Amino acid immobilization of copper surface diffusion on Cu(111)
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Abstract

Surface diffusion and molecular self-assembly are two critically important
processes in chemistry and nature. We report that amino acids deposited on a
Cu(111) surface drive a separation at the two-dimensional limit between self-
assembling molecules and diffusing copper atoms. Since the self-assembling
amino acids prefer non-planar, tridentate bonding with neighboring adatoms, they
attach to and immobilize diffusing copper adatoms on the surface. This chemical
interaction freezes out the copper diffusion causing the condensation of “solid”
copper adatom islands on the surface. We observe such a separation and
immobilization for eight different amino acids, suggesting the generality of this
phenomenon beyond a single amino acid species. Furthermore, at elevated
temperatures, a disruption of the prototypical Ostwald ripening of adatom islands
is also observed. These results provide fundamental insight into chiral molecular

self-assembly and its interplay with metal atom surface diffusion.



Surface diffusion is a fundamental physical process that involves the
movement of atoms or molecules in two-dimensions (2D)I*4. It is a critical
component of surface science and is at the heart of numerous technologies
ranging from material synthesis and thin film growth to catalysis and energy
storagel>*4. In chemistry, molecular self-assembly relies on surface diffusion and
subsequent molecule-molecule interactions and is utilized as a powerful strategy
to enhance numerous technological platforms'>16, |t also serves as a
foundational element of modern nanotechnology through its “bottom-up” approach
towards fabrication at the nanoscale. These strategies are omnipresent in nature
where the self-assembly of organic molecules underlies most biological processes.
For example, amino acids are known to form chiral supramolecular assemblies on
various substrates with intricate long-range ordering!'”-1%. The study of amino acid
self-assembly can thus enhance our understanding of fundamental biological
processes, such as chiral selectivity and recognition!?%- 211,

In our ongoing efforts to explore the surface chemistry of amino acids on
Cu(111)?? 231 we observe behavior that is absent from conventional molecular
self-assembly. To date, all of the amino acids that we have investigated at
intermediate surface coverages (30% - 70% of a monolayer) self-assemble into
their own distinct molecular superstructures. However, even though each amino
acid exhibits unique molecular ordering based on its associated molecular
backbone, we have observed a shared, common property where they all disrupt
and immobilize the diffusion of Cu atoms on the underlying surface. The result of

this immobilization is the formation of isolated Cu islands of distinct sizes and



shapes that are dispersed across the surface and throughout the capping
molecular superstructures.

The deposition of amino acids is performed with the Cu(111) substrate at
room temperature (RT), where it is known that the surface is a 2D gas of diffusing
Cu atoms/?#28l,  These studies were performed in an ultrahigh vacuum (UHV)
environment at the atomic-scale utilizing scanning tunneling microscopy (STM).
The conditions of the amino acid dose (both the deposition rate and surface
coverage) strongly influences the resulting Cu adatom immobilization and island
formation. For higher dosing rates and larger molecular coverages, the surface is
quickly saturated with amino acid molecules; the resulting Cu islands are observed
with greater frequency and size variation. We are defining saturated coverage as
molecular packing that does not expose the underlying Cu substrate and low-
coverage as containing regions of exposed substrate. At lower dosing rates
(resulting in lower coverages), molecular self-assembly into various
superstructures is more prevalent, and while copper islands still exist, they are
most pronounced for amino acids of higher molecular weight and a corresponding
increased molecular “footprint”. In addition, the amino acid immobilization of Cu
atoms allows for the observation of several fundamental elements of surface
diffusion that are inherent to a more “natural state” of the Cu(111) surface.
Traditionally, fundamental studies of surface diffusion on metal surfaces require
the deposition of metal adatoms onto the surfacel?”-?°l, which is not necessary for
this system. Finally, when scanned at elevated temperatures to observe diffusion

dynamics and stability of the Cu islands, we found that the amino acids disrupted



the expected Ostwald ripening of the islands and that all islands diminish in size
over timel3% 31, This 2D separation between amino acid molecules and diffusing
Cu adatoms not only provides a unique example of molecular self-assembly, but
also reveals a platform to investigate the fundamental mechanisms of

heterogeneous surface diffusion.

Results and Discussion

The amino acids are deposited onto the Cu(11ll) surface at room
temperature followed by a 10 - 15 min anneal at ~ 450 K to drive self-assembly,
significantly below the decomposition temperature of the amino acidsi®?. The
samples are then cooled to 55 K and imaged at the atomic-scale with the STM.
When an amino acid initially adsorbs on a metal surface, it is energetically
favorable for the molecule to deprotonate and form a tridentate bond(®3-38], where
the two oxygen atoms in the carboxylic group and the nitrogen in the amine group
attach to the surface, as schematically illustrated in Fig. 1(a). This is a universal
bonding motif for the amino acids on Cu(111) and results in a tripod structure with
the functional “R” group angled off of the surface (which can depend on chirality).
Since the deposition is at room temperature along with a subsequent thermal
anneal, the amino acids will diffuse on the surface and self-assemble via hydrogen
bonding and van der Waals attractions. The main components of the molecular
self-assembly are the tridentate interaction with the Cu(111), thermal annealing to
enhance surface diffusion of the molecules, and finally hydrogen bonding between

the amino acids that locks them into a self-assembled structure. At the same time,



both at room temperature and during the annealing step, copper atoms are
diffusing over the surface, as illustrated in Fig. 1(b). Based on these observations,
we hypothesize that the diffusing molecules interact with the diffusing copper
atoms in a manner in which the amino acids are switching from a planar tridentate
bonding motif to a tilted tridentate motif with a neighboring Cu atom. Due to
decreased coordination, the amino acid molecules preferentially interact with and
immobilize a diffusing Cu atom, as illustrated in the insets of Fig. 1(b). Figure 1(b)
further illustrates that when the coverage of amino acids increases, the
immobilization of diffusing atoms results in the formation of encapsulated Cu
islands.

It is important to note, experimentally, that the first amino acid structures to
form, even at the lowest coverages, are located along the step-edges and are
typically one molecule thick (Supplementary Fig. 1). Step-edges are a preferential
site of molecular attachment due to decreased coordination of the metal atoms at
those sites. In addition, because the amino acids robustly and preferentially
passivate the step-edges with tilted tridentate bonds, it appears that those bonds
are more stable (stronger) than the tridentate interaction forming on the flat terrace.
This observation supports preferential binding to a neighboring (or nearby
diffusing) Cu atom. In addition, the source and sink of the diffusing Cu atoms on
a clean surface are from the step-edges. If these step-edges are passivated with
amino acids, they will impede diffusing Cu atoms from leaving and returning to the

step-edge and ultimately enhance the formation of metal islands.



In this study, we explored 8 different, essential and non-essential amino
acids (L-chirality throughout) that are listed by increasing molecular weight as
follows: alanine, serine, threonine, cysteine, isoleucine, histidine, phenylalanine,
and tryptophan. These molecules represent a sampling of different amino acid
molecular structures with polar and nonpolar side chains. The immobilization is
illustrated in the STM image of Fig. 1(c), which shows the formation of numerous
Cu islands following the deposition and self-assembly of isoleucine. The coverage
of isoleucine molecules is about 40% of a complete monolayer. The STM image
of Fig. 1(d) zooms in on the isoleucine molecular assembly which is comprised of
random, chain-like structures. In this case, we can see three Cu islands that have
tightly packed amino acids around their entire circumference and random
isoleucine chains forming on top of the islands, consistent with the surrounding
assemblies on the flat Cu(111) terrace.

We find that the molecular coverage needed to observe the immobilization
of diffusing surface atoms and the formation of the islands depends on the
molecular weight of the amino acid, in some ways analogous to the molecular
“footprint”. For the lower molecular weight amino acids (alanine (89.09 g/mol),
threonine (119.12 g/mol), and cysteine (121.16 g/mol)), immobilization and Cu
island formation is observed near a full monolayer, while isoleucine (131.17 g/mol),
histidine (155.15 g/mol) and tryptophan (204.23 g/mol) exhibit immobilization at a
lower coverage (Supplementary Fig. 2). For all of the amino acids studied, the
immobilization is most pronounced near a complete monolayer coverage. At first

glance, the Cu islands observed at a full monolayer appear to be the formation of



a second molecular layer. However, at a lower surface coverage of the higher
molecular weight amino acids, such as tryptophan, we clearly see that the self-
assembly was immobilizing Cu diffusion that resulted in the formation of copper
islands, as illustrated in Fig. 2(a). As expected, tryptophan self-assembles
differently than isoleucine and forms well-ordered molecular chains that are two
molecules wide. Again, there is tight molecular ordering surrounding the islands
and the step-edges. To further verify that these are indeed copper islands, we
utilized scanning tunneling spectroscopy (STS) to plot a 2D conductance map that
spatially plots the local density of states (LDOS). The 2D conductance map in Fig.
2(c) was taken concurrently with the zoomed in topographic image of Fig. 2(b).
We can see for the island outlined by the dashed box that the bare areas of the
island have the same contrast/LDOS as the bare copper on the surrounding
terrace, whereas the LDOS of the molecules is clearly different. Furthermore, we
measured a cross-section of an immobilized island of copper atoms, Fig. 2(d), and
can clearly see that the islands are the height of a single Cu(111) step.

Figure 3 illustrates the immobilization of diffusing Cu atoms for eight of the
amino acids that we investigated (a, alanine; b, serine; c, cysteine; d, threonine; e,
isoluceine; f, histidine; g, phenylalanine; and h, tryptophan). At low surface
coverage, each of these amino acids exhibits a unique molecular self-assembly.
However, the immobilization of diffusing Cu atoms appears to be a universal
characteristic for all of these amino acids. Past a certain low threshold coverage,
each amino acid will immobilize copper surface diffusion resulting in a separation

between the self-assembling molecules and the diffusing copper atoms. Past work



indicates that there are metal-organic molecular assemblies that utilize diffusing
atoms on the surface in order to form molecular networks®-4l, Metal-organic
frameworks cannot be fully ruled out in all amino acid self-assembly, but it is not
apparent in any of our low coverage molecular networks. This also brings forward
a concern that perhaps we are observing molecular etching of the copper surface,
where the islands are remnants of the previous terrace. There are two
observations that preclude this interpretation: (1) Etching that results in the
production of adatom islands also produce vacancy islands, which are rarely
observed and only for cysteine (due to the presence of sulfur). (2) The Cu island
density scales with molecular coverage, which is expected, but we do not observe
a higher etching rate for a higher molecular coverage. In other words, we would
expect more aggressive etching at a full monolayer coverage, but the terraces
below the islands are always intact and support molecular assembly. We do
observe ordered modification of the step-edges for some of the amino acids[*?-44]
(Supplementary Fig. 3).

In order to study the dependence of island formation on temperature and
annealing, we studied a surface right after the deposition of isoleucine (no
annealing) followed by a 15 min. and 90 min. anneal at 450 K, as illustrated in Fig.
4. Importantly, as before, the surface was at room temperature during deposition
and that the images were taken at 55 K. Immediately after deposition without an
anneal, we see that the amino acids have immobilized the Cu atoms and they
appear as small clusters within the network (Fig. 4(a)). It is quite interesting to

observe that even though the Cu adatoms are immobilized within the amino acid



network, given enough thermal energy they will diffuse within that network.
Following our standard 15 min. anneal at 450 K to drive self-assembly, the small
clusters of trapped Cu adatoms coalesce within the amino acid network to form
islands, as illustrated in Fig. 4 (b). Annealing longer than 90 min., Fig. 4 (c), results
in the formation of larger islands across the surface. It is at this point that we begin
to observe a breakdown of Ostwald ripening that is expected for a bare Cu surface.

It has been previously established that adatom diffusion on a clean copper
surface follows an Ostwald ripening mechanismi3% 451 whereby smaller islands
decay and shrink, while larger islands grow in size. This is facilitated by a mass
transfer through adatom diffusion from smaller islands to larger, more
thermodynamically stable islands. These studies require the evaporation of
adatoms onto a clean surface in order to generate metal islands followed by the
characterization of island decay. The Ostwald ripening of copper islands can
easily be observed with STM at room temperature on pristine surfaces!®% 45 46l |n
this study, however, copper adatom diffusion is tracked within the context of the
heterogeneous two-species system. We observe islands surrounded and
immobilized by a self-assembled molecular layer. As such, we observe no decay
or ripening of our islands at room temperature. In order to enhance diffusion, we
characterized these surfaces at an elevated temperature (350 K), as illustrated in
Fig. 5. In Fig. 5(a), we show a series of images taken over a 44 hour time period
for a full monolayer of cysteine molecules at an elevated temperature. Over time,
we observe the decay of all islands (both adatom and vacancy islands) with no

apparent Ostwald ripening. This result is also confirmed with Cu islands among a



monolayer of isoleucine molecules, illustrated in the image series of Fig. 5(b),
which exhibit decay from t1 (1 hr) to the final time of t4 (24 hr). Fig. 5(c) shows the
analysis of island decay for the cysteine sample illustrated in Fig. 5(a). The plot
clearly shows two regimes of island decay characterized by differing decay rates.
The first is relevant for a critical island area of 100 nm? or below, where the islands
completely disappear at a relatively rapid pace. While the second regime
characterizes the slower decay of larger islands (>100 nm?). These initial results
demonstrate the potential for further surface science studies focused on the
interplay of Cu diffusion in the presence of a molecular layer and the special
stability associated with islands of a certain size.

In conclusion, we have investigated a unigque separation between self-
assembling amino acids and diffusing Cu adatoms on a Cu(111) surface. This
separation is mediated by preferentially tilted, tridentate bonding between the
amino acids and diffusing Cu atoms, which slows down and immobilizes the
diffusion of the Cu. This immobilization has been observed for 8 different amino
acids and appears to be a general property, distinct from molecular self-assembly.
The observed separation shows a dependence on the dose rate, surface
coverage, and the molecular weight of the amino acid. Increased molecular dosing
rates and higher molecular coverages lead to an increase in Cu island density
within the molecular network. Higher molecular weight amino acids exhibit
immobilization at lower coverages due to an increased interaction with the surface.
The immobilization results in a disruption of Ostwald ripening that is otherwise

expected for the Cu(111) surface. It is worth noting that the amino acids are chiral



molecules and this immobilization may have relevance in the study and
encapsulation of adatoms on high index chiral metal surfaces[*’-#%. Overall, this
molecular encapsulation of diffusing metal adatoms presents a unique platform for

studying heterogeneous diffusion processes in the 2D limit.



METHODS

Experiments were performed in an ultrahigh-vacuum scanning tunneling
microscope (UHV-STM, Omicron Technology). The STM was cooled using liquid
helium to a temperature near 55 K. The Cu(111) sample was cleaned using
repeated cycles of Ar* sputtering and annealing at 900 K. The cleanliness of the
sample was verified using STM imaging. The amino acid molecules were
purchased from Sigma-Aldrich. The molecules were loaded into a 4-cell molecular
doser that was separated from the preparation chamber with a gate valve. The
doser was equipped to heat at constant temperatures using a water-cooled line for
stability. The amino acid molecules were adsorbed under UHV conditions onto a
clean Cu(111) surface at room temperature. The temperatures used to sublimate
the amino acids for dosing were well below the decomposition temperature of the
molecules (i.e. heated isoleucine to ~ 450 K). Unless otherwise indicated, after
molecular dosing the surfaces were annealed in the STM chamber to 450 K for 15
minutes to drive self-assembly. All of the images were taken with the sample
cooled to 55 K with liquid helium. STM images were obtained with chemically
etched W tips at bias voltages between -2 to +2 V and tunneling currents between
50 and 100 pA. Once the tips were moved into the STM chamber, they received
e-beam bombardment to remove oxidation and to increase sharpness. Differential
conductance (dI/dV) images were acquired using a lock-in amplifier. For the
images used to watch the dynamics of the islands, the surface was held at 350 K
while the tip scanned for 44 hours. Drift was corrected using landmarks of the

surface to ensure that the same area was examined.



DFT calculations were performed with the VASP code as a standalone package
and as implemented through the MedeA environment®-53l, Calculations used the
PAW-GGA functional®-6l 0.2 eV Methfessel-Paxon fermi smearing®®’], and a
2x2x1 k-point grid in reciprocal space. Electronic structure minimization was
converged to at least 10"-6 eV per calculation, and force minimization were
converged to less than 0.04 eV for relaxed atoms. Calculations were performed
with a 19 atom Cu adatom island at approximately a 1/14" ML coverage with
symmetric registry to an ideal Cu(111) surface. The calculation slab was 4 layers
thick (excluding Cu adatom island), and had 25 of spacing in the direction parallel
to the surface normal. Isoleucine was used as the probe adsorbate molecule, and

its coverage was varied up to 6 molecules per 19atom ad-island.
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Figure 1: Two-dimensional separation between self-assembling amino acids
and diffusing Cu atoms. a, Schematic model of an amino acid (left) identifying
the carboxyl and amine groups. A schematic model of a deprotonated amino acid
forming a planar tridentate bond with the surface. b, This schematic model
represents the 2D separation process where the increase in amino acid coverage
results in the formation of copper islands on the surface. The inset model shows
a tridentate bond with a neighboring atom that results in immobilization of a
diffusing copper atom. DFT calculations as described in Methods section indicate
that the preferred binding motif is the tridentate footprint as shown, with the
carboxylate tail on the step edge of the adisland. This configuration is lower in
energy by 0.18 eV/molecule compared to a tridentate footprint with the amine
group on the step edge, and 0.32 eV compared to a bidentate footprint with one
oxygen from the carboxylate group on the step edge. The aforementioned energies
were for a single adsorbate per ad-island. When the adsorbing isoleucine coverage
was increased to a full monolayer (6 per 19 atom island), the average adsorption
energy per molecule decreased by 0.05 eV/molecule. ¢, STM image of copper
islands imbedded in a self-assembled matrix of isoleucine molecules (coverage <
1 ML). d, This zoomed in STM image shows the tight ordering of the amino acids
surrounding the copper islands and step-edges.



Figure 2
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Figure 2: Verification of metallic islands. a, STM topographic image showing
copper islands imbedded in the network of self-assembled tryptophan chains. b,
Zoomed in STM image of an imbedded island which contains areas of bare Cu.
Notice that molecular self-assembly has also started on top of this small island.
The STM can resolve the individual amino acids as outlined by dashed circles. c,
2D conductance dI/dV mapping shows that the bare copper on the island has the
same LDOS as the surrounding bare copper on the terrace, where the rectangular
area is the same in b and c. d, Line profile of the island (solid line in b) indicates
that the bare regions of the island are consistent with the step-height of Cu(111) ~
0.2 nm.
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Figure 3: Cuimmobilization appears to be universal for arange of amino acid
structures. This series of STM images (200 nm x 200 nm) show Cu islands
forming within different self-assembled amino acid networks. The immobilization
is most pronounced when there is close to a full monolayer of amino acids on the
surface. Additionally, the higher the dose, the faster the surface is covered with
amino acids, which also affects the separation. The following amino acids are
shown: a, alanine; b, serine; c, cysteine; d, threonine; e, isoluceine; f, histidine; g,
phenylalanine; and h, tryptophan, which represent a good cross-section of various
amino acid functionality.
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Figure 4: Temperature evolution of immobilized Cu atoms within an
isoleucine network. Althought the Cu adatoms are immobilized withing the amino
acid molecular network, they are capable of diffusion when given sufficient thermal
energy. All STM images are 250 nm x 250 nm. a, This STM image shows a surface
after deposition at room temperature with no thermal annealing. Rather than
islands there are small clusters imbedded in the molecular networks b, Following
our standard 15 min. anneal at 450 K, the small Cu clusters diffuse to form larger
islands. c, After annealing for 90 min. the Cu adatoms coalesce to form large
islands. It is at this point that we begin to observe a breakdown in Ostwald
ripening.
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Figure 5. The immobilization disrupts Ostwald ripening. The amino acid
immobilization of Cu atoms presents an interesting system for studying surface
diffusion and metal transport. Cu islands on a clean surface will follow Ostwald
ripening, where larger islands grow and smaller islands decay with time, and
should be observable at room temperature. The presence of the amino acids
disrupts this process. a, At an elevated temperature (350 K), a full monolayer of
cysteine molecules and Cu islands were imaged over the same area for a period
of 44 hrs. The STM images show that several islands shrink and disappear with
time. At the end of this time sequence, only a couple of the larger islands remain
and are smaller in size. b, A similar decay pattern is observed for a monolayer of
isoleucine. Although it is a shorter time period between t1 and t4 relative to the
cysteine system, several of the smaller islands decay, while the larger remaining
islands shrink in size. ¢, In the statistical analysis of the cysteine islands which
plots the island area vs. time, a trend in the decay patterns can be observed. The
smaller islands decay much faster than the larger islands and at a critical area
(dashed line) the islands disappear.



Figure Supplemental #1. Effect of molecular surface coverage on formation
of Cu islands. a, Increasing coverage of Isoleucine indicated that as more
molecules are added to the surface, the Cu islands grow in both number and size.
In addition, the presence of magic clusters increased with molecular coverage. As
more molecules were added to the surface, the diffusion of surface metal atoms
was increasingly more suppressed and the molecules assisted in the capture of
more atoms into islands and clusters. b, Increasing coverage of Tryptophan
showed a similar growth in the size of the islands and the perturbation of the step
edges.



