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ABSTRACT  

Two dimensional molecular assemblies on surfaces have opened a way to design and control 

chirality, featuring promising electronic and chemical properties that depend on the local 

handedness of the layer. Yet, the mechanisms leading to spontaneous chiral resolution are not 

fully understood at every reaction stage. Here, starting from achiral 10-bromoanthracene-9-

boronic acid as molecular precursor, we demonstrate enantiomeric induction in the products 

during the stage of covalent bonding, stemming from the competing point symmetries of the 

Ag(001) supporting surface and the reaction products. Upon dehalogenation and dehydration of 

precursors, hexagonal boroxine rings linked by organometallic anthracene dimers form, which 

undergo a strong interaction with four-fold symmetric substrate. The pro-chiral structural 

character of the resulting oligomer and its impact over the spatial distribution of the electronic 

molecular states are revealed by high resolution scanning tunneling microscopy and 

spectroscopy. 
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INTRODUCTION 

Chiral crystallization of a racemic or achiral set of precursors is a striking phenomenon. 

Still, nature tends to depart spontaneously from random distributions of enantiomers.
1,2

 A 

necessary condition for chirality is the breaking of inversion symmetry, which can be achieved 

by carrying out the synthesis atop a surface. For instance, the surface of water droplets is thought 

to polymerize 2D crystallites of homochiral oligopeptides, a key ingredient of the prebiotic 

soup.
3
 The process of biomineralization, which often leads to chiral macrostructures, is explained 

in terms of asymmetric biomolecules interacting with the step edges of inorganic crystalline 

surfaces.
4
  Another advantage of using surfaces is the confinement of reactants to a 2D space, 

which lowers their degrees of freedom and allows minute energy differences between 

enantiomorphic geometries to induce spontaneous chiral resolution
5–7

 and chiral amplification.
8
 

However, the vast majority of experimental studies about homochiral segregation on surfaces at 

the single molecule level is restricted to molecular self-assemblies where the building units are 

not covalently linked to each other.
9–12

 At the level of chemical bonding, understanding the role 

of a surface in chiral resolution requires the use of a well-controlled 2D reaction environment. 

For this purpose, the use of on-surface synthesis (OSS)
13

 techniques is a very convenient 

strategy.  

OSS is a powerful synthetic approach in vacuum where the supporting substrate catalyzes 

several steps and at the same time is used to steer the reaction towards low dimensional products 

confined to the surface plane. Molecular precursors with specific chemical functionality diffuse 

throughout the surface to form designated covalent molecular nanostructures. In this process, the 
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constrains imposed by the molecule-surface and molecule-molecule interactions play a critical 

role. In the last decade OSS has shown its potential to produce organic macromolecules and 

graphene nanoribbons
14,15

 with atomically precise control over both the internal structure
16,17

 and 

the edges.
18–20

 Chiral precursors can naturally form planar prochiral (formally achiral molecules 

that become chiral by the desymmetrization introduced by the adsorption surface) molecular 

structures via OSS.
20–22

  Another possibility is that a heterochiral adsorption footprint
6
 breaks the 

inversion symmetry of achiral reactants, giving rise to purely electronic chirality in certain 

molecular orbitals
7
 or even to prochiral macromolecules via selective bond activation.

23
 

Here we report the synthesis of a structurally prochiral organometallic framework (MOF) 

starting from achiral precursors, where the prochirality is induced by the different point 

symmetry of the substrate lattice and the polymer itself. Individual 10-bromoanthracene-9-

boronic acid (BABA) molecules were sublimated onto a clean Ag(001) surface kept at room 

temperature. Simultaneous debromination and dehydration of the B(OH)2 moieties
24,25

 results in 

a polymeric network consisting in boroxine hexagons (B3O3) interconnected by C-Ag-C 

organometallic (OM) bonds
26

 (see Fig. 1). The chirality appears as a consequence of the 

competition between the threefold symmetry of the B3O3 rings and the interaction of the Ag 

atoms with the four-fold symmetric substrate. This competition invariably leads to enantiomeric 

building units that undergo chiral recognition at the OM bonds.  The proposed mechanism 

broadens the pool of chemical pathways to obtain chiral frameworks, and could be applied to the 

bottom-up synthesis of 2D chiral polymers with responsive behavior to chirality, such as amino-

acid sensors, filters, or seeds to transfer the chirality into the third dimension for asymmetric 

catalysis.  
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EXPERIMENTAL METHODS 

Experiments were performed with an ultrahigh vacuum low temperature scanning tunneling 

microscope, the Joule-Thomson scanning tunneling microscopy (JT-STM) system (SPECS), 

with a pressure better than 1 × 10
-10

 mbar. The current (It) is measured in the tip, which is 

grounded, and we use sample bias (Vs) convention. The atomically clean Ag(001) surface was 

prepared by cycles of ionized argon sputtering at 1kV, 3   10
-6

 mbar and subsequent annealing 

at 450˚C. The BABA molecules were sublimated at a temperature of 200 ºC from a homemade 

resistive evaporator onto Ag(001) surface held at room temperature, regulating the  deposition 

flux to 0.1-0.4 ML/min by means of a quartz microbalance. After deposition, the samples were 

transferred to a SPECS JT-STM operating at 4.2K. Differential conductance dI/dV data were 

acquired using a lock-in amplifier at 913Hz and modulation voltage of 8.8 mV, in constant 

height mode for the maps and constant current mode for point spectra. All images were analyzed 

using WSxM.
27

  The X-ray photoelectron spectra (XPS) of the precursor powder were measured 

on a XPS Spectrometer Kratos AXIS with an monochromatic incident radiation from a Al Kα 

source (Supplemental Figure S1).  

 

RESULTS AND DISCUSSION 

BABA molecules were synthesized following ref. 
28

 and then sublimated onto a Ag(001) 

surface held at room temperature. Fig. 1a shows a STM image of a representative sample with 

two distinguishable phases. The chemical bifunctionality of BABA precursor including a 

bromine and a boronic acid moiety per molecule, opens the door to two different chemical 

reactions: Ullmann coupling and dehydration of boronic acids. Correspondingly, we find on one 
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hand organometallic dimers (OD phase) that self-assemble into crystalline islands, and on the 

other hand, nested organometallic structures of linked boroxines with different lengths (MOF 

phase). The presence of these different phases suggests that there are two coexisting reaction 

paths (see Fig. 1b). Path A yields the formation of the organo-silver dimer, which is a well-

known intermediate of the Ullmann coupling on Ag surfaces,
26,29

 and typically precedes the 

covalent C-C bonding after the reductive elimination step. In the OD phase the boronic acid is 

cleaved. Path B takes place when three BABA precursors or organo-silver dimers retaining the 

boronic acid group undergo a dehydration reaction, forming a 2D structure of boroxine rings
30,31

  

linked by organometallic dimers. Deposition onto samples held at low temperatures could shed 

further insight into the reaction order of dehydration and debromination. As illustrated by Fig. 

1a, in the MOF phase we have found oligomers of up to 14 boroxine units linked by 

organometallic dimers. 

 

Figure 1. (a) Constant current STM image (Vs = 0.5 V; It = 0.05 nA) of a representative BABA 

sample on Ag(001) showing two different phases: organometallic dimers phase (OD) and 

organometallic linked boroxines (MOF). (b) Schematic reaction pathways of the products 
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obtained after BABA deposition on Ag(001): organo-silver dimers (Path A) and covalent 

organometallic framework of linked boroxines (Path B). d(Ag-B) points the distance between the 

metallic center of an organometallic dimer and the corresponding boron. The hydrogens are 

removed from the chemical structures for simplicity. 

 

The absence of B3O3 rings when BABA are deposited on Au(111) (see Supplementary Note) 

ensures that the condensation into boroxines observed on Ag(001) does not take place in the 

crucible or during sublimation, as occurs with smaller boronic acids.
32

  In order to check whether 

the B-C bonds in the pristine BABA powder are broken while heating up the crucible, we 

performed X-ray photoemission spectroscopy. We find no changes in either the binding energy 

of the B1s edge or the relative boron/carbon ratio (see Supplementary Fig. S1) after repeated 

sublimations of the powder. Hence, we conclude that most of the BABA precursors reach the 

Ag(001) surface intact. Under these conditions, we could expect that all precursors dehydrate on 

surface to form a boroxine, but instead we observe anthryl units bonded to boroxines (38.2±1% 

as derived from statistical analysis of 6100 anthracenes) and no intact acid groups at all, which 

points towards a strong tendency to the C-B cleavage of the B(OH)2 groups on coinage metal 

surfaces (see data on Ag(111) and Au(111) in Supplementary Note). This finding could be 

applied to implement Suzuki cross-coupling
33

 in OSS using similar precursors to produce 

graphene nanoribbons. In our case, the smooth anthracene edges at the position previously 

occupied by boron atoms (Fig. 2 and Supplemental Fig. S3), suggest that the C bonds are 

passivated by hydrogen after cleavage (for example coming from the OH-groups). For BABA on 

Ag(001), no single anthracene with intact boronic acid was found on the surface, suggesting that 

the formation of MOF strongly depends on the availability of pristine precursors to produce the 
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dehydration of boronic acids before bonding to a silver adatom or losing the acid. On the other 

hand, 94±0.1% of the boroxine terminal anthracenes are part of an organo-silver dimer, 

evidencing that the condensation of boronic acids into a boroxine does not affect the reactivity of 

brominated carbons.   

The dehydration of aryl boronic acid derivatives with halogen groups has also been observed on 

Ag(111).
32,34

 However, in the case of Ag(001) the organo-silver dimers obtained at room 

temperature do not transform into C-C bonds, as is characteristic of the Ullmann coupling. 

Subsequent post-annealing does not help to initiate this second step because desorption takes 

place at 300 ºC, before any substantial change of the MOF is observed (see Supplemental Figure 

S4). The high stability of the C-Ag bonds in both phases suggests that the steric repulsion 

between the hydrogens in vicinal rings of our planarly adsorbed precursors impedes the C-C 

bonding to form bianthracene moieties.  

 

Figure 2. (a) STM topography of atomically resolved Ag(001) surface (Vs = 20 mV; It = 50 nA)  

with the scheme of prochiral boroxines units of Models 1 and 2 (see Table 1) on Ag(001). The 

distances between the boron and the linked Ag atom (grey circles) are defined by d1 (along [110] 
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direction), d2 and d3. β and γ are the experimental angles between [110] direction and the other 

two organometallic axes. (b) Constant height STM image of an island with hexagonal truncated 

phase (Vs = 5 mV) showing chiral building blocks in (a) superimposed. White dotted lines 

represent the boroxine axis every 120º. Scale bar: 1 nm.  

The MOF geometry is strongly influenced by the interaction of the substrate with the remaining 

Ag atoms between anthracenes. Fig. 2a shows a high-resolution image of a short MOF with three 

linked boroxines. The Ag atoms appear as round protrusions surrounded by two elongated 

anthryl units, which are arranged around the boroxine centers and exhibit bonding axes at 

approximately 120º. The seven Ag atoms contained in the structure do not have the same 

appearance. The two Ag atoms bonded to anthracenes along the [1-10] direction of the substrate 

lattice (Fig. 2b) are clearly brighter than the others. This is an electronic fingerprint for different 

adsorption sites. Because of the higher symmetry of the dimers along {110} directions, we 

assume that they correspond to the energetically most favorable adsorption geometry. 

Considering that the sp
2
 boron orbitals are oriented with an angle of 120º between each other, the 

bonding axes of the two other branches of the boroxine should exhibit a threefold symmetric 

arrangement. However, this is prohibited by the fourfold symmetry of the substrate they are 

strongly interacting with. The arrangement of the other two branches will have to minimize at the 

same time the adsorption energy of the remaining Ag adatoms, and the energy penalty due to the 

distortion of the C-B-O bonding angles away from 120º. The independent optimization of both 

terms is not allowed, forcing in this way a compromise for the adsorption site of the Ag atoms 

between the fourfold and the threefold symmetries. Thus, attending to the sign of the angle 

formed by the actual B-Ag segment and the axes at 120 º from the [110] direction (corresponding 

to the ideal hexagonal structure, white dotted lines in Fig. 2b), each building block composed by 
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one B3O3 ring and its three organo-silver dimers can be classified into a chiral rotational sense. 

For example, the two buildings blocks found in Fig 2 exhibit R-handedness.  

The minimal structural model that allows us to fit our high-resolution images consists in three 

lines pinned at the boron atoms of a perfect hexagonal boroxine. The Ag atoms are placed at the 

middle point of the lines. The only free parameters are defined in Figure 2a: (i) the relative 

angles between the dimer axis along {110} and the axes of the other two branches (, ); (ii) the 

B-Ag distance along the other two branches (d2 and d3). The length of organo-silver dimers is 

kept constant to a value of 0.76(9) nm as extracted from the analysis of individual dimers in the 

OD phase (Supplemental Figure S3b). The size of the boroxine hexagon is set to the value of one 

benzene ring. Finally, the inter-boron distance along {110} directions (2d1) is also fixed in our 

model to 1.32(1) nm. This value was calculated as the measured inter-boroxine distance along 

{110} directions minus the length of the boroxine hexagon. Note that this model is equivalent to 

fixing the B-C bond length and C-B-O angle along {110} directions to their experimental values 

and letting free the other two. This model is fitted to STM constant-height current images of 

different sample areas where creep and thermal drift are relaxed below a negligible level of less 

than 1 pm during the scan of a MOF unit as the one shown in Fig. 2a.  

In Fig. 2a we superimpose the fit of our structural model to one building block. The comparison 

clearly shows that ≠≠120º. Since high symmetry positions cannot be occupied by the Ag atoms 

in branches 2 and 3, several structural models could exist, each one corresponding to a 

metastable adsorption geometry (see for instance the Ag sites in the models sketched in Figure 

2a). We have identified three of them (as well as their corresponding enantiomers, see an 

example at Supplementary Fig. S5) by analyzing a total of 86 boroxine building blocks in high 
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resolution images of the same quality as Fig. 2a. The structural parameters for these models are 

given in Table 1. The building blocks are always prochiral, with deviations ranging 0.5(5) º<|-

120|<8.5(5) º. In general, d1, d2 and d3 are different. Because our model assumption that the size 

of the organo-silver dimer yields a perfect fit of the images (see sketch in Figure 3), the different 

Ag-B distances imply that C-B bond length depends on the linking direction. 

Trimer Handedness β (º) γ (º) d
2
/d

1
 d

3
/d

1
 

Model 1 R 117 120.5 1.21(3) 1.22(5) 

Model 1 S 120.5 117 1.22(5) 1.21(3) 

Model 2 R 115 128.5 1.20(6) 1.05(1) 

Model 2 S 128.5 115 1.05(1) 1.20(6) 

Model 3 R 115 122.5 1.23(2) 0.98(1) 

Model 3 S 122.5 115 0.98(1) 1.23(2) 

 

Table 1. Structural parameters of prochiral building blocks of MOF. All the models and the 

parameters have been extracted measuring on high resolution STM images. Angles are 

determined with an error of 0.5 º. Model 1 and 2 are sketched in Figure 2a (red and wine 

respectively), model 3 is sketched in Figure 3 (pink).  

 

As shown in Figure 3, MOFs self-assemble into homochiral domains of the order of 10 nm. The 

MOF phase island in this example is in contact with the OD phase, which is a general trend in 
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our samples (see Fig. 1a).  Here, we identify up to three levels of chiral recognition. First, we 

note that the C-Ag-C bonding direction in the branches with low adsorption symmetry is 

univocally determined by β and  (see Fig. 2a). Henceforth, these angles fix the growth 

directions in which a MOF can bind to another building block via OM bonds. The link only 

occurs when  or   in the reacting building blocks coincide, which permits a straight 

organometallic bond. This precludes reactions between building blocks of different chirality (see 

the large angle difference between enantiomers in Table 1) along directions away from {110}. 

This enantioselectivity is therefore imposed by geometric constrains. Second, in the case of C-

Ag-C bonds along {110} directions, we also find asymmetric synthesis in all MOFs. In this 

direction, however, there is not any geometric burden to link building blocks with different 

chirality, because anthracenes and Ag atoms have a unique adsorption geometry that is totally 

independent from  and . This provides strong evidence that the enantioselectivity in the MOF 

growth is not only due to geometric constrains, but rather has an underlying electronic 

component, say, a formation energy that depends on the chiral character of the molecular orbitals 

and favors the OM bonding between boroxine building blocks with the same chiral character. 

Although ab initio calculations would be necessary to understand the interaction mechanism, in 

our work this electronic effect is supported by the energy resolved spectroscopy discussed 

hereinafter. In addition, a similar effect has been previously reported for weak intermolecular 

electronic interactions driving homochiral self-assembly of Cu-phtalocyanines.
7
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Figure 3. Constant height STM image of a self-assembled MOF island (Vs = 5 mV). The 

chemical structure and the schematic (R)-Model 3 (see Table 1) are overlaid on prochiral (R)-

organometallic polymer fragments. Blue lines represent dimers linking boroxines in directions 

different from {110}. In these cases, since 2d2 does not match with full precision the particular 

inter-boroxine distance, the Ag-B distance adapts with some tensile strain of about 5 %.  
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Finally, we observe domains where all individual MOFs have the same handedness (Figure 3a). 

This spontaneous segregation in homochiral domains is attributed to halogen-mediated self-

assembly, previously reported for other molecules on noble metal substrates.
8,35

  In our case, Br 

atoms are clearly imaged as round protrusions between MOFs, occupying equivalent positions 

relative to the building blocks in a regular pattern. This suggests a strong interaction between H 

terminated carbons and the free halogen atoms left over the surface after cleaving the Br-C 

bonds. This interaction, of electrostatic origin, may play a relevant role during the formation 

building blocks, favoring the availability of neighboring units with the same chirality.  
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Figure 4. (a) Constant height STM image of MOF with (R)-Model 1 and (R)-Model 2 as 

building blocks (Vs = 5 mV). (b) Constant current dI/dV spectra on phenyl/boroxine sites 

(red/green curves), acquired in the organometallic oligomer at the positions marked by filled 

circles in (a) (Vmod=9 mV, initial regulation set point Vs= 500 mV, It=25 pA). (c-e) Constant 

height dI/dV maps of a selected region in (a), scanning parameters: Vs = 3 V (c), 2.5 V (d) and V 

= 1.5 V (e). The chemical structure of a MOF with two boroxines is overlaid on the STM images 

as a guide the eye. Scale bars: 1 nm. 

In order to probe the electronic structure of chiral MOFs and its likely participation in the 

enantioselective OM bonding, we performed differential conductance (dI/dV) tunneling 

spectroscopy. Point spectra acquired over selected locations (shown in Figure 4a-b) exhibited 

features at 3.3 eV and 2.2 eV associated with boroxines. Another molecular orbital at 2.45 eV is 

visible at the position of outer phenyl rings in chiral branches. Constant height dI/dV images at 

these energies allowed us to map the spatial distribution of the observed molecular states. As 

shown in Figure 4c, the boroxine state at 3.3 V displays a marked circular shape. This supports 

our assumption of undistorted hexagonal B3O3 rings in the structural model. The boroxine states 

show some weaker intensity distributed across the OM dimers along the [110] axis. This 

delocalization is not observed across the OM dimers lying along low symmetry directions. On 

the other hand, the orbital at 2.45 V (Figure 4d) has a triangular shape with sides coincident with 

the anthracenes bound to a boroxine ring. The corners of these triangles are approximately 

located at the terminal hydrogens of the anthracenes, and exhibit different intensities, which 

could be attributed to some tilting with respect to the surface plane.  

Additional orbitals pop up in the constant height maps at 1.5 eV (Figure 4e), which are not 

visible in point spectra due to the intrinsic Ag(001) contribution at this energy range (grey curve 
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in Figure 4b). These orbitals can be described as three lobe structures around the boroxines, 

being reminiscent of the 2.45 eV molecular state. Two lobes lie just outside the phenyl rings, and 

another one on top of a B-C bond, all three belonging to the chiral branches of the building 

block. In this state, the previously observed chirality in the structural analysis becomes evident in 

the electronic structure too. The 1.5 V state overlaps in space with the boroxine state, which in 

turn has been found to connect boroxines along {110} directions. This indirect overlap of the 

chiral orbitals through the boroxine orbitals (which does not discard the existence of additional 

chiral selective chemical interactions which are not visualized in our spectroscopy data), 

provides a rationale for the enantiospecific links along these directions in the absence of 

geometric constrains.  The 1.5 V map displays a very faint intensity over the Br atoms as well.  

CONCLUSIONS 

In conclusion, the competition between the internal symmetries of an on-surface synthesized 

macromolecule and the supporting substrate provides a mechanism to confer chirality on the 

otherwise achiral product. Chiral recognition during the MOF growth is ascribed to geometric 

constrains and to the sensitivity of orbital overlap to the chiral character of the basic building 

blocks. We also highlight the role of halogen bonds in the homochiral segregation of self-

assembled MOF islands. This work shows a strategy to create chiral organometallic networks 

from achiral precursors directly on the surface. We also evidence how Ullmann coupling 

intermediates can adopt chiral configurations depending on their interaction strength with surface 

provided that there are different point symmetries.  
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