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Asymmetry Induction by Cooperative
Intermolecular Hydrogen Bonds in Surface-
Anchored Layers of Achiral Molecules**

Alexandre Dmitriev,** Hannes Spillmann,”’ Sebastian Stepanow,”
Thomas Strunskus,” Christof Wéll,™ Ari P. Seitsonen,” Magali Lingenfelder,”
Nian Lin,*® Johannes V. Barth,*'* ¢ and Klaus Kern®® ®

The mesoscale induction of two-dimensional supramolecular
chirality (formation of 2D organic domains with a single handed-
ness) was achieved by self-assembly of 1,2,4-benzenetricarboxylic
(trimellitic) acid on a Cu(100) surface at elevated temperatures.
The combination of spectroscopic [X-ray photoelectron spectros-
copy (XPS) and near-edge X-ray absorption fine structure
(NEXAFS)], real-space-probe [scanning tunneling microscopy
(STM)], and computational [density functional theory (DFT)]
methods allows a comprehensive characterization of the ob-
tained organic adlayers, where details of molecular adsorption
geometry, intermolecular coupling, and surface chemical bonding
are elucidated. The trimellitic acid species, comprising three func-

Introduction

The subject of spontaneous symmetry breaking is of funda-
mental interest in view of the ubiquitous presence of chirality
in nature. Besides its importance in life sciences, a rich variety
of chiral phenomena occurs in surface processes, and issues of
general importance for chiral order evolution, such as sponta-
neous separation (resolution) or chirality induction in the as-
semblies, can be successfully addressed in two-dimensional
systems. Moreover, producing surfaces with chiral signature is
of practical interest due to their selective response when inter-
acting with adsorbed species, whence their stereochemical
properties can be exploited for enantio-selective heterogene-
ous catalysis and ultra-sensitive molecular detection. Several
methodologies are exploited for the preparation of chiral surfa-
ces: Using their intrinsic crystallographic symmetry (such as
high-index chiral metal surfaces"); adsorbing chiral®*'? or
pro-chiral (two-dimensionally chiral)'*' molecular species,
which become chiral by mirror-symmetry breaking upon 2D
confinement on a substrate, and by the respective combina-
tions—for example, by molecular asymmetric restructuring of
the substrate,”*?" by coadsorption of achiral and chiral spe-
cies,">?? or by using the electrodeposition technique in the
presence of chiral molecular ions.”®’ Moreover, chirality can be
achieved at the supramolecular level by the assembly of either
achiral, prochiral or chiral molecular building blocks in architec-
tures implying symmetry breaking.?*-%
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tional carboxylic groups, form distinct stable mirror-symmetric
hydrogen-bonded domains. The chiral ordering is associated with
conformational restriction in the domains: molecules anchor to
the substrate with an ortho carboxylate group, providing two
para carboxylic acid moieties for collective lateral interweaving
through H bonding, which induces a specific tilt of the molecular
plane. The ease of molecular symmetry switching in domain for-
mation makes homochiral-signature propagation solely limited
by the terrace width. The molecular layer modifies the morpholo-
gy of the underlying copper substrate and induces um-sized
strictly homochiral terraces.
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Herein, we demonstrate spontaneous chirality induction on
a metal surface by the formation of highly ordered assemblies,
with a single handedness on the um scale, stabilized by com-
bined metal-organic and H-bonding interactions. We employ a
single 3D achiral molecular component, the polycarboxylic
acid (1,2,4-benzenetricarboxylic acid, tmla) adsorbed on a four-
fold symmetric Cu(100) substrate to demonstrate that meso-
scopic organization of chiral organic adlayers can be obtained
on a highly symmetric substrate as a result of the interplay of
substrate—adsorbate and intermolecular interactions. Trimellitic
acid possesses an asymmetric molecular geometry, with car-
boxylic functionalities at ortho and para positions which make
the molecule prochiral, that is, two-dimensional confinement
in a flat geometry leads to chirality induction (see Figure 1a).
The molecule is known to form various hydrogen-bonded ar-
chitectures, where its asymmetric molecular structure leads to
particular topologies.”” Its closest structural analogue—tereph-
thalic (1,4-benzenedicarboxylic) acid—with functional groups
only in para positions was recently shown to form 2D H-
bonded sheets at metal surfaces, where the molecules are
bond in a flat-lying geometry.”®3" In previous investigations
we have demonstrated how metal-organic complexation can
be explored to bestow chiral asymmetry to metal surfaces
using this and related species.®*! Also, the prochiral tmla can
be used to build a series of metallosupramolecular architec-
tures, where the carboxylate functionalities play a key role in
the evolution of two-dimensional chiral order or network for-
mation.B®*?% Additionally, it has been shown that molecules
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with two- or threefold exodentate carboxylic functionality may
also adopt an upright geometry upon carboxylate coupling to
metal substrates, exposing their carboxylic functional groups
for noncovalent intermolecular interactions.””*®

The complexity of the tmla/Cu(100) system requires a com-
bined analysis using complementary surface-sensitive probes
with ab intio calculations to conclusively characterize bonding,
conformational orientation, and two-dimensional chiral order-
ing in the supramolecular layer. X-ray photoelectron spectros-
copy (XPS) was employed to identify the chemical nature of
the adsorbed species by monitoring the temperature- and cov-
erage-dependent evolution of the C1s and O1s core-level pho-
toemission signals, indicating partial deprotonation of the car-
boxyl groups and formation of a monocarboxylate species. A
near-edge absorption fine structure (NEXAFS) analysis allows
the determination of the molecular orientation in the supra-
molecular architecture, where a substantial out-of-plane tilt of
the molecular plane was detected. Scanning tunneling micro-
scopy (STM) measurements reveal the very chiral nature and
mesoscopic ordering in the organic layers, as well as their
long-range periodicity and commensurability with the underly-
ing Cu(100) substrate. Moreover, in the STM data, changes in
the surface morphology become apparent, that is, pm-sized
homogenous substrate terraces develop in the evolution of
the molecular layer. Finally, details of surface chemical bond-
ing, molecular conformation, and intermolecular interactions in
the domains, leading to chirality induction, are addressed by
density functional theory (DFT) calculations.
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To address the chemical nature
of the adsorbed species, XPS ex-
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Figure 1. Photoemission spectra of the C1s and O1s levels for tmla layers on Cu(100). a) The integral molecule
comprises three carboxylic groups, as shown in the chemical structure model (carbon backbone shown in light
grey, oxygen atoms in dark grey, hydrogen atoms in white). b) Evolution of C1s in the high-temperature adlayer
preparation. Upper part: tmla multilayer prepared on a substrate held at low temperature (150K). The characteris-
tic peaks, assigned to phenyl (C1) and carboxyl (C2) carbons, are separated by 4.1 eV. Lower part: tmla monolayer
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carboxyl and phenyl moieties
(marked as C, and C, in Fig-
ure 1b, respectively).®**! This
characteristic separation of the
two peaks (around 4 eV) for re-
lated carboxylic acids has been
documented in the literature.*¥

deposited at 450K. Whereas the phenyl-carbon peak (C1) remains unchanged, the carboxyl splits in two and a

new peak—separated from C1 by 3 eV and assigned to a carboxylate moiety (C3)—develops. For clarity, the multi-
layer spectrum is normalized with the lower one to eliminate multilayer-monolayer energy shifts. c) and d) O1s
region for multilayer (b) and monolayer (c) depositions. The full-width at half-maximum (fwhm) parameters for fit-
ting Voigt curves are 2.27 and 2.06 eV for multilayers and monolayers, respectively. Two identical fitting curves for
the broad oxygen peak at 150K are assigned to hydroxyl (O1) and carbonyl (02) oxygen atoms, while the sharp
peak (O3) appearing upon 450K preparation is associated with both carboxylate (copper-carboxylate) and car-

bonyl oxygen atoms involved in lateral H bonding in the domain.
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The fitted Voigt function gives
an intensity phenyl-to-carboxyl
ratio of 2:1, in agreement with
the molecular stoichiometry. Ac-
cordingly, the O1s peak (Fig-
ure 1¢) appears broadened due
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to overlapping hydroxyl and carbonyl intensities [absolute
values for deconvoluted lines are 533.2 (O,) and 534.4 eV (O,),
respectively]. The corresponding NEXAFS analysis of the multi-
layer phase shown in Figure 2 indicates that adsorption with
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two contributions. An additional peak evolves at lower binding
energy (marked C; in Figure 1b, 287.6 eV) compared to the
carboxyl line (C,, 288.9 eV) and is about 3 eV separated from
the phenyl peak (284.8 eV). Consequently, it is assigned to car-

boxylate  formation,  which
a) b) agrees we!l with the peak s{?;ﬁ;
Seposted At 150K . : . . : ; permant T reporteFI in the literature.
_NN fits: — 0%, —s5° The ratio of carboxyl to carbox-
i ylate, extracted from fitted
’U\J\E curves, amounts to 2:1, which
-

Intensity / a.u.

indicates that only one out of
three tmla carboxylic functional-
ities becomes deprotonated in
the process of adlayer formation
at elevated temperature. Fur-
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Q
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thermore, a remarkable change
in the peak shape is apparent in
the O1s spectrum of this phase
(Figure 1d). A drastic asymmet-
ric decrease of the hydroxyl
peak (0,) is accompanied by the
evolution of a new dominant

Figure 2. a) NEXAFS spectra recorded at the C K edge for a tmla multilayer prepared at 150K (upper graph, mea-

sured at the deposition temperature) and at 450K (measured at room temperature). The different lines indicate
spectra obtained at different angles of incidence of the synchrotron light [90° means normal incidence to the Cu-
(100) surface]. Different contributions are marked; for the assignment, see text and Table 1. b) Extraction of the
value for the tilt of the molecular plane from the NEXAFS intensity data for the monolayer tmla coverage. The
best fit is obtained with a tilt of 67 +5 degrees (2345 degrees from the surface normal).

the aromatic ring largely parallel to the substrate (average tilt
angle of 60+5° with respect to the surface normal) prevails
for the entire overlayer. Consequently, a hydrogen-bonded or-
ganic molecular film develops with a structure presumably
similar to that encountered for the tmla crystalline phase.*” A
tentative assignment for the NEXAFS resonances indicated in
the spectra is summarized in Table 1; these resonances are in
overall agreement with previous observations on the phenyla-
cetylene/Cu(100) system.“

Drastic changes occur in the adsorption scenario when the
molecules are deposited on the substrate held at 450K. The
STM data discussed below confirm that this procedure results
in the formation of a homogenous tmla monolayer (ML), which
is similarly reflected by the decrease of absolute intensities for
both C1s and O1s peaks. Moreover, the C1s XPS data (see Fig-
ure 1b, lower part) evidence the split of the carboxyl peak in

Table 1. Assignment of the NEXAFS resonances.

Resonance Energy [eV] Assignment

1 284.8 C(Ph)—m*(Ph)

2 287.0 *

3 288.2 C(COOH))—m*(COOH),
C(Ph)—m*(Ph, COOH)

4 289.6 Rydberg

5 291.6 nt* and o*

6 292.7 mt* and o*

7 296.2 o*

8 304 o*
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peak at 531.2 eV (marked O,),
which is, again, associated with
deprotonation of a carboxylic
group. The latter substantially
increases the coupling to the
substrate, which is known for
carboxylates on chemically reactive metal substrates (see Dmi-
triev at al.®®¥ and references therein). The ionization of a car-
boxylic moiety, Cu-carboxylate bond formation, and lateral
H bonding substantially affect the charge-density distribution
in the tmla: A feasible scenario for the overall decrease of the
hydroxyl oxygen contribution and the dominance of the newly
developed peak at low binding energy (Figure 1d) can be the
shift of one of the hydroxyl and one of the carbonyl oxygen
species to lower binding energies due to a partial increase of
the electronic density. With such shifts, only one hydroxyl
oxygen would contribute to the O, peak, along with one car-
boxyl and one hydroxyl oxygen species contributing to the O,
peak. The rest of the oxygen species (a carbonyl and two car-
boxylates) would be responsible for the O;-peak dominance in
the O1s spectrum. The charge-redistribution scenario upon
tmla deprotonation (tmla binding to the substrate and, lateral-
ly, to the neighboring species is largely supported by the DFT
calculations) is discussed below. Overall, we can conclude, that
the organic monolayer is composed of monotrimellate species
anchored to the substrate with a single carboxylate functionali-
ty, leaving the remaining two carboxylic moieties available for
lateral intermolecular coupling.

The C K-edge NEXAFS spectra of tmla monolayers recorded
at selected X-ray incidence angles are presented in the lower
part of Figure 2a. The tentative assignment of the NEXAFS res-
onances is summarized in Table 1. The spectra show two main
peaks associated with bound resonances.”® The pronounced
peak at about 284.8 eV is attributed to a characteristic C1s-m*
resonance for the aromatic ring system, whereas the resonance
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at 288.2 eV is attributed mainly to the C1s-mt* transition of the
carboxyl groups. In the spectra recorded for the monotrimel-
late monolayer, the C1s-nt* resonances show only a small in-
tensity variation with the angle of incidence, whereby the 90°
spectrum has the largest intensity. This corresponds either to
an almost random orientation of the molecules or to a situa-
tion were the plane of the tmla is oriented, on average, at a
tilt angle of approximately 67 +5 degrees relative to the Cu-
(100) surface (23+£5° from the surface normal), as shown in
Figure 2b (details of the NEXAFS angular-dependence fit are
described in the Experimental Section). The latter is consistent
with a partial deprotonation of the tmla molecule, where only
one of the three functional groups is engaged in the carboxyl-
ate-mediated anchoring to the substrate and the formation of
a homogenous organic layer, as described below. Hence, we
interpret the NEXAFS data in terms of a (/25°) tilted monotri-
mellate species.

To gain a real-space insight into both structural details and
mesoscopic ordering of the tmla monolayers obtained upon
450K deposition, STM experiments were conducted. An over-
view image of the tmla adlayer is presented in Figure 3, where

A. Dmitriev, N. Lin, J. V. Barth et al.

the width of the individual surface terraces amounts to 10 nm
or less. The step-terrace reconstruction of the surface covered
with the organic layer is thus clearly distinct from that of the
pristine substrate, where no step bunching is encountered and
terraces are usually more regular in width. Consequently, the
molecular ordering that arises locally upon tmla domain evolu-
tion by molecular self-assembly extends to the mesoscopic
scale through formation of vast um-sized stripes. Thus, the
domain formation goes along with massive copper-surface
mass transport. This is in agreement with previous observa-
tions of strong noble-metal-surface modification upon adsorp-
tion of organic species,®'™¥ resulting in step-edge faceting
and bunching.”**® An analysis of the STM data with sub-mon-
olayer tmla coverages (coverages below 0.5 ML, data not
shown) provides evidence of substantial modifications of the
step—-edge shape in the terraces, where the ordered domains
start to develop.

In the high-resolution STM images reproduced in Figure 4
the local organization and homogenous asymmetric nature of
the organic layer are resolved. Two distinct types of well-or-

Figure 3. STM image providing a view of the Cu(100) surface morphology
modified under the influence of the trimellate monolayer deposited at
450K. The structure of the regular adlayer domains, oriented along the Cu
[011] direction, can be seen in the large terraces. Irregular tmla aggregates
exist on bunches of narrow terraces.

a remarkable reshaping of the surface morphology becomes
apparent. In striking contrast to the regularly terraced pristine
substrate, extremely wide and elongated terraces have been
developed, which alternate with bunches of narrow ones
(Figure 3). Moreover, highly regular 2D tmla domains with a su-
perstructure oriented along the [011] high-symmetry substrate
direction develop on all “wide” terraces, separating them topo-
logically from those in the bunches, where irregular molecular
aggregates occur. The ordered domains extend over whole ter-
races and, with the usual absence of domain walls, functional-
ize the entire terrace in a way that a regular homogenous tmla
arrangement is exclusively found on a given terrace. Due to
the spatial limitations of the scanner, the total extension of in-
dividual terraces cannot be unambiguously determined; how-
ever, within the accessible range of max. 2.37 um? (1.54 um x
1.54 um), most of the “wide” terraces run continuously. Contin-
uous terraces can reach 290 nm in width, but typical widths
fall in the 100-200 nm range (estimated from an analysis of
several large-scale topographs), whereas within the bunches
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Figure 4. Chiral nature of the trimellate domains. The submolecular-resolu-
tion STM data show individual tmla species appearing as three-lobe protru-
sions organized in an asymmetric, repetitive pattern, defined as R-type
domain. a) The structural model of chirally conformed tmla, forming the

R domain, and a (3x3) superstructure unit cell are depicted [Cu(100) near-
est-neighbor distance: a,=2.55 A]. b) STM image showing the rare case of
boundaries between two homochiral domains in a terrace (marked as R and
S). The domain wall, coinciding with the Cu [011] azimuth, represents the
mirror symmetry axis. In the neighboring domains, molecules are shifted by
2a, (2x2.55=5.1 A) in the direction of the marked copper azimuth.

dered two-dimensional organizations with a superstructure ori-
ented along the Cu(100) high-symmetry direction exist. The
local arrangement of the molecules for one type can be fol-
lowed in Figure 4a: identically oriented tmla molecules, re-
solved here as three-lobe protrusions, are arranged in a well-
ordered domain structure characterized by a (3x3) unit cell
where individual molecules are separated by a distance of
7.65 A in both perpendicular directions, coinciding with the
Cu(100) azimuths. It is generally known for the STM imaging
mode of small organic adsorbates on metal surfaces that the
topography shows specific C—C bonds rather than positions of
individual C atoms.®” Having this in mind, and considering the
imaged characteristic length of about 8 A for individual mole-
cules (Figure 4a), we can tentatively describe the imaged fea-

ChemPhysChem 2006, 7, 2197 - 2204
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tures as carboxylic groups in a para geometry with ortho car-
boxylate moieties pointing towards the substrate and imaged
as accompanying asymmetric protrusion. Such configuration is
in line with the evidence from XPS analysis on the chemical
state of molecular carboxylic groups. Notably, such a configu-
ration and interpretation of the available STM data (a three-
lobe appearance of tmla instead of the earlier proposed “four-
lobes” interpretation®¥) effectively updates the previously sug-
gested tentative scenario,®” where the tmla species were pro-
posed to adsorb in an essentially flat manner, similar to the
conformation they adopt in low-temperature-deposited hydro-
gen-bonded multilayers. Furthermore, summing these observa-
tions (i.e. the tmla species with one deprotonated group an-
choring to the substrate with ortho carboxylate moiety) with
the NEXAFS data, which suggest a 25 ° out-of-normal tilt of the
molecular plane in the adlayer, an intriguing chiral order in the
molecular domain becomes apparent. The molecular model of
the tmla adlayer, superimposed on the STM topograph of Fig-
ure 43, gives a schematic representation of the chiral ordering
in the tmla adlayer, essentially defined by the combination of
the deprotonation-driven anchoring to the substrate through
the ortho carboxylate moiety and the tilt of the molecular
plane. Consequently, two domain types can be designated as
R and S types (Figure 4).

This chiral ordering generally extends homogenously over
the entire terraces. The boundaries between the domains in
the organic-adlayer structure are extremely rare. An example is
shown in the STM image of Figure 4b, where one can identify
both chiral domains coexisting in a terrace, with the boundary
running along the Cu[011] azimuth representing the mirror
symmetry axis. The shift in molecular packing on the boundary
(5.1 A) arises from a misfit between molecular arrangements in
each enantiomer. This observation also nicely confirms that the
domains shown in Figure 4 are not related to STM imaging ef-
fects. The existence of azimuthally rotated domains is not ex-
cluded; however, because of the vast domain size, interdomain
boundaries are extremely rare.

The tilted orientation and directional substrate anchoring of
the tmla molecules suggest that lateral molecular interactions
are decisive in the formation of the extended chiral domains.
To reconcile the evidence obtained from XPS and NEXAFS
studies on molecular chemical state and orientation with that
obtained from the STM analysis, and to clarify the origin of the
supramolecular ordering, DFT calculations were performed. The
resulting model, explaining the essential features of all experi-
mental evidence, is depicted in Figure 5. With a tmla ortho car-
boxylate group (marked as “a” in Figure 5a), coupled to the
substrate by forming a Cu-carboxylate bond, and two carbox-
ylic groups in para positions (“b” and “c”), interweaving the
domain by H bonding and providing lateral correlation in the
structure, the most stable configuration was obtained. The cal-
culated tilt angle of the phenyl-ring plane with respect to the
surface normal was 25°.

DFT results for the tmla-Cu surface carboxylate coupling are
shown in Figure 6. The work function decreases (0.4 eV) upon
adsorption. The overall bonding energy to the substrate is
evaluated to be £,=3.1 eV. Such a large binding energy is un-

ChemPhysChem 2006, 7, 2197 — 2204

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ARTICLES

{ \"u
S o
R domain

Figure 5. Chirality generation and propagation in a tmla adlayer viewed by
DFT calculations. a) Details of chirality induction of tmla—with conformation-
al restriction—shown for the R-enantiomer geometry upon molecular self-
assembly. The copper-caboxylate bond, linking tmla to the substrate, is
marked as “a”; the moieties “b” and “c” are engaged in intermolecular car-
boxylic-carboxylic hydrogen bonds. Carbon is represented in green, oxygen
in red, hydrogen in white, substrate Cu atoms in yellow. The out-of-normal
25° tilt of the molecular plane is indicated. b) The mirror representation of
the R-enantiomeric tmla conformation with respect to the Cu [011] azimuth
generates the S chiral counterpart. Hydrogen bonds, locking the tmla mole-
cules within the domain, are represented by black dashed lines. c) Enantio-
pure R domain stabilized by lateral inter-tmla H bonding (marked with black
dashed lines) stabilizing a two-dimensional chiral motif.

derstandable since the molecule adsorbs as a radical given
that the hydrogen has been removed. Figure 6a shows the
electron-density difference due to the adsorption of tmla on
the substrate. The density shows the largest changes at the
two oxygen atoms of tmla bonded to the surface and at the
two nearest-neighbor copper atoms. The change is similar on
both oxygen atoms, showing that they are similar; thus they
are both in chemically equivalent states. The change shows a
rearrangement of the charge density due to the adsorbate-
substrate interaction on the oxygen atom. Figure 6b shows
the change resulting from the interaction of two neighboring
molecules. The hydrogen-bonding oxygen atoms experience
an electron density increase along the hydrogen-bond axis
and a decrease at the atomic site perpendicular to the bond
axis, and the hydrogen atoms lose part of their electron densi-
ty. Therefore, the interaction upon hydrogen bonding is mainly
electrostatic, as it was seen in a similar previous study.*® The
effect along the longer hydrogen-bond axis close to the [011]
direction is understandably weaker than that along the [011]
direction. We found the lateral adsorbate-adsorbate interac-
tion to be about 0.4-0.6 eV along the molecular lines by in-
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Figure 6. a) DFT calculation on the carboxylate anchoring of tilted monotri-
mellate on the Cu(100) substrate (the [011] direction is indicated). Electron-
density differences n(tmla/Cu)—n(tmla)—n(Cu) at the Cu-carboxylate bonds
are highlighted. b) Charge rearrangement as a result of hydrogen bonding
quantified by the interaction density.*® The contour levels are +0.028 (a)
and £0.013 e~ A~ (b); the colors indicate an increased (purple) and de-
creased (blue) electron density.

creasing the distance between the adsorbates in either of the
molecular-chain directions. Such a charge redistribution can
also result in a gradual shift of the involved oxygen species to
lower binding energies in the XPS spectrum (see above).

The Cu—O0 bonding distances obtained from the DFT calcula-
tions are 2.09 and 2.03 A, which are typical values for three-di-
mensional Cu-carboxylate compounds.®™ The pertaining sur-
face core-level shifts are reproduced in Table 2. Given are the
averages of the corresponding atoms, which have been shifted
so that the phenyl C1s and combined O, and O; peaks match
with the experimental values. This is justified by the fact that
the absolute DFT values are not precise due to the approxi-
mate exchange-correlation functional. The overall satisfactory
agreement corroborates the model.

It is important to realize that the deprotonation of one car-
boxylic moiety alone (which often involves an upright adsorp-

Table 2. Comparison of experimental and calculated surface core-level
shifts.
DFT Experiment

Qs

Phenyl 284.8 284.8

CO0 287.2 287.6
COOH 288.0 288.9

Ols

CO0 531.1 531.1

co 531.6 532.2

OH 533.6 533.9
2202 www.chemphyschem.org
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tion geometry®” 3¢ does not imply chirality induction of

tmla. On the other hand, the molecules do not adopt a flat-
lying conformation, which would be necessary to induce the
chirality of prochiral species; instead, the upright-adsorbed
tmla molecules preserve their mirror symmetry axis and can
rotate around the C—C o bond of the ortho group. However,
the collective spatial arrangement, where the para carboxylic
groups bind to the neighboring species via H bonding, induc-
ing a correlated tilt of the tmla molecules (Figure 5a), accounts
for supramolecular chiral packing. Consequently, the intermo-
lecular interactions, mediating the self-assembly, are the key to
chirality induction in the organic domains.

With the optimized geometry, the conformation of each in-
dividual molecule is effectively constrained to the surrounding:
one conformational restriction is provided by the binding to
the substrate and other two by the linkage to neighboring
species. In Figure 5a, this concept is graphically depicted. The
out-of-normal tilt of the tmla molecules (25°) is the result of
tmla-substrate bonding (Cu-carboxylate, marked by “a”) and
two carboxylic-carboxylic bonds (marked by “b” and “c”) to
the neighboring molecules, with an average H-bond length of
~2 A. Consequently, a chiral adsorption footprint of the con-
formed tmla with respect to the surface emerges and two en-
antiomeric tmla domains (R and S) can be distinguished by
their mirror symmetry with respect to the substrate [011] azi-
muth (Figure 5b). The optimized geometry of a hydrogen-
bonded R domain is reproduced in Figure 5c. The dominating
H-bond feature is the lateral coupling of adjacent benzoic-acid
groups where a bond length of 1.70 A is estimated from the
DFT results (Figure 6b). Surprisingly, the dimerization motif of
the carboxylic-acid moieties, typical for 3D carboxylic-acid ag-
gregates and frequently occurring in 2D self-assembled layers,
is suppressed; instead, the HO distance of 2.77 A along the
molecular axis in the supramolecular layer indicates the pres-
ence of a comparatively weak hydrogen bond.®"%? This feature
reflects that the substrate coupling with its distinct carboxyl-
ate-Cu anchoring motif is the strongest interaction in the tmla
layer.

The formed domains thus exemplify the induction of supra-
molecular chirality at the surfaces via noncovalent self-assem-
bly of achiral molecular components. In contrast to previous
studies, where the surface was used to induce 2D chirality of
prochiral species or where enantiomorphic packing of flat-
lying species occurred, with the present system the copper
substrate—through an effective provision of a template for
commensurate domain growth—supplies anchoring sites for
the monotrimellate species and, by itself, does not define (or
induce) chirality of the resulting assembly (contrasting with re-
cently reported systems, where chiral signature arises upon
specific molecule-substrate bonding®*®¥). For the latter, coop-
erative interaction phenomena in the self-assembly are respon-
sible. Because the organic layers are quite robust (once formed
they resist thermal annealing up to 480K), these cooperative
interactions are believed to be extremely effective, keeping the
homochiral arrangement intact. An intriguing feature of this
system is that the chiral signature can be changed by collec-
tive molecular rotations or tilt-angle flipping, whence the
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energy barrier for R-S “switching” is expected to be relatively
small.

The out-of-plane tilt and specific rotation of the molecular
plane around the carboxylate C—C bond prevent from continu-
ous transition between neighboring domains and indicate that
a particularly strong lateral correlation of the tmla molecules
exists within the domain, providing its substantial growth in
size. The typical absence of domain boundaries on the entirety
of a given surface terrace, leading finally to the development
of homochiral R and S phases on the micrometer-sized surface
areas, can be interpreted as follows: Whereas at elevated tem-
peratures (450K) molecular deposition results in the deproto-
nation of a carboxylic group and a possibly upright or random
conformation of the tmla species, cooling down promotes
spontaneous chiral resolution by the formation of H-bonded
domains. It is likely that at a given monoatomic terrace, larger
domains may consume smaller ones to minimize the energy of
the system by reducing the domain boundaries. The whole
process can be regarded as “spontaneous crystallization”, in
which a monodomain phase is energetically favorable.

In conclusion, mesoscopic chirality induction by supramolec-
ular self-assembly of tmla on a Cu(100) surface is reported.
Well-ordered structures evolve during molecular deposition on
an elevated-temperature substrate, and two enantiomeric
domain phases develop simultaneously at extended surface
monoatomic terraces. Chirality induction upon molecular self-
assembly is described by the conformational restriction of pro-
chiral tmla in the structure of enantiopure domains: Two car-
boxylic functionalities of the molecule are involved in specific
intermolecular H bonding, which results in a chiral motif due
to a tilt of the molecular plane off the surface normal, whereas
substrate anchoring is realized via copper—carboxylate bond
formation. The appreciable substrate-adsorbate interaction in-
duces changes in the surface morphology, which results in the
formation of extended homochiral pm-scale terrace patterns.
This can be regarded as a first step in a coordinated process
(chiral-signature induction along with surface restructuring) to
obtain potentially homochiral substrates.

Experimental Section

Sample Preparation: The experiments were performed in two ultra-
high vacuum (UHV) systems with a base pressure in the low
107" mbar region. Standard procedures of repeated cycles of Ar-
ion bombardment (10 uA, 500 eV, 300K, 20 min) and subsequent
annealing (800K, 15 min) were performed to obtain an atomically
flat Cu(100) surface with regions showing monoatomic terraces of
around 100 nm width. The cleanliness was monitored using XPS (in
the case of XPS/NEXAFS experiments), and the surface was shown
to be free from hydrocarbons and oxygen-containing species prior
to the deposition experiments. In both preparation chambers, tmla
was sublimated from powder (Sigma Aldrich, >99%) using a
home-built Knudsen-type evaporation cell held at 415K. Multilayer
tmla deposition was carried out on the surface held at 120K, with
subsequent measurements performed at the same temperature. To
achieve regular supramolecular monolayer domains (1 ML corre-
sponds to a close-packed saturated organic layer), tmla was depos-
ited with the substrate temperature kept at 450K to increase sur-
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face mobility and allow for the chemical reactions necessary for
the formation of well-ordered phases.

Scanning Tunneling Microscopy: The STM experiments were per-
formed in situ, followed by a cool-down to room temperature. Mo-
lecular deposition rates were calibrated by area estimation from
the STM images at (sub)monolayer coverages. The images were re-
corded at room temperature using a home-built VT-STM setup
with typical tunneling conditions [/=0.5 nA and V(sample)=1 V].

XPS and NEXAFS Measurements: were performed in a UHV setup
at the HE-SGM beam line at the Berlin synchrotron radiation facility
BESSY II. The analysis chamber was equipped with a sputter gun, a
quadrupole mass spectrometer, a twin-anode X-ray source, and a
CLAM2 energy analyzer. All NEXAFS spectra were recorded in the
partial electron yield (PEY) mode using a home-built electron de-
tector based on a double-channel plate. For the energy calibration
of each NEXAFS spectrum the photocurrent of a carbon-contami-
nated gold grid, with a characteristic peak at 284.9 eV, was record-
ed simultaneously with each spectrum. The energy scale was cali-
brated using the C1s—x* transition of graphite at 285.4 eV. The
gold grid was also used as a radiation-flux monitor. For the
NEXAFS experiments the resolution was set to AE=0.4¢eV at
300 eV. The C1s NEXAFS raw data were normalized by a procedure
consisting of several steps: First, the spectrum recorded for the
clean substrate was multiplied by a correction factor, to yield equal
intensities in the energy range 272-278 eV, and then subtracted.
The resulting data were then corrected for the beam-line transmis-
sion by division through a spectrum obtained for a freshly sput-
tered gold wafer. Finally, the spectra were normalized to yield an
edge jump (difference intensity between 275 and 325 eV) of one.
The variation of the NEXAFS resonance intensities with the photon
angle of incidence was used for the quantitative determination of
the average tilt angle of the tmla molecules with respect to the
surface normal. The analysis was performed according to the pro-
cedure described in the book by J. St6hr.® Briefly, the average tilt
angles of the tmla molecular plane are obtained using the follow-
ing procedure: First, the intensity (area) of resonance #1 is deter-
mined for each angle. A plot of the intensity versus the angle of in-
cidence for a vector-type orbital on a substrate with a more-than-
threefold symmetry is created by plotting the curves for the differ-
ent tilt angles (between 0 and 90 degrees) using a polarization
factor of 0.82. The curves are calculated using formulas, which
have been obtained by averaging over all azimuths, that is, the
preferential azimuthal orientation is not considered. The intensities
are normalized by only one free parameter until the best fit to one
of the curves (corresponding to a certain tilt angle) of the diagram
is obtained.

For the XPS measurements, the carbon 1s and oxygen 1s peaks
were acquired with a beam energy of 400 and 650 eV, respectively.
The pass energy of the analyzer was set at 50 eV. For the quantita-
tive analysis, a complete set of XP spectra was acquired, in addi-
tion, with the Al K, radiation of the lab source, with a pass energy
set at 100 eV. Core-level photoemission spectra were fitted, with a
number of component peaks and a background, using Voigt func-
tions as line shapes of the individual components in the PeakFit
software.

DFT Calculations: were performed with the generalized gradient
approximation (GGA) of Perdew et al.®® as the exchange-correla-
tion functional in the Kohn-Sham equations.*” The electronic
wavefunctions were expanded in a plane-wave basis setup to a
cutoff energy of 36 Ry, and the core-valence interaction was mod-
eled with the ultrasoft pseudopotentials of Vanderbilt.”® Three
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substrate layers (the first one was relaxed with the adsorbate layer)
together with 8 A of vacuum were employed, and a (4x4) grid of
Monkhorst-Pack® k points in the first Brillouin zone was used to
approximate the integration over the reciprocal space. Simulated
annealing- and geometry-optimization methods were used to find
the optimal structure.

Keywords: chirality - density functional calculations
hydrogen bonds - photoelectron spectroscopy : scanning
probe microscopy
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