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Abstract: The self-assembly of the rodlike two-dimensional chiral molecule 4-[trans-2-(pyrid-4-yl-vinyl)]
benzoic acid on the Cu(100) surface has been investigated by scanning tunneling microscopy. Upon
adsorption at T = 300 K, the molecules are deprotonated and assemble in parquet patterns when the
coverage remains below a critical value. Corresponding high-resolution data reveal that the ordering implies
mesoscopic chiral resolution as a result of chiroselective interactions (i.e., two domains comprise exclusively
one enantiomer). When the critical coverage is exceeded, an abrupt transition to a single racemic phase
is observed with a different lateral molecular coupling scheme. The shifting of the subtle balance between
the weak lateral coupling, substrate bonding, and the packing requirements encountered with the increased
molecular coverage is suggested to be the driving force for this homochiral-to-heterochiral phase transition.

1. Introduction

domains?19-22 Chiral resolution reflects chiroselective interac-

tion mediated by noncovalent interactions such as hydrogen

2D chiral systems consisting of chiral or prochiral mf?'eCH'af bonds, electrostatic forces, van der Waals interactions, and
building blocks adsorbed at surfaces have been studied intenyeta}-ligand interactions. Furthermore, the atomic structure of
sively over the past few years in view of the|ru_n|que Properties the substrates influences the ordering since the adsorbed
and technical relevance (e.g., in enantioselective heterogeneousnolecules usually prefer specific adsorption sites and orienta-

catalysid2 or nonlinear optics}Recent studies conducted under  tions. Because the balance of all these effects determines the

ultrahigh vacuum conditions using scanning tunneling micros- final situation, a subtle change in one of them is able to shift

copy (STM) revealed in exquisite detail that complex organic the potential landscape and lead to different thermal equilibrium
molecules frequently organize in a wide variety of chiral phases configurations.

upon adsorption on metal surfaces.In particular, chiral

In this article, we present a scanning tunneling microscopy

recognition and resolution can occur in the self-assembly of (STM) study of a system where mesoscopic chiral resolution
racemic mixtures of both chiral molecules and prochiral species in assembly of 2D chiral rodlike molecules is effective only

whose chirality is induced by the 2D confinement at a surface. under the condition that the molecular coverage remains below

As a result, distinct homochiral arrangements evolve, such asa critical value. For higher coverages, the molecules form a

cluster$s11 1D arrangement® 18 and 2D extended
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bonding between carboxylic acid and pyridyl moieties and weak
chiroselective lateral interactions. The binding energy of the
dominating G-H-:-N bonds was estimated t©9.2 kcal/mol

H (0.4 eV) per moleculé? With the self-assembly of PVBA on
' o C Cu(100), the chemical reactivity of the substrate plays an
s N important role. It has been shown that deprotonation of
carboxylic acids typically occurs on copper surface at intermedi-
e O ate temperature’-30 In the present case, X-ray photoemission

spectroscopy data indicate that PVBA's carboxylic group readily
undergoes deprotonation upon deposition on Cu(100) which is
at room temperaturg,that is, the benzoate species is formed,
+-PVBA 5-PVBA to which PVBA refers in the following. An important conse-
Figure 1. Chemical structure of PVBA. The 2D chiral species encountered quence of the _depmtonatlon IS that it prevents head_to?ta"
upon adsorption are labelédand d. hydrogen bonding. However, the benzoate and the pyridyl
moiety can be engaged in intermolecular coupling schemes
racemic layer. These findings are related to earlier low- throughweak hydrogen bonding to adjacent molecules’ aromatic
temperature STM observations from'iBmger et al., who  rings
reported a chiral phase transition dependent on molecular2. Experimental Section

coverage for the case of nitronaphthalene molecules on Au-  gampe preparation and characterization have been conducted in a
(111)18 At low coverage, nitronaphthalene forms 1D homochiral home-built ultrahigh vacuum (UHV) STM system (base pressiBe
double chains. With increasing coverage, a racemate structurex 10-° mbar)3 The Cu(100) surface was cleaned by repeated cycles
gradually developed where the homochiral phase and theof Art sputtering and subsequent annealing at 800 K. This procedure
heterochiral phase coexist. The driving forces were associatedled to the formation of atomically flat terraces of up to 200-nm width.
with the preferred molecular adsorption at different sites of the The synthesis of the PVBA molecules is described in refs 23 and 24.
inhomogeneous substrate and intricate intermolecular electro-The PVBA sample in powder form was deposited by organic molecular
static interactions. However, with the present system we find a Peam epitaxy (OMBE) from a Knudsen-cell type evaporator. The
rather sharp phase transition on a homogeneous square substrat@,mperatUIre of the cell was held at .(445:(1)'2) K, and t.he Cu(100)
where homochiral phases are present exclusively until a critical surface was at 300 K during deposition. Upon annealing the samples

d th L h h hiral oh - for a few minutes at temperatures between 400 and 450 K and
coverage and the transition to the new heterochiral phase ISsubsequent cooling to 300 K, we performedgitu STM measurements

completed within a very narrow coverage range. The driving 4 300 K in the constant current mode with a typical tunneling current
force governing the transition is ascribed to the packing of 1 nA and bias voltage of 0.5 V. The observed STM topography
constraints at the high molecular coverage overriding repulsive remained unaffected by the STM measurement after several consecutive
intermolecular interactions. scans of the same area. The deposition rate was calibrated from the

We employed the molecule 4rfins-2-(pyrid-4-yl-vinyl)] molecular coverage in 20Q 200 nn? STM images taken at different

. . . . . H 1 in—1

benzoic acid (PVBA), which has been designed for nonlinear SPOts of the sample and€0.0036 PVBAx Cu atom™ x min. We
optics applicationd24 PVBA is a rigid and planar species define a coverage of 0.05 PVBA Cu atont? as the critical coverage
comprising a pyridyl moiety (which will be referred to as “head” (@c).
in the following) and a carboxylic acid moiety (“tail’) linked 3. Results and Discussion
together by an ethenylene bridge. The free molecule has alength 3.1. Chiral Resolution in Parquet Patterns below the
of 12.5 A and is prochiral in the gas phase. Upon adsorption at Critical Coverage. In Figure 2a, a typical STM topograph
a metal surface, the angled structure related to the ethenyleneshowing the ordering of PVBA below the critical coverage (0.36
C—C bond imposes 2D chirality 14 (see Figure 1; this is a o) is depicted. Two domains displaying different orientations
pure consequence of 2D confinement). The adsorption andcan be distinguished in the upper and lower parts of Figure 2a,
supramolecular self-assembly of PVBA at different metallic where the molecular axis is rotated ©y1.1° or —11° away from
substrates have been studied previously. On Pd(110), thethe [001] substrate direction, respectively. The parquet domains
molecule-substrate interactions dominate and no chiral ordering comprise areas with “square voids” (region A in Figure 2a, for
phenomena were observéefs On Ag(110), PVBA induces a  example) and “rectangular close-packed” arrangements (region
mesoscopic arrangement of regular chiral stén Ag(111), B in Figure 2a) where the molecular density is apparently higher.
it was found that PVBA self-assembles into homochiral twin These substructures are designated as types A and B, respec-
chains running along high-symmetry directions of the substrate tively. More insight into the PVBA packing in the domains can
lattice12-14 These chains are composed of PVBA enantiomers be gained from the high-resolution data in Figure 2b,c, where
whose coupling is mediated by sequential head-to-tail hydrogen-submolecular features of individual species are clearly resolved.
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ascribed to the carboxylate moiety and the more flat side is
ascribed to the pyridyl moiety, based on a careful comparison
with high-resolution images of an F€VBA metal-organic
coordination network on the same surf&&&herefore, unam-
biguous correlation of the imaged inner structure with the
molecular geometry could be achieved, allowing us to conclude
that in a dimer two PVBA units are facing each other with their
pyridyl moieties (i.e., in a head-to-head configuration), as shown
by the model shown in Figure 2d. Note that the bonding length
and observed orientation exclude a Cu-adatom mediated cou-
pling of the dimers, which was encountered with related
systemg? By contrast, this arrangement is similar to the one
adopted for pyridine dimers as reported in the literafiire.
Moreover, the high-resolution images allow for the determina-
tion of the chirality of individual molecules (cf. Figure 2b,c),
and a systematic scrutiny of submolecular-resolution STM data
clearly reveals that the two PVBA units in a dimer always
display the same handedness.

As shown in Figure 2a, the dimers are organized in domains
covering entire terraces as large as 100 nm. In the corresponding
parquet pattern no distinct unit cell can be defined, and there is
similarly no regular long-range ordering. Nevertheless, some
key features are universally encountered. First, the linear
molecular packing is restricted to the dimers, that is, there are
no longer segments or continuous chains, rather the endgroups
of the dimer molecules always point to centers of adjacent
PVBA. This is in agreement with the expected repulsion
between the negative carboxylate groups terminating both ends
of the dimers and the endgroups of neighboring molecules.
Second, the domains are exclusively built out of dimers from
one PVBA enantiomer, as exemplified in Figure 2b, where a
0-PVBA domain is depicted. This similarly holds fé+PVBA
domains. Consequently, the domains are enantiomerically pure
homochiral phases.

Models for the packing of thé-PVBA andA-PVBA domains
based on high-resolution STM images are depicted in Figure
Cto0 o) covrane e Aot K P e where, 3 We assumed an unrelaxed configuration of he PVBA
different local substru?:tures ére aistigguished. (b,c) High-resolution images qarboxylate and the absence of adsorptlon-lnduced reconstruc-
of a chiral domain built fromd-PVBA. (d) Structural model of PVBA tion of the copper substrate. Following results from DFT
superimposed on the high-resolution data revealing the chiral resolution. calculations indicating that benzene adsorbs at hollow sites on
Cu(100)38 the aromatic rings bearing the carboxylate moieties
were assumed to be located at 4-fold hollow sites of the Cu-
(100) substrate. The N atom of the pyridyl moiety is then located
in near-bridge site. The homochiral models fit properly with
the STM data when superimposed on the latter, as shown in
Figure 3a,b, validating our assumption of chiral resolution in
domain formation. Moreover, it can be seen from the propeller-
shaped features in Figure 3a,b that the two domains comprise
mirror-symmetric motifs. These motifs, which can be found at
the junctions between squares, are always turning counterclock-
wise in thed-PVBA domain (Figure 3a) and clockwise in the
A-PVBA domain (Figure 3b). They are designated left-turning
(L) and right-turning (R), respectively. The L motif is turned
clockwise compared to the [001] direction, and the R maotif is
turned counterclockwise. The dimers’ orientation is inferred
from the model by defining it as the axis across the center of

The molecules are imaged as 1.5-A-high dog-bone protrusions
with a length of~12 A. The apparent height is a typical value
for planar aromatic molecules withmaelectrons system oriented
parallel to the surfac®.33-3% The shape and extension of the
imaged molecules agree with that of an isolated PVBA
molecule, whose length is 12.3 A in the unrelaxed configuration.
This clearly suggests that PVBA is adsorbed in a flat-lying
geometry, with the aromatic rings parallel to the surface.
Within the domains dimeric PVBA units prevail (cf. Figure
2b), that is, the two molecules form pairs with the long
molecular axis aligning parallel in a row. This holds for both
“horizontal” and “vertical” dimers which are identical and just
90° rotated, reflecting the fourfold symmetry of the Cu(100)
surface. High-resolution data allow us to distinguish substruc-
tures within single molecules, as shown in Figure 2c. The side
consisting of two main lobes and a nearly “evanescent” one is
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Figure 3. (a,b) STM topographs of the two homochiral arrangements in

enantiopure parquet pattern domains. The junctions between squares are

always turning counterclockwise in th&#PVBA domain (in blue) and
clockwise in thel-PVBA domain (in yellow). (c,d) Corresponding models
with 6-PVBA and1-PVBA.

the molecules’ phenyl rings. As a result, we find that the dimers
are oriented in the [015] and [@bdirections for the L domains
and in the [051] and [(8] directions for the R domains. This
corresponds to rotations of the dimers by 2laBd—11.3 with
respect to the [001] direction, in good agreement with the STM
observations. Thus, the chiral motifs of L and R domains are
built by 6-PVBA and A-PVBA, respectively. The Cu(100)
substrate has a fourfold symmetry, allowing in principle for a

total of eight different arrangements: two chiral arrangements,
both of which can have four different rotated representations.
However, since the parquet domains are built from perpendicular

dimers, 90 or 18C rotations are redundant and we can only

distinguish the sketched L and R domains. Thus, two levels of

chirality are encountered: molecular point chirality (i.e., adsorp-

tion-induced symmetry breaking) and mesoscopic organizational

chirality (homochiral dimers and homochiral domains). On the

macroscopic scale, the surface, being covered by a mixture of

homochiral domains, remains racemic.

We now focus on the intermolecular coupling of the PVBA
units. Potential hydrogen bonds are depicted in Figure 4a

molecules have a binding energy of a 0.3 kcal/fdExperi-
mental data supported by ab initio calculations show that the
binding energy can reach-1.72 kcal/mol for the case of
4-methoxybenzaldehyde dimers in the liquid phase withHO
distances of 2.46 and 3.16%&In addition, the G-H---O bonds

are less directional than-@H---O bonds* These features signal
that G—H---O bonding can be invoked to explain the ordering
of the PVBA molecules with the present system. In the case of
PVBA molecules self-assembled in twin chains at the Ag(111)
surface, a lateral cohesive energy of 2.1 kcal/mol (90 meV) per
molecule was estimated, where the-® distance in the
potential lateral €&H:--O hydrogen bonds was-2.8 A,
comparable to some of the distances obtained from the modeling
in the present case. Moreover, since carboxylate moieties exist
in the present case we expect significantly increased binding
energies as the charged oxygen atoms of the carboxylate
moieties are stronger hydrogen bond acceptors (note that this
effect might be partially leveraged by screening from the metal
substrate). It is worthwhile to point out that the°9ateral
bonding is similar to those encountered in PTCDA and NTCDA
systems assembled at various surfd€&oncerning the pyridyl
groups, the €H---N binding energy can be of the same order
of magnitude as that of €H---O bonds with neutral oxygett.
Specifically, with pyridine dimers, DFT calculations indicate a
H---N distance of 2.6 A and a modest&---N binding energy

of 1.32 kcal/moB” Therefore, by comparing similar systems in
3D and 2D, the molecular arrangement observed here can be
rationalized by weak €H---O and possibly €H---N coupling.
Nevertheless, detailed calculations will be needed to clarify these
points unambiguously.

The model in Figure 4a shows that the carboxylate groups
of the horizontal PVBA can be engaged in bifurcated hydrogen
bonds with a total of three hydrogen atoms of the vertical PVBA
(one H atom of the pyridyl ring, one of the ethenylene backbone,
and one of the phenylene rint) On the left side, three of the
four bond lengths (H-O distance) are around 2.0 A (assuming
an unrelaxed geometry), and the bond angles are close fo 165
On the right side, only one short bond length~a2.0 A can be
found, while the other three bond lengths are around 3.2 A,
implying that this configuration is less favorable. For three of
the bonds on the right side the bond angles~ai80°, which
is favorable for the strength of the H-bonds. However, weak
and moderate H-bonds only have weak directionality, meaning
that the bond strength decreases only by a small amount when
the bond angles deviate from 188 Therefore, bonding to the

left side of molecules in an L domain is preferred. This

" argumentation is supported by a statistical analysis of STM data

Estimated distances and angles between the atoms, as deter(based on 600 molecules), which indeed reveals that at8.4

mined from this model using unrelaxed configurations, are

approximately 76% of all carboxylate groups bond in the

displayed in Table 1. These values are comparable with thosefavorable configuration and only 24% in the less favorable one.

found in other systems where weak hydrogen bonding interac-
tions are responsible for structural arrangements. Although

C—H---O bonds are considerably weaker than-i@--O or
O—H---N hydrogen bonds, they are ubiquitous in macromo-

lecular systems and have an important impact on the packing

of many organic crystaf:4°Ab initio calculations indicate that
C—H---O interactions between CHand oxygen in water

(39) Desiraju, G. R.; Steiner, TThe Weak Hydrogen Bond in Structural
Chemistry and BiologyOxford University Press: Oxford, 1999.
(40) Desiraju, G. RAcc. Chem. Red.996 29, 441.
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Figure 4. (a) Tentative model showing potential intermolecular hydrogen bonds for the preferred homochiral arrangement in the parquet pattern. (b,c)
Models illustrating the poorer coupling encountered in hypothetical heterochiral configurations. In both cases significant larger disteridesnaf §--H
are encountered.

Table 1. Values of the Distances and Angles between Atoms
Involved in Potential Hydrogen Bonds Inside a Domain, Derived
from the Model in Figure 4a Assuming an Unrelaxed Molecular
Geometry? g 0.34
C-Y distance H---Y distance C-H---Y angle %
C-H:--Y Gy Gy (deg) o
C—H--N 2.95 2.2 127 L 024
C—H---0 (1) 2.8 1.75 166 =
C—H--0(2) 3.7 2.55 160 ¥
C—H--0 (3) 3.0 2.1 141 b
C—H---0 (4) 2.8 1.75 153 = 014
C—H---0 (1) 34 24 180 .2
C—H--0 (2) 43 3.4 138 g
C—H--0 (3) 4.4 3.3 180 &=
C—H-0 (4) 4.1 3.0 170 0.0 T T T T T T T T T T T 1
0.28 0.42 0.56 0.70 0.84 0.98
aThe favorable lateral carboxylat€H coupling in the parquet pattern PVBA molecular coverage ()

is printed in bold.
Figure 5. Fraction of the type A regions as a function of the global PVBA

; ; i1, coverage. The line is drawn as a guide for the eye. The two insets show
to the type A regions. In contrast, the type B regions necessarily typical STM topographs at coverages well below (0§ and close to

comprise both lateral bonding schemes. the critical value (0.981c).

Figure 4b shows a tentative model for a hypothetical
heterochiral dimer, revealing that the potential binding between more open type A regions are energetically preferred because
the two pyridyl moieties would be even weaker than that of the of the advantageous lateral coupling.
observed homochiral dimers because of the increasediN 3.2. Racemic Butterfly Phase above the Critical Coverage
distance if the molecules preserve the energetically favorable a.. Upon increasing the molecular concentration above the
adsorption sites. Moreover, Figure 4c depicts a hypothetical critical value ¢ic, 0.05 PVBA per Cu surface atom, correspond-
model showing the binding betweerdadimer and al-dimer. ing to a surface fully covered with the type B regions described
This configuration is unfavorable compared to the binding in above), we encountered a sharp transition to a new phase. Figure
strictly homochiral arrangements modeled in Figure 4a. Thus, 6a depicts an STM topograph of a sample with a coverage of
the chiral recognition can be readily understood on the basis of 1.1 ac. The parquet pattern has completely vanished, and a
the formation of the energetically favored intermolecular regular single phase has developed. This new phase can be
hydrogen bonds. similarly obtained by deposition of additional PVBA on top of

The lateral carboxylate coupling thus naturally explains the the homochiral phase and subsequent annealing between 400
existence of voids in the low-density parquet patterns. Chiral and 450 K. The formation of the new “butterfly” phase (named
resolution occurs up to the critical coverage where the domains after the underlying motif described below) sets in at the critical
consisting of A-type and the B-type regions cover the entire coverageoc, where it intially coexists with the parquet phases
surface. The proportion of type B regions augments with until it covers the entire surface for coverages in excess of
increasing coverage at the expense of type A regions. In Figure~1.1 oc.
5, the fraction of the type A regions is plotted as a function of ~ Despite the frequent domain boundaries encountered, the new
the global molecular coverage and the insets show typical phase shows long-range order within the entire domains, in
topologies for coverages well below and close to the critical marked contrast to the parquet patterns. As highlighted in Figure
value. From the experimental data, the PVBA molecules in the 6b, it comprises butterfly-like units made from four PVBA.
type B regions are more closely packed).05 PVBA per Cu These features from a regular square lattice where adjacent
atom, compared with the estimated packing density-0f04 butterflies are rotated by 90The corresponding square unit
PVBA per Cu atom in the type A regions. Hence, the observed cell has a size of 3 nfrand is oriented along the high-symmetry
trend is attributed to steric constraints at high coverage. The [001] direction of the Cu(100) substrate, corresponding to a p(12

J. AM. CHEM. SOC. = VOL. 127, NO. 28, 2005 10105



the higher packing density prevents chiral resolution in the
assembly.

A tentative model for the butterfly structure is depicted in
Figure 6¢, assuming that the PVBA substrate coupling is similar
to the one in the parquet patterns. The structure may be viewed
as composed of propeller-shaped units. Each unit is made of
four PVBA molecules of the same chirality and thus represents
a chiral cluster, in which the lateral intermolecular coupling is
again due to carboxylate moieties engaged in weak tail-to-side
C—H:---O hydrogen bonding (H-O distance is 2.4 A). The
overall structure is built by a 1:1 mixture of the propeller units,
which are turning in two opposite orientations and form the
square pattern highlighted by the colors in the model. Thus,
this phase can be considered as racemic mixture. Obviously the
propeller units are shaped and squeezed together on the surface
as a consequence of the packing requirements at the high
molecular density. This is understood as the driving force of
the resulting rapprochement between the nitrogen and hydrogen
atoms of the pyridyl moiety. Note that a related example of
steric repulsive interactions as driving force for self-assembly
was recently reported for the case of helicene on Cu(111) at
high coverag@! With the present system, the steric repulsion
is associated with a marked structural transition as the coverage
reaches a critical value and the packing requirements shift the
subtle balance of the weak forces determining the self-assembly
scenario.
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4., Conclusion

In conclusion, the study of PVBA molecules on Cu(100)
provides new insight into 2D chiral self-assembly phenomena.
Upon confinement in 2D PVBA molecules exist in two
enantiomeric forms on the surfage @ndA-PVBA). From high-
resolution STM images the chirality of individual molecules
was determined. Up to a critical coverage of 0.05 PVBA per
Cu atom, mesoscopic chiral resolution occurs and the subtle
Figure 6. (a,b) STM topography of the butterfly phase obtained for a pajance between lateral intermolecular and moleesigstrate
coverage exceeding the critical value (tid, after annealing to 450 K) . . . .

The squares indicate the superstructure unit cell. In the high-resolution imagelNteractions leads to the formation of enantiopureand

in (b) orbitals at the ethenylene bridges are signaled by arrows. (c) Tentative domains. An abrupt structural transition is observed for cover-
model of the racemic layer with propeller features colored according to ages exceeding the critical value, where the mesoscopic
their tuming directions. organizational chirality is suppressed and the molecules as-
x 12) superstructure. The packing density is 0.055 PVBA per semble in a single homogeneous phase comprising daitd

Cu atom (i.e., 10% higher than that of the type B region in the } species. The driving force that suppresses the chiral resolution
homochiral phase). is associated with the packing requirements overriding lateral

The observation of a single phase suggests that mesososcopigepulsions at high molecular coverage.
chiral resolution and organizational chirality are absent in the
?he(;/v ;)Cgi\e'szggi;iesg r:hﬁ;’v ;gzgr:;retigugggsmfai’ ivr\]/h{ehrs Houston, Texas) for providing the PVBA molecules. This work
homochiral parquet phase. Although the resolution is not as highWas supported by DFG, ESF, and EU.
as in Figure 2b,c, one can distinguish the two protrusions JA0525049
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