) (nm)

I -1.86 0.346 0.267 0.537

1I -1.59 0.357 0.256 0.325

i -1.01 0.365 0.592 0.341

I\ -1.68 0.361 0.262 0.309

The data in Table S1, show that the adsorption energy for the most stable system of
L-Cys adsorbed on Au(100) in the gas phase is -1.86 eV (see Fig. S4(e), system I).
Furthermore, the molecule does not dissociate after adsorption, so the molecular
arrangement of L-Cys on the Ausurface is consistent with our XPS observations,
where the ratio of N and S intensities suggests that the molecule is intact. In the
equilibrium configuration, the L-Cys molecule shows the -NH2group away from the
metal surface and the S atom pointing towards the Au surface at a distanceof dgs_4,=
0.267 nm.

B. MeOH molecule adsorbed on Au(100)

Fig. S5 presents a graphical representations of the MeOH molecules orientations on

a Au(100)surface before relaxation.

Oa ©c on @0 ©oH
1 0000
1 : = O — 1. Top
h h '/Q/" 3 “"\‘/.-’l} 2_Bridge
o ) [®) ) = .Z/‘\
@@@@@O @§§@® O @ O O 3-Hollow
jo @ ojo®®ot 0000

-y Cogyy &
(a) (b) (c)

Fig. S5. Orientations of a MeOH molecule on a Au(100) surface before relaxation, (a) C and (b)O
atoms pointing towards the Au(100) surface. (c) Likely adsorption sites. The Au atoms of thesecond
layer are represented in light yellow.
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The arrangements in Figs. S5(a) and S5(b) are distinguished depending on whether the
carbon or oxygen atoms point towards the Au(100) surface, respectively. Fig. S5(c)
shows the adsorption sites of on 1x1 Au(100) surface. In Table S2, the interaction
energies of each orientation and adsorption sites for a fixed distance of 0.3 nm are
reported. The interaction energy is calculatedas:

Eint = Etot (MeOH/Au) — Etot (Au) — Etot (MeOH) (S2)
where Etot (MeOH/Au) is the total energy of the MeOH molecule on the Au surface
for a height of h = 0.3 nm, Etot (Au) is the total energy of the Au(100) surface and Etot
(MeOH) is the total energy of the MeOH molecule alone. A comparison between the
total energies of the two orientations of the MeOH molecules, allowed us to determine
that the arrangement with the lowest total energy is the one in which the oxygen atom
points towards the Au(100) surface,being AE= 18.25 meV more stable than the other
configuration. Here, a more negative energy Eint indicates that the adsorption is
spontaneous (exothermic), so according to the results, the "top" adsorption sites are less
stable, since they require additional energy (endothermic). For the arrangement with the
carbon atom pointing towards the Au surface, the Eint for the hollow site (-47.06 meV)
was lower than for the top and bridge sites. On the other hand, for the arrangement with
the O atom pointing towards the Au surface, the Eint for the hollow site (-65.32 meV)

resulted lower than those for the top and bridge sites.

Table S2. Ejnt for systems shown in Figs. S5(a) and S5(b).

System Adsorption Sites E;r (meV)
Top +0.53

C atom pointing towards Au Bridge -39.89
Hollow -47.06
Top +17.47

O atom pointing towards Au Bridge -35.75
Hollow -65.32

Once it was determined that the configuration with the lowest energy occurs when the
oxygen atom points toward the hollow site, a total relaxation of the molecules and the
gold surface was performed for different heights h. The adsorption energy for MeOH
(E34s) was determined asthe minimum of the interaction energy, according to the

following equation:
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Eint (h) = Etot (MeOH/Au)(h) — Etot (Au) — Etot (MeOH) (S3)
where Etot (MeOH/Au)(h) is the total energy of the MeOH molecule on the Au surface
for each height (h), Etot (Au) is the total energy of the Au(100) surface and Etot (MeOH)
is the total energy of the MeOH molecule alone. After total relaxation, the

configuration with the lowest energy isshown in Fig. S6.

(2) (b) (c)

Fig. S6. Optimized structure for the MeOH molecule adsorbed on the Au(100) surface. (a) top and (b)
side views. (c) Difference charge density, where the blue regions correspond to D>0, i.e.higher charge
density due to adsorption, and red regions correspond to D<0, i.e. lower charge density due to
adsorption. The Au atoms of the second layer L, are represented in light yellow.

The most stable adsorption occurs when the oxygen atom points towards the hollow
site with an adsorption energy of -0.57 eV, see Fig. S6 and Table S3. In this

arrangement, the C-O axis is tilted towards the surface forming an angle of 8¢ggyrf

= 76.25° with respect to the Au surface normal. The distances from the O atom to the
nearest Au atom (d_4,) and perpendicular to the Au surface (hy_g,,) are 0.315 and
0.280 nm, respectively, which are close to the sum of their anionic radii of 0.269 nm. We
calculate that the adsorption of a MeOH molecule occurs via the donation of 0.029
electrons from the Au(100) surface to each MeOH molecule. Here, we report theoretical
bond lengths that are in excellent agreement with experimental data (values in parentheses
[10, 11]): 0.143 (0.1425) nm for the C-O bond, 0.097 (0.095) nm for the O-H bond, and

0.109 (0.109) nm for the C-H bond; the C-O-H and H-C-H angles are 107.4° (108.5°)

and 109.7° (109.0°), respectively.

We found that the calculated binding energy for MeOH/Au(100) is 70% weaker than that
for L-Cys/Au(100), so the L-Cys molecules should displace the MeOH ones and
chemisorb directlyonto the Au surface.
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Table S3. ngss and dg;ig for systems shown in Figure S6. d;‘;}ss is measured from the geometric centre
of the MeOH molecule to the first Au atoms layer of the Au(100) surface. dy_4, anddq_4, are
measured from the O and C atoms to the Au atom as shown in Figure S6.

System Eads dyde do-au de-au Brco
(eV) (nm) (nm) (nm)
MeOH/Au -0.57 0.298 0.315 0.332 107.04

C. Simulated STM images

C.1 L-Cys monomer adsorbed on Au(100) surface

Fig. S7 provides the results of the width of a L-Cys molecule adsorbed on a Au(100)
surface obtained from the simulated STM image. According to STM experimental
reports, each FL structure has an average width of wgpy, = (2.0 £ 0.2) nm. Theoretically,
the width of a single L-Cys molecule adsorbed on gold is 0.82 nm, so each FL structure

would have to be composed ofat least two L-Cys molecules.

Fig. S7. Simulated STM image (2.5 nm x 2.5 nm) of L-Cys molecules adsorbed on a Au(100) surface.
The image was simulated with a Vs =-0.80 V. The dashed line box corresponds to thesimulated unit
cell.

C.2 L-Cys pairs adsorbed on Au(100) surface

Fig. S8 shows the results of pairs of L-Cys molecules adsorbed on a Au(100) surface.
From the data shown in Fig. S8(a) and S8(b), the simulated width of a pairs of L-Cys
molecules adsorbedon a Au(100) surface, having a value of 1.93 nm, from which it is

inferred that the width of the FL structures could be made up of two L-Cys molecules.
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Fig. S8. L-Cys pairs of molecules adsorbed on a Au(100) surface, (a) supercell (top view), (b)
simulated STM image (5.0 nm x 5.0 nm). The image was simulated with a Vs =-0.80 V, (c) profile
of apparent heights acquired along the straight blue line depicted in image (b). (d) Side view of the
supercell, the average height obtained from image (b) is 0.48 nm. The dashed line boxes in (a) and (b)
correspond to the simulated unit cell.
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