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Stepped surfaces have widely been used as model catalysts as

they provide active sites[1, 2] which trigger many catalytic

processes.[3, 4] Molecular-dissociation processes on surfaces are

expected to be sensitive to the surface structure and occur

preferentially at defects, such as step edges and kinks. Various

surface-science techniques that average over the entire

surface have been employed for the investigation of catalytic

properties.[3–6] Although such studies demonstrate the cata-

lytic activity of a surface in general, they do not offer site-

specific information about the exact location of the reaction.

Scanning tunneling microscopy (STM) provides a local probe,

allowing site-specific information to be obtained about the

structure and location of active sites on a catalytically active

surface with atomic resolution.[7–10] STM studies have allowed

the direct observation of the active sites of heterogeneous

catalysts, as shown for the dissociation of nitric oxide on

a ruthenium (0001) surface,[10] where the dissociation process

was found to occur along steps, but the difference in reactivity

between step edges and kinks is not clear.[11] The majority of

STM studies in catalysis have focused on small molecules,

such as diatomic species,[10] with relatively few studies

investigating the reactivity of larger organic molecules. The

largest molecule investigated to date is thiophene on MoS2

nanoclusters.[12]

The deposition of complex molecules, potentially carrying

an intrinsic function, onto stepped surfaces has attracted

much attention, especially with regard to templated supra-

molecular structures.[13] Laterally ordered structures have

been studied on various stepped gold surfaces with (111)

terraces,[14–16] but oligomers or polymers have not been

investigated to date. Herein we study the adsorption of a,w-

dibromoterfluorene (DBTF) molecules on a stepped gold

surface. Low-temperature STM under ultrahigh vacuum

(UHV) conditions is used to locally determine both the

molecular adsorption geometry and the site-specific catalytic

activity of the step edges. We identify the step-edge kinks as

the active sites in the catalytic process, because these defects

promote the selective C�Br bond dissociation at specific

locations within the DBTF molecule. Thermally induced

polymerization leads to the formation of chains, which align

along the step edges in a predefined orientation. This system

thus provides catalytically active sites as well as an anisotropic

structure for the alignment of both the monomer precursors

and the polymer products.

For our studies, a gold surface with (10,7,7) orientation

was used (experimental details in Supporting Information).

This vicinal Au(111) surface has a misorientation angle of

approximately 98 and {100}-orientated microfacets.[17] It

provides straight step edges along the [01̄1] direction,

separate flat terraces with (111) orientation, terrace widths

(Wt) of around 1.4 nm[18] (Figure 1a), and is thus suitable for

the adsorption of one row of molecules along each terrace.

STM images of the clean surface show these terraces with an

average width of 1.48� 0.07 nm (Figure 1b). In agreement

Figure 1. a) Scheme showing the structure and crystallographic direc-

tions of the Au(10,7,7) surface (Wt�1.4 nm, Ht=0.235 nm). b) STM

image of the small 1.48�0.07 nm width terraces of the Au(10,7,7)

surface (Vtip-bias= +400 mV, Itunnel=0.52 nA). Arrow= [01̄1] direction

c) Structural formula of DBTF. d) STM image showing DBTF adsorbed

at a step edge (Vtip-bias= +400 mV, Itunnel=0.55 nA). e) Scheme show-

ing the proposed adsorption geometry of DBTF on a straight region of

a step edge.
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with previous studies of vicinal Au surfaces,[18]we also observe

the presence of wider terraces with widths of 4.0� 0.6 nm (see

Supporting Information).

After deposition of DBTF (structural formula shown in

Figure 1c) onto the Au(10,7,7) surface, each DBTF molecule

may easily be identified by bright features (see STM image in

Figure 1d) that correspond to the dimethyl groups[19,20]

attached to each of the three fluorene units. On the two

termini of the molecule two lobes can be seen in the STM

image, these correspond to the Br atoms as determined by

comparison with the gas-phase dimensions. Note that the

presence (or absence) of these Br atoms can be determined

from line profiles taken over the molecules (see Supporting

Information).

The STM images reveal that there is a favored adsorption

geometry for the DBTF molecules at the step edges (Fig-

ure 1e). If the angle between the major axis of the molecule

and the direction of the step edge is measured for several

molecules (Figures 2a,b), two characteristic adsorption geo-

metries are found. The dominant peak centered at 08, that is,

parallel to the step, is assigned to molecules that adsorb at

straight regions, shown in Figure 2c. The precise adsorption

geometry is determined from molecular height profiles (see

Supporting Information). However, there is a second peak at

approximately 108, which reflects molecules adsorbed at kink

sites of the step edge (see Figure 2c and Supporting Informa-

tion).

The attachment of halogen substituents to molecular

building blocks is an efficient way to enable on-surface

synthesis, that is, to polymerize molecules directly on a sur-

face,[21] and various macromolecules have been formed in this

manner.[19–27] Depending on the surface, the temperature, and

the halogen species, the catalytic activity of the surface can

lead to spontaneous molecular activation upon adsorp-

tion.[27–29] In the case of DBTF, it has been shown that the

molecules remain intact after deposition onto the Au(111)

surface at room temperature.[19] On the stepped Au(10,7,7)

surface however, we find that almost every second molecule

(44� 6%) has had either one (or both) of their two peripheral

Br atoms removed after deposition at room temperature. This

stark contrast indicates the catalytic activity of the step edges

of the Au surface, which is absent on the flat (111) surface.

Step-edge kink sites are of particular interest in this context,

because they are proposed to be the most reactive regions

along step edges owing to their low coordination as predicted

by theory.[11] The only experimental study on kink defects as

active sites to date is a non-local study on the reactions of n-

heptane catalyzed by platinum single-crystal surfaces.[30]

Two kinds of kink sites, which we name I and II, may exist

at a step edge, in analogy to different enantiomers of chiral

objects (Figure 3a). On our Au(10,7,7) surface, there are

three possible defect sites: straight steps, kink I, and kink II

(Figures 3a,b). The majority of the kink sites observed in

Figure 2. a) Histogram showing the angular distribution of DBTF

molecules adsorbed at the Au(10,7,7) step edges and kink sites.

b) Overview STM image of DBTF molecules adsorbed on the step

edges (Vtip-bias= +400 mV, Itunnel=0.55 nA). c) Scheme showing the

measured angles between the step direction and the molecular long

axis for molecules adsorbed on straight regions of the step edge

(parallel) and at kink sites (tilted).

Figure 3. a) Scheme showing the two types of step-edge kinks present

on the surface and a straight region of the step edge. b) STM image

showing examples of the kink I and kink II step-edge defects (Vtip-bias

= +200 mV, Itunnel=1.00 nA). c) STM image showing several DBTF

molecules adsorbed at kink I sites (Vtip-bias=�600 mV, Itunnel=0.55 nA),

highlighted molecules adsorbed at kink I sites have had their ‘left’ Br

atom dissociated. d) Scheme showing molecules in parallel and tilted

orientations at a kink I step-edge defect.

Angewandte
Chemie

5097Angew. Chem. Int. Ed. 2012, 51, 5096 –5100 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


these experiments are of type kink I (around 95%), while

only about 5% are of kink II type, which we attribute to

a slight misorientation of the surface during sample cutting,

and therefore our analysis focuses on type I kink sites. At

room temperature we expect kinks on the Au(10,7,7) surface

to be mobile along the step edge, in analogy to vicinal Cu(111)

surfaces.[31,32] Therefore adatoms, detached from kink I and

kink II defects and diffusing in opposite directions along

a step edge, may meet and form an island which has two new

kinks (one of each type). However, neither the diffusion of

kinks nor the formation of new pairs of kinks should affect the

relative abundances of the two types of kink sites observed on

the surface. Figure 3c shows several DBTF molecules ad-

sorbed at the step edges of the Au(10,7,7) surface, where they

may be observed in parallel or tilted orientations. The two

highlighted molecules are adsorbed at the kink-I-type defects

and in both cases the right Br atom is still attached to the

molecule while the left Br atom has dissociated (as sketched

in Figure 3d).

If the number and position of Br atoms attached to each

molecule is studied for the different kinds of adsorption sites

(Figure 4a), an interesting observation is made. We compare

molecules at straight step edges and at the kink I sites,

assuming negligible diffusion of molecules between step

edges. This assumption is based on the very low occurrence of

polymer structures, which would be present in much higher

quantities if activated molecules (i.e. after Br atom dissoci-

ation) were able to move to other step edges and react with

each other. It can be seen in Figure 4a that at the straight

edges the majority of molecules (75� 11%) still carry both Br

atoms. The configurations with only one Br attached to the

molecule are each present in rather low abundances

(�1Brright 15� 4%, �1Brleft 8� 3%). The completely acti-

vated molecule with both Br atoms dissociated is very rarely

present at the straight edge (3� 2%).

In contrast, Br atom dissociation occurs much more

readily for molecules at the kink sites (right histogram in

Figure 4a). The number of partially or completely activated

molecules is greatly increased, with a corresponding decrease

in intact molecules (only 32� 7%). An important feature is

the remarkable difference between molecules that have lost

one Br atom at their left (�1Brleft) versus their right

(�1Brright) end; substantially more molecules have lost the

Br atom at the terminus that points towards the kink defect

(36� 8% compared to 10� 4%). The significant asymmetry

between the removal of left and right Br atoms reflects the

asymmetric abundance of kink types I (95%) and II (5%).

The correlation between the high number of kink I sites and

the preference for the cleaving of the left C�Br bond reveals

that the kink site enhances Br dissociation, thus acting as the

catalytically active site of the surface. Alternative interpreta-

tions, for example, molecular activation at a straight area of

the step, which would produce equal amounts of both�1Brleft
and �1Brright DBTF, and subsequent diffusion towards and

adsorption at the kink site (potentially with unequal adsorp-

tion energies depending on which molecular terminus has

been activated) appear implausible, as they do not explain the

strong asymmetry seen in the Br atom dissociation of the two

molecular termini for all molecules on the surface. Note that

rotation of the molecules at room temperature seems unlikely

to occur because this would cause a homogeneous distribution

of molecules with a single Br atom (i.e. about the same

number of �1Brleft as �1Brright), even in the case of

asymmetric activation. Because the

sample is at room temperature for

several hours, this would be sufficient

time to equilibrate the abundance of

�1Brleft and �1Brright if they were able

to freely rotate.

Therefore, we propose the mecha-

nism shown in Figure 4b: 1) Intact

molecules diffuse along the step edge,

the direction of the lowest energy

barrier, until they arrive at a kink site,

which provides a local environment in

which the Br atom at the terminus is

catalytically cleaved (2). Finally, the

activated molecule remains adsorbed

at the kink site (3), because its diffu-

sion barrier is increased after activa-

tion, presumably because of bonding

interactions between a kink gold atom and the terminal

carbon atom of the activated DBTF. It should be noted that

our model does not preclude the activation of molecules on

straight regions of the step edge, in addition to those activated

at kink sites, and their subsequent diffusion to kink sites, as an

additional yet less-efficient pathway. Our proposed mecha-

nism is also in agreement with the low occurrence of polymers

(ten molecules out of 248 were observed to be present within

dimers and no longer chains were found), despite molecular

activation of DBTF. To form a polymer, an activatedmolecule

must diffuse along a step edge to collide with another

molecule, which must have been activated on the opposite

end to allow the activated carbon atoms to interact. As this

particular surface is cut asymmetrically (leading to more

kink I sites than kink II), it promotes asymmetric activation

(i.e. the removal of the left Br atom of the molecule), and

therefore covalent linking is unlikely, because of the low

probability of molecules with oppositely removed Br atoms

meeting.

Figure 4. a) The relative occurrence of the different possibilities of Br atom removal for DBTF

molecules adsorbed at straight (n=102) and kink I sites (n=77). b) Our proposed model for the

catalytic activity of the kink sites (see text for details).
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In addition to providing catalytic sites for the removal of

Br atoms fromDBTF, the step edges of the Au(10,7,7) surface

may also be used to align the polymers produced by thermal

activation of the DBTF monomer units. Figure 5a shows the

Au(10,7,7) surface after molecular deposition and subsequent

annealing at 523 K (for 5 min), with fluorene chains produced

by way of the on-surface synthesis process.[19, 20] Statistical

analysis of the STM images shows that prior to annealing the

majority of the structures are isolated monomer units, with

only 4� 1% of the molecules being present within dimers. In

contrast, after annealing 87� 6% of the molecules are part of

a polymer chain with two or more monomer units. The

polymer chains show a striking affinity for adsorption along

the step edges, similar to the DBTF monomers (i.e. prior to

annealing). Detailed analysis of the angle between the step-

edge direction and the direction of the polymer chain

(Figure 5c) reveals that the majority of the polymers run

continuously along a step edge. This highly regular orienta-

tion is attributed to the alignment of the individual monomer

units, which is driven by the preferential adsorption geometry

discussed above. The observed polymer length on the Au-

(10,7,7) surface is found to be reduced compared to the

Au(111) case,[19] probably because of the higher diffusion

barriers on the stepped surface. We find that the polymers

align along the step edges, adjacent to both the narrow and

the wide terraces of the surface, and longer polymers are

found on the step edges adjacent to the wide terraces (see

Supporting Information). Note that the polymer alignment is

precisely the same over the entire macroscopic sample,

because the step-edge orientation is determined by the

structure of the single-crystal, in contrast to alignment along

surface reconstructions.[19, 23,27,33,34]

The bright features within the chain (corresponding to the

dimethyl groups of the fluorene units) exhibit a “zigzag”

pattern (or “up”“down”, referring to the position of adjacent

dimethyl groups relative to the step edge; see Figure 1d,e)

along the step edge (Figure 5a), corresponding to the all anti

conformation of the polyfluorene chain (in contrast to the

“up”“up” case seen in Figure 5b).[19] This result shows

(according to the assignment in Figure 1d) that the dimethyl

groups alternate between being adsorbed on the upper and

lower terraces. Prior to annealing, the majority of the

monomers have both terminal dimethyl groups adsorbed on

the upper terrace (Figure 1d,e), meaning that in order to

produce the “zigzag” polymer structure every other DBTF

monomer must rearrange so that the two outer dimethyl

groups of these molecules are on the lower terrace. Interest-

ingly this implies that the DBTF monomer units must

undergo a conformational change, or a 1808 rotation, during

the annealing process, enabled by the higher temperatures.

Our analysis reveals that after annealing almost all (97� 1%)

adjacent dimethyl groups are present as part of a “zigzag”

structure and other, non-alternating, arrangements are

extremely rare (see Supporting Information). This finding

demonstrates that the step-edge adsorption geometry of the

monomer units is transferred to the covalently bound polymer

chains. The polymer chains are also seen to be continuous

over kink defects on the step edges, only resulting in a slight

parallel offset before continuing to follow the same step edge

(arrow in Figure 5b). Defects of the type where the polymer

chain leaves the step edge are observed infrequently (only

about 10% of the polymer chains).

In conclusion, we have demonstrated that the Au(10,7,7)

stepped surface can be used as a template to produce highly

aligned polymers. The surface steps are shown to act as

catalytic sites for Br atom removal from the DBTF molecule

and consequently the polymerization process, leading to

efficient molecular activation in contrast to the flat Au(111)

terraces. Specifically, we identify the kink defects as the

catalytically active sites, as the asymmetric dissociation of Br

atoms from the monomers correlates directly to the unequal

abundance of kink sites.
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