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ABSTRACT We present a combined study of the adsorption and ordering of the L-tyrosine amino acid on the
close-packed Ag(111) noble-metal surface in ultrahigh vacuum by means of low-temperature scanning tunneling
microscopy (STM), X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy. On this substrate the biomolecules self-assemble at temperatures exceeding 320 K into linear
structures primarily following specific crystallographic directions and evolve with larger molecular coverage into
two-dimensional nanoribbons which are commensurate with the underlying atomic lattice. Our high resolution
topographical STM data reveal noncovalent molecular dimerization within the highly ordered one-dimensional
nanostructures, which recalls the geometrical pattern already seen in the L-methionine/Ag(111) system and
supports a universal bonding scheme for amino acids on smooth and unreactive metal surfaces. The molecules
desorb for temperatures above 350 K, indicating a relatively weak interaction between the molecules and the
substrate. XPS measurements reveal a zwitterionic adsorption, whereas NEXAFS experiments show a tilted
adsorption configuration of the phenol moiety. This enables the interdigitation between aromatic side chains of
adjacent molecules via parallel-displaced 7w — 77 interactions which, together with the hydrogen-bonding
capability of the hydroxyl functionality, presumably mediates the emergence of the self-assembled
supramolecular nanoribbons.
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hen tracked down to their most
minimal form, the specific struc-

tural order and inherent func-
tionality of living organisms appear as the

consequence of well-defined processes tak-

ing place at the nanoscale." Among these
elementary mechanisms that drive the be-
havior of complex biological systems one
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recognition, and geometric

conformation,?3 to name a few. Therefore,
a better fundamental understanding of or-
der phenomena at the molecular level can
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lent supramolecular interactions, which are

dures such as molecular self-assembly, self-

provide insight in the global characteriza-
tion of more complex biologically relevant
systems. In the particular case of polypep-
tides for example, the stability or denatur-
ation of the specific secondary and tertiary
structure of proteins are mediated by non-
covalent interactions such as hydrogen-
bonding® or aromatic—aromatic
interactions®~® between the side chains of
the amino acid units.

Now, the molecular-level examination
of low-dimensional biomolecular assem-
blies on well-defined surfaces can yield such
elementary portrayal. Furthermore, the con-
trol of these assembly processes defines a
promising approach for the design of one-
dimensional (1D)°~'? and two-dimensional
(2D)"*7'* functional nanostructures by em-
ploying the inherent functionality and spe-
cific noncovalent bonding capacity of the
molecular building units. The choice of a
supporting substrate is crucial for the deter-
mination of the state for such nanostruc-
tures given that the structural symmetry
and chemical properties of the underlying
lattice can have dramatic effects on the con-
formational and chemical states of the ad-
sorbed molecular systems.'®”'° Thus, such
bioinspired procedure for a controlled
nanostructuring and functionalization of
surfaces advances the paradigm of
bottom-up design to overcome the limita-
tions dictated by current top-down nano-
fabrication techniques and explore novel
pathways toward low-dimensional
materials.

Because of this fundamental biological
relevance of noncovalent intramolecular in-
teractions and their potential for low-
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dimensional noncovalent synthesis at the nanoscale,
the study of such supramolecular binding schemes on
surfaces has become a major field of research in
nanoscience.’® 22 Now, when it comes to probe the
real-space morphology of low-dimensional nanostruc-
tures, scanning tunneling microscopy (STM) and spec-
troscopy (STS) represent a powerful analytical tool with
which it becomes possible to locally describe the inter-
actions between biomolecules in a perfectly controlled
environment. By the means of these methods, the self-
assembly of amino acids and other organic molecules
on metallic surfaces has been studied, along with the
chemical, electronic, and morphological effects on the
system induced by the substrate properties.''2>~2°
Whereas it is not always straightforward to derive with
STM and STS the chemical and electronic properties of
the observed nanosystems, this often becomes possible
when these real-space techniques are coupled to
complementary spectroscopic methods such as X-ray
photoemission and absorption spectroscopies, allow-
ing a complete physicochemical characterization at the
nanoscale.

In this work we present a low-temperature STM
study and characterization of the self-assembly of the
L-tyrosine amino acid (COOH—CH(NH,)—CH,—C¢H,s—
OH, see Figure 1a for a structure model) on the close-
packed noble-metal surface Ag(111) under ultrahigh
vacuum (UHV) conditions. The interest in studying the
behavior of single amino acids on metal surfaces resides
in their inherent potentiality as functional building na-
nounits, but also in the fact that this approach might
yield further fundamental insight in the role of specific
amino acids composing more complex peptide chains
with a given biological relevance. In the particular case
of L-tyrosine for instance, it is suspected to be involved
in metal—ligand interactions which might alter the bio-
logical function of specific peptides.>® Morphological
studies of amino acid adsorption (L-tyrosine included)
on metal surfaces have already been performed in the
past,>#2°3132 a5 well as their chemical considerations in
solid-state thin films.>>732 A related noteworthy ex-
ample of amino acid self-assembly on a noble-metal
surface is given by L-methionine (COOH—CH(NH,)—
CH,—CH,—S-CH;) on Ag(111), which has been consid-
ered in our previous work.>? This system is character-
ized by regular nanogratings composed of linear
biomolecular nanowires consisting in parallel zwitteri-
onic amino acid dimers which are adjacently linked by
hydrogen bonds. On highly ordered pyrolytic graphite
the adsorption of this amino acid shows an identical
self-assembly morphology.>® Here, by considering the
case of L-tyrosine on Ag(111), we address the influence
of the amino acid side chain on the equilibrium config-
uration of the supramolecular assembly. A combined
morphological and chemical study of the case of
L-tyrosine on the weakly reactive Ag(111) surface in
UHV conditions has not been undertaken so far. On
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Figure 1. Constant-current STM topographs of L-tyrosine on
Ag(111). (a) Structure model of the L-tyrosine amino acid
zwitterion seen from different directions. We define ¢ as
the angle between the adsorption plane of the molecule and
the phenol side chain plane. Color code for molecular model:
cyan is carbon, red is oxygen, blue is nitrogen, white is hy-
drogen. Carbon atoms are labeled. (b) Amino acid molecules
deposited at 170 K: molecules diffuse and form clusters
decorating the substrate step edges (/ = 0.1 nA, V = 500
mV). (c) Deposition at 170 K and then annealed at 320 K: su-
pramolecular self-assembled domains extend under the in-
fluence of the underlying substrate symmetry (I = 0.1 nA, V
= 500 mV). Inset: atomic resolution image of the Ag(111)
substrate.

this surface the biomolecules self-assemble at 320 K
into linear structures primarily following specific crystal-
lographic directions. Our high-resolution topographi-
cal STM data reveals molecular dimerization within the
highly ordered 1D nanostructures, which recalls the
geometrical pattern already seen for L-methionine on
Ag(111),>2 on Cu(111),%® and for cysteine on Au(110).>*
This supports a universal noncovalent self-assembling
scheme for amino acids on weakly reactive smooth
metal surfaces. With increasing molecular coverage the
biomolecular nanowires evolve into wider 2D sheet-
structured domains which are commensurate with the
underlying atomic lattice and whose formation is asso-
ciated with the reactivity of the amino acid phenol resi-
due. Complementary X-ray photoelectron spectros-
copy (XPS) and near-edge X-ray absorption fine
structure (NEXAFS) experiments were carried out in or-
der to obtain information on the system regarding its
chemical state and molecular conformation. Whereas
XPS evidence a zwitterionic adsorption, the NEXAFS
measurements show a tilted adsorption of the
L-tyrosine phenol ring with respect to the substrate
plane, allowing interdigitation and parallel-displaced
w— stacking between the side chains of adjacent mol-

\NIC
VOL.4 = NO.2 = 1218-1226 = 2010 ”@@%{¥)

1219



2s-(Q) © Nis

XPS intensity [a.u.]

406 398 536 532 528

402
Binding energy [eV] Binding energy [eV]
Figure 2. XPS data of L-tyrosine on Ag(111) in the N 1s and O 1s core level

regions for the high temperature submonolayer phase. (a) N 1s data points

are fitted (solid line) with a Shirley background (dotted line) and a single
Voigt peak centered at a binding energy of 402.2 = 0.2 eV. This peak is as-
signed to the ammonium group NH;*. (b) O 1s data points are fitted (solid
line) with a Shirley background (dotted line) and two Voigt curves (dashed
line) positioned at binding energies of 532.0 = 0.1 and 533.5 = 0.1 eV.
These peaks are assigned to the equivalent resonant oxygen atoms of the
carboxylate group and to the oxygen atom of the hydroxyl group
respectively.

ecules. This noncovalent hydrogen-bonded network in-
volving the carboxylate, ammonium, and phenol func-
tional groups is reminiscent of the L-tyrosine
crystallization in three dimensions (3D).*" Moreover,
the molecules desorb when the system is heated above
350 K indicating that the interacting force between
the molecules and the Ag(111) surface is relatively
small.

RESULTS AND DISCUSSION

The morphology of the L-tyrosine self-assembly on
Ag(111) is illustrated in the topographical STM images
in Figure 1b,c. Figure 1a depicts the structure model of
the L-tyrosine amino acid. We define here the angle ¢ as
the angle between the phenol ring and the molecular
adsorption plane. When the molecules are deposited
onto the Ag(111) surface held at 170 K the molecules
diffuse to the step edges where they are pinned. How-
ever, the molecules gather in clusters and show no par-
ticular ordering pattern (Figure 1b). The STM image in
Figure 1c illustrates the same sample preparation as in
Figure 1b, following annealing at a temperature of 320
K for 5 min. Here we observe the emergence of ordered
supramolecular ribbons. These features show a bias-
independent apparent height of 2.0 + 0.2 A. The ther-
mally induced molecular rearrangement observed from
Figure 1b to Figure 1c implies that a certain activation
barrier has to be overcome to form the linear ordering
of the supramolecular arrays. The inset represents an
atomic resolution image of the underlying Ag(111) sub-
strate, allowing the determination of the growth orien-
tations of the linear biomolecular self-assembly with re-
spect to the Ag(111) atomic lattice. The supramolecular
architectures can be separated in two different groups
a and B, a being composed of biomolecular entities fol-
lowing the (110) crystalline orientations of the sub-
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strate, whereas the structures B follow a —40 = 2° (i.e,,
clockwise) tilt with respect to the a component. These
preferred orientations of the molecular growth evi-
dence the influence of the substrate symmetry and ge-
ometry on the self-assembly. However, the substrate—
molecule interaction seems not stringent, as reflected
by the fact that the nanostructures can be easily ma-
nipulated in their orientation during the STM data ac-
quisition (see Figure S1 in the Supporting Information).
This is corroborated by the low molecular desorption
temperature, occurring when the system is heated
above 350 K.

Moreover, the extension of phase B with a —40°
angle and the absence of its mirror-image orientation
as a favored direction with respect to the substrate
high-symmetry axes, reveals the enantiomorphism of
the biomolecular assembly. If the self-assembly was
achiral, an equivalent mirror-symmetric structure
propagating along a +40° angle with respect to the
(110) orientations should be experimentally observed.
This non-mirror-symmetric supramolecular configura-
tion on the achiral Ag(111) surface is the expression of
the amino acid stereocenter at the a-carbon. The ex-
trapolation of the molecular level chirality into the bio-
molecular ensemble on an achiral surface has already
been observed for L-methionine on Ag(111) and
Cu(111),%° and is the consequence of preferential ad-
sorption sites on the substrate atomic lattice for the
amino, carboxyl, and side chain functional groups of
the molecule.

The adsorption of L-tyrosine on Cu(111) at a sub-
strate temperature of 290 K has also been considered,
showing substrate-induced molecular dissociation. The
molecules were deposited onto pristine monocrystal-
line Cu(111) under the same conditions as on Ag(111),
which irrefutably demonstrates that the observed ad-
sorbed entities correspond to submolecular fragments
of the amino acid and not to a possible contamination
of the surface or decomposition during evaporation.
The chemical nature of the molecular fragments was
not established, and further spectroscopic studies are
required for this purpose. This molecular fragmentation
can be explained by a chemical dissociation triggered
by the interaction between the amino acid functional
groups and the Cu(111) surface, the latter being more
reactive than the Ag(111) surface (see Figure S2 in the
Supporting Information for more details).

XPS and NEXAFS spectroscopy measurements were
performed to resolve the chemical and conformation
state of the molecules within the ordered self-
assembled biomolecular nanostructures on Ag(111).
Figure 2 illustrates the N 1s and O 1s XPS data resolv-
ing the chemical state of the amino acid functional
groups. These results correspond to the equilibrated
sample annealed at 320 K at a submonolayer molecu-
lar coverage. Measurements for the low temperature
preparation were also carried out, showing no temper-

www.acsnano.org



ature dependence on the system chemical state (see
Figure S3 in the Supporting Information for a N 1s XPS
data set of the low temperature phase). The NEXAFS
spectra also showed no variation with the sample
preparation temperature. The fact that the X-ray spec-
troscopic measurement showed no dependence on the
preparation temperature clearly demonstrates that the
ordered high temperature phase is not triggered by a
thermally induced chemical reaction or conformational
change of the molecular geometry, but that it is driven
by kinetic equilibration. The XPS N 1s data in Figure 2a
were fitted with only one Voigt peak centered at a bind-
ing energy of 402.2 = 0.2 eV. Our previous studies of
the L-methionine amino acid adsorbed on Ag(111)3?
and Cu(111)* revealed a N 1s XPS signature for a posi-
tively charged ammonium group NHs* at binding ener-
gies of 401.2 and 401.3 eV, respectively, and at 399.5
eV for a neutral amino group NH, in the case of
Cu(111).Therefore, we conclude that the N 1s peak at
402.2 £ 0.2 eV in our present case corresponds to an
ammonium group. The discrepancy of about 1 eV with
respect to the L-methionine/Ag(111) case can be due to
an increased distance between the ammonium group
and the metal surface, resulting in a reduced screening
process of the nitrogen core hole by the substrate con-
duction electrons. In Figure S3b of the Supporting Infor-
mation section one can see that a second N 1s XPS
peak appears at 399.8 = 0.5 eV with increasing X-ray ex-
posure time. This second peak is associated with a neu-
tral amino group and evidences an X-ray mediated
deprotonation of the ammonium group. This X-ray in-
duced effect on amino acids has been previously ob-
served in work from Zubavichus et al.>® In Figure 2a
consequences of the X-ray exposure are already present
at ~399.5 eV, but one can undoubtedly claim that
only the peak at 402.2 eV corresponds to the signature
of the intrinsic chemical state of the system.

On the other hand, the O 1s XPS data in Figure 2b
were fitted with two Voigt peaks at binding energies
of 532.0 = 0.1 and 533.5 = 0.1 eV. These peaks are as-
signed respectively to the equivalent resonant oxygen
atoms of the negatively charged carboxylate group and
the side chain hydroxyl group. These binding energy
values and such correspondence to the functional
groups of the molecule is consistent with the work
from Zubavichus et al.>® The ratio between the areas
of the peak at 533.5 eV and the peak at 532.0 eV is 0.55,
which reflects the 1:2 stoichiometry between the hy-
droxyl and carboxylate oxygens. According to this inter-
pretation, we deduce a zwitterionic state for the ad-
sorbed species. Again, the carboxylate O 1s binding
energy of 532.0 eV shows a significant shift with re-
spect to the value of 531.2 eV found for L-methionine
on Ag(111)3? and the value of 531.5 eV for the L-me-
thionine/Cu(111)3? case. As aforementioned, this could
be due to a slightly different adsorption configuration
of the amino acid on the metal substrate given the dif-
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Figure 3. C 1s NEXAFS spectra of the L-tyrosine/Ag(111) sys-
tem for the saturated monolayer high temperature phase.
(a) C 1s absorption edge in p-polarization (red) and
s-polarization (black). Markers represent the experimental
data, dotted curves the fitting peaks, and the solid line the
resulting total fit. Vertical dashed lines indicate the peak po-
sitions. Decreased signal intensity of the w* resonances for
the s-polarization data reveals a preferred adsorption orien-
tation of the phenol = system. The phenol ring adsorbs in
an oblique fashion with respect to the substrate. (b) Detail
of the pre-IP zone. The IP edge was modeled with an error
function centered at 290.2 eV. Peaks 1a, 1b, 1¢, and 2a and
curve 3a are related to the phenol and carboxyl @* reso-
nances, respectively. The p-polarization spectrum is offset
for clarity.

ferent side chain, implying a different distance be-
tween the surface and the carboxylate group and thus
different electronic screening conditions.

NEXAFS spectroscopy measurements were per-
formed for the C 1s edge in order to obtain orienta-
tional information of the side chain phenol ring with re-
spect to the Ag(111) substrate plane. The high
temperature phase spectra for the p- and s-polarization
geometries are shown in Figure 3 (red and black, re-
spectively). The partial electron yield (PEY) spectra were
fitted according to the building block principle*? with
Voigt peaks, asymmetric Gaussian curves, and a
Gaussian-convoluted step function (i.e., error function)
positioned at a photon energy of 290.2 eV which takes
account of the ionization potential (IP) step. The fitting
parameters and assignment for each peak are summa-

\NIC
VOL.4 = NO.2 = 1218-1226 = 2010 ”@@%{¥)

1221



1222

ACSH

\L/%J\&) VOL. 4 = NO.2 = REICHERT ET AL.

= 57A

E1.7 v 7

=)

(4]

- s

€

(]

5 1.6

(o

2 T
0 10 20

(b) XAl

Figure 4. High resolution STM data and molecular model of the sub-
monolayer biomolecular self-assembly of L-tyrosine on Ag(111). (a) Or-
dered biomolecular chains extending along the [1, —1, 0] crystalline
orientation of the Ag(111) substrate appear after annealing the sys-
tem at 320 K. Molecules dimerize along their long axis and bind adja-
cently and commensurably with the atomic lattice along the chain di-
rection. The two red ellipses in frame C represent two zwitterions
forming a hydrogen-bonded dimer (/ = 0.2 nA, V = 500 mV). (b) Appar-
ent height profile along line B. (c) Molecular model of the hydrogen-
bonded dimer on the Ag(111) atomic lattice. Hydrogen bonds involv-
ing the carboxylate and ammonium groups of the zwitterions are
shown as dashed lines.

rized in Table S1 of the Supporting Information sec-
tion. The assignment of each peak to a given resonance
of the chemical features of the adsorbed molecule is
performed in accordance with previous experimental
and theoretical NEXAFS studies on amino acids or func-
tional gI’OUpS.33'36'43'42’44_46

The features observed in the NEXAFS spectra can
be divided in two categories: sharp pre-IP edge peaks
related to C 1s — w* resonances (peaks 1a, 1b, 1¢, 2a,
and 3a in Figure 3b) and broader peaks extending be-
yond the IP edge associated with C 1s — o* resonances
(peaks 2b, 3b, 4, 5, and 6 in Figure 3b).*? In particular,
the sharp peaks 1a, 1b, 1c, and 2a correspond to w*
resonances of the side chain phenol ring (see Table S1
in Supporting Information). The strong dichroism of
these features reveals a preferred adsorption angle for
the phenol group with respect to the surface: if the ad-
sorbed molecules showed a random internal geom-
etry, both p- and s-polarization signals should average
to the same value. As aforementioned, the spectra show
no temperature dependence, which is an evidence of
the same intramolecular conformational geometry for
both phases. We note that the formation of ordered su-
pramolecular domains which follows the temperature
annealing does not alter the NEXAFS dichroism, indicat-
ing that the orientation of the phenol moiety does not
change upon molecular dimerization and emergence of
the ordered 1D nanostructures. Added to the tempera-
ture independence of the XPS data, this confirms that
the thermally activated ordering of the nanoribbons is
a consequence of the self-assembly and not of a ther-
mally triggered chemical or conformational change.

Also, the nonvanishing signal of these sharp peaks for
the s-polarization indicates a tilted adsorption of the
phenol group with respect to the substrate plane. Given
the 3-fold symmetry of the substrate and that the 7* or-
bital of the phenol ring is oriented perpendicular to
the aromatic plane following an angle 8 with respect
to the polarized photon electric field €, the proportion-
ality of the respective NEXAFS signal to cos?(3) yields for
the angle ¢ between the phenol and the substrate
plane:*?

2
#(l,/1) = arcsin 2 Cos 62 (1)
(lp/ls) +3cos”0 — 1

where 6 is the photon incident angle (here, 6 = 7°),
and I, and ; are respectively the p- and s-polarization
NEXAFS intensities related to the phenol 7* resonances.
In this expression, a perfectly linear polarization of the
X-ray beam is assumed. The intensities /, and /; are
given by the areas of the fitting Voigt and Gaussian
functions, and deriving an angle ¢ for each of the four
* resonances related to the phenol ring, we obtain an
average adsorption angle of (¢) = 37° £ 3°. The error
bar of this value takes account of the assumption of per-
fect linear polarization of the incident X-ray radiation,
of the error on the angle between polarization vector
and sample surface, and of the error of the fitting pro-
cedure. This oblique adsorption geometry of the aro-
matic moiety is consistent with density functional
theory calculations performed on the phenylalanine
amino acid on noble-metal surfaces, which demon-
strated an adsorption with the substrate via the nitro-
gen and carboxyl oxygen atoms and where the
m-conjugated system was not involved in the binding
to the metal.*”

Details on the molecular structural arrangement
within the ordered biomolecular arrays on Ag(111) are
displayed in Figure 4 and Figure 5. We focus here on the
linear nanowires and 2D nanoribbons composing struc-
ture « of the high temperature phase, that is, the one
expanding along the (110) orientations of the substrate.
Figure 4a displays a STM image of a biomolecular chain
which self-assembled with the substrate held at 240 K.
The 1D structure is composed of identically shaped el-
liptical units, each of which we assign, due to geometri-
cal arguments, to a single L-tyrosine zwitterion. Within
these 1D chains, the amino acid molecules appear al-
ways in pairs with the 1D extension given by parallel
dimers bound adjacently: no ordered nanostructure
with an odd number of molecules has been observed
in the system. A similar molecular dimerization and ad-
jacent bonding pattern has been already revealed in
the self-assembly of the L-methionine amino acid on
Ag(111)*2 and Cu(111).*° Along the linear extension ori-
entation, the L-tyrosine chain shows a molecular period-
icity of 5.7 = 0.1 A (Figure 4b), showing commensura-
bility of the structure in this direction, as this value
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Figure 5. Emergence of 2D L-tyrosine supramolecular nano-
ribbons on Ag(111). (a) STM data of wider commensurately
ordered supramolecular ribbons appearing after annealing
at 320 K (/ = 0.07 nA, V = 500 mV). (b) Molecular model of
the supramolecular arrangement within a self-assembled
nanoribbon. The red rectangle frames the hydrogen-bonded
dimer within a simple row, whereas the yellow one repre-
sents two molecules of adjacent rows with their m-stacked
phenol side chains. Linear extension of the self-assembly
along the close-packed crystalline axes is given by adjacent
hydrogen-bonding between parallel molecules. (c) Chain
merging and intercrossing give hints of the molecular self-
assembly dynamics: wider ribbons are preferred due to a
higher number of 7 interactions between phenol groups
and therefore to a thermodynamically more favorable con-
figuration with lower total energy (/ = 0.1 nA, V = 500 mV).
(d) Schematic of the intermolecular bonding mechanism
within the wider amino acid nanostructure: the zwitterion
dimerizes via head-to-head hydrogen bonds between car-
boxylate and ammonium groups (red rectangle), and wider
commensurate supramolecular sheets result from merging
of simple bimolecular chains via parallel-displaced 7w —7 in-
teractions between the phenol side chains (yellow rect-
angle).

corresponds to twice the Ag(111) lattice constant along
the close-packed orientations (110) (dag11) = 2.89 A).
The STM data suggest that within a supramolecular
chain two molecules dimerize with their long axis col-
linear with each other. In this configuration, the mol-
ecules can either bind in a head-to-head fashion, with
their carboxylate and ammonium groups facing each
other, or in a tail-to-tail scheme, with the hydroxyl
groups binding together. As in our previous
studies,*>*° we performed MM+ force-field
simulations*®° to estimate the intermolecular interac-
tions between two L-tyrosine zwitterions confined in 2D
in antiparallel and parallel configurations (see Figure
S4 in the Supporting Information for the interacting en-
ergy maps of a two-molecule system in these disposi-
tions). For the antiparallel case, these calculations result
in an optimal head-to-head dimerization with an inter-
action energy on the order of —1.5 eV per molecular
dimer, and where the negatively charged carboxylate
group faces the positively charged ammonium residue
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(see Figure S4a in the Supporting Information). The
long-range 1D extension is then given by adjacently
bound parallel dimers, which is supported by the MM+
calculations for the parallel two-molecule system (see
Figure S4b in the Supporting Information). Our model
proposed in Figure 4c for the noncovalent supramolec-
ular arrangement within the 1D nanowires takes ac-
count of these energetically favorable considerations.
Although it is true that this force-field approach is inef-
ficient to accurately evaluate hydrogen bonding and
interactions,’® it has at least the potential to point out at
the electrostatic character of the interactions involving
the electronegative hydroxyl group and the partially
charged carboxylate and ammonium groups. It is im-
portant to note that this bonding scheme is essentially
identical to the one of L-methionine on the same sur-
face®? and on Cu(111),%° and might represent a general
bonding trend for amino acids adsorbed on metal sur-
faces in their zwitterionic state.

A key difference between the L-methionine and
L-tyrosine self-assemblies resides in the nonformation
of regular nanogratings in the latter. In fact, we observe
the appearance of wider molecular domains after an-
nealing the system at 320 K (Figure 5a). This can be ex-
plained by the increased chemical reactivity of the
amino acid phenol side chain. From geometrical argu-
ments the emergence of these ribbons must imply the
merging and partial overlapping of narrower supramo-
lecular rows, with intercalation of the phenol moieties.
This can be perceived in Figure 5a,b where molecular
dimers (framed in red) intercalate (yellow frame marks
the interdigitation region) in order to match a commen-
surate adsorption with the underlying atomic lattice.
In fact, the periodicity and commensurability of the mo-
lecular arrangement within these wider domains can
be seen in Figure 5b, where the supramolecular unit cell
is defined by the vectors a’ and b’. Considering the pe-
riodic atomic lattice of the Ag(111) substrate and its
unit cell given by vectors a and b, one can explicitly as-
sociate the supramolecular and substrate periodicities,
and writea’ = 2aand b’ = —3a + 5b. The intercalation
of merged narrower rows is possible due to the tilted
adsorption of the phenol ring shown by the NEXAFS
spectroscopic data, which enables parallel-displaced
w— stacking between parallel aromatic residues. Such
— interactions have been theoretically evaluated to
be in the range of —0.12 to —0.16 eV>' ~>* for a dimer of
aromatic rings, which, even if they remain lower than
electrostatic interactions and strong hydrogen bond-
ing, have been proven to compete with the latter for
driving low-dimensional supramolecular self-
assemblies.>® Moreover, it has been demonstrated that
such interactions play a critical role in terms of protein
stabilization® 8 and in more general structural proper-
ties of biological systems at the molecular level.>” The
intermolecular bonding scheme within these interdigi-
tated supramolecular nanoribbons is thus summarized
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in the 3D schematic in Figure 5d and consists in the syn-
ergy of head-to-head zwitterionic hydrogen-bonding
given by the general amino acid functionality, with the
L-tyrosine specific side chain intercalation mediated by
parallel-displaced —r stacking. This is reminiscent of
the noncovalent ordering pattern in 3D L-tyrosine crys-
tals.*! Furthermore, this linear self-assembly scenario re-
calls the case of diphenyl oxalic amide on Au(111),
where an oblique adsorption of the m-conjugated sys-
tem is a prerequisite for hydrogen-bonding between
parallel adjacent molecules.*®>° The main difference is
that in our present study the distance between interdig-
itated aromatic planes is on the order of 3 A and hence
within the range of parallel-displaced 7—r stacking,
mediating the emergence of commensurate 2D sheet
nanostructures. >'

The STM data in Figure 5c reveals the complexity of
the self-assembly process. Here, a biomolecular domain
;1 is segmented by a wider domain c,. The fact that
both segments of ¢; present the same width, orienta-
tion, and intradomain imaging contrast is a strong indi-
cation that these sections were part of the same initial
structure, and that the segmentation is directly due to
the merging of ¢; with the wider structure c,. Given that
within our model the wider chain-structured sheets
are realized via attractive w—r interactions between
neighboring aromatic rings with tilted geometry, one
would expect the occurrence of larger ribbons to be
thermodynamically favorable and therefore predomi-
nant with respect to smaller ones. Indeed, we observe
in the spatial intersection between extended ribbons in
Figure 5c that the wider domain (c;) shows better sta-
bility than the narrower one (c;).

CONCLUSION

Our high-resolution low-temperature STM observa-
tions show the anisotropic self-assembly of the
L-tyrosine amino acid on Ag(111). Our data reveal the in-
fluence of the substrate symmetry on the morphology
of the biomolecular nanostructures and the molecular
organization pattern within the supramolecular do-
mains. Complementary space-averaging XPS and NEX-

MATERIALS AND METHODS

Sample Preparation. All experiments were carried out in UHV
at a base pressure of 2 X 107'° mbar. The L-tyrosine mol-
ecules (Sigma-Aldrich, purity >99.0%) were deposited onto
the noble-metal surfaces by organic molecular beam epitaxy.
The amino acid powder was evaporated by resistive heating
at 370 K from a quartz crucible. Prior to the amino acid ad-
sorption, the monocrystalline Ag(111) and Cu(111) substrates
were cleaned by successive cycles of Ar™ sputtering at 4 pA
and 1 keV, and annealing at 770 K. During the molecular
deposition, the substrate was held at temperatures between
170 and 320 K.

Scanning Tunneling Microscopy. After surface preparation and mo-
lecular deposition the sample was cooled down below 15 K for
in situ STM. The STM measurements were performed in a custom-

VOL. 4 = NO.2 = REICHERT ET AL.

AFS measurements clarify the chemical state and the
molecular conformation. The XPS data provide evi-
dence for a zwitterionic adsorption configuration at all
temperatures, and NEXAFS results prove that the side
chain aromatic system adsorbs with a 37° tilted geom-
etry with respect to the substrate plane allowing
parallel-displaced — coupling between narrower
rows and therefore the emergence of regularly struc-
tured 2D supramolecular domains.

We emphasize the similarity of the present self-
assembly scenario with the case of L-methionine on
Ag(111)32 and on Cu(111)* presented in our previous
studies. This is understood as a strong indication that
the zwitterionic noncovalent intermolecular bonding
scheme of amino acids represents a general construc-
tion motif on weakly reactive close-packed metal sur-
faces that consequently should follow a universal trend
driven by zwitterionicity and hydrogen-bonding be-
tween the carboxylate and ammonium functional
groups. The difference between the two systems re-
garding their mesoscopic ordering is a consequence of
the conformational surface adaptation and chemical re-
activity of the side chains.

It is important to point out that this study on the or-
ganization of L-tyrosine on Ag(111), whose 1D charac-
ter and zwitterionic dimerization mechanism was ad-
umbrated by our previous works,**° contributes to a
systematic development toward the control of su-
pramolecular interactions, that is progressing from trial-
and-error-type experiments to more predictable and
systematic exploitation of specific functionalities and
molecular recognition schemes. Here, the molecular
dimerization and linear extension of the 2D confined
molecular assembly is the direct consequence of the
amino acid ammonium and carboxylate moieties,
whereas the mesoscopic organization can be achieved
by specific side chain engineering. Accordingly, the ba-
sic understanding of nanopatterning with amino acids
and bonding of biomolecules at surfaces might yield a
general pathway for noncovalent synthesis of low-
dimensional architectures with controlled morphology
and functionality at the nanoscale.

designed UHV chamber®® equipped with a commercial state-of-
the-art Besocke-type low-temperature STM.®" All the presented
topographical STM images were obtained by the constant-
current method. All displayed STM figures were treated with
the WSXM software.®?

X-ray Photoelectron Spectroscopy and Near-Edge X-ray Absorption Fine
Structure. The X-ray experiments were performed at the ALOISA
beamline of the ELETTRA synchrotron. The X-ray beam is charac-
terized by an intensity of 4 X 10'° photon/(s - mm?) and an ellip-
tical photon polarization factor of 0.95.5% Because of this high po-
larization factor, we regard the beam as perfectly linearly
polarized. The samples were prepared in situ under the same
conditions as for the STM section. The XPS measurements were
performed for submonolayer and saturated monolayer prepara-
tions, the spectra showing no molecular coverage dependence,
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whereas for NEXAFS only the saturated monolayer case was con-
sidered. During the X-ray measurements, the sample was held
at a temperature of ~200 K to minimize X-ray induced artifacts.%*
The XPS spectra were obtained with a photon beam energy of
600 eV and an incident beam grazing angle of 3°. The absolute
binding energy was calibrated by tuning the spectra with the
substrate Ag 3d peaks. The acquired experimental data was fit-
ted with Voigt functions and a Shirley-type background. The
NEXAFS data were acquired with an incident grazing angle of
7° and were normalized by dividing the saturated monolayer
partial yield signal with the one of the clean substrate. The PEY
for the NEXAFS measurements was collected by a wide accep-
tance angle channeltron with a high energy pass filter set to 250
eV. The high photon polarizability permits studying the polariza-
tion dependence of the NEXAFS spectra and therefore gaining
intramolecular conformational information. The sample can be
rotated around the axis defined by the intersection of the inci-
dence and substrate planes, hence the X-ray absorption depen-
dence with respect to photon polarization is considered for the
same photon incident angle. The absolute photon energy was
calibrated by identifying in the absorption spectra the C 1s — 7*
resonance of gas phase CO in the ALOISA ionization cell.®®> The
NEXAFS spectra were fitted following the building block prin-
ciple*? with Gaussian functions and an error function to take ac-
count of the IP edge.
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