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Introduction
• we present our STM experiments on the adsorption of Tetrabromo-
tetrathienoanthracene (TBTTA) onto the Si(111) √3×√3-Ag and √3×√3-B 
surfaces

• a significant challenge to forming organic layers on silicon surfaces is the 
large number of dangling bonds which can suppress the diffusivity of 
adsorbed molecules and even break the molecules apart (form Si-C bonds)
• has been shown that these problems can be overcome by depositing the 
molecules onto a passivated surface
•TPA on Si(111)√3×√3-Ag (Suzuki et al. Phys. Chem. Chem. Phys. 11, 6498 (2009))
•DBT on Si(111)√3×√3-B (Makoudi et al., Chem. Commun. 50, 5714 (2014))

TBTTA
• molecule of interest, TBTTA 
(Figure 2)

• TBTTA has been used as 
precursor molecule in surface-
c o n f i n e d p o l y m e r i z a t i o n 
experiments (Figure 3)

RESULTS
♦TBTTA on √3-Ag
• monomers are highly mobile, readily migrating to 
substrate steps and defects on the surface

• at higher coverage supramolecular domains are 
formed.  Three orientational domains consistent 
with C3 symmetry of √3 substrate (Figure 4)

• “raster noise” in many images suggest additional 
molecules moving on the surface

♦Domain Stability
• structures are sensitive to changes in STM bias  
conditions 
•often decompose when imaged under high (|V| > 2V), 
or low (|V| < 0.7 V) bias conditions

• also observe time dependent dissolution and enlargement of domains 
(Figure 5)

• bias dependence and temporal changes suggest relatively weak 
intermolecular interactions

♦ Supramolecular Unit Cell
• domains characterized by an oblique 
unit cell (Figure 6) 

• expressed in matrix form:

• previous DFT calculations (Gutzler et al., Nanoscale, 4 (19): 
5965-5971(2012)) on a free standing TBTTA layer predict oblique cell of 
dimensions 14 Å × 11 Å with an angle of 114ᴼ, consistent with the unit cell 
we find on √3-Ag.

• similarity suggests our domains consist of intact TBTTA molecules held 
together by relatively weak halogen intermolecular bonding

♦ Influence of Defects
• As domains grow extent can be limited by defects in the underlying √3 layer 
(indicated by yellow arrows in Figure 6)

Si(111) √3×√3-B  Surface
• heating (950ᴼC) highly boron doped silicon wafer leads to surface 
segregation of boron

• boron atom actually sits below the surface under a three fold coordinated 
silicon adatom and resultant √3 surface is passivated (Figure 7)

• to date we have found TBTTA does not form ordered superstructures on the 
√3-B surface (Figure 8)

 Annealing √3-Ag surface
• initial annealing results 
(~150  °C) indicate more 
compact and robust “1-d” 
structures (Figure 9) 
possible

• periodicity ∼10Å along 
chains, ∼10Å between 
chains, and rotated 30ᴼ from √3 direction (line d)

• epitaxial relationship to √3-Ag → √3×√3R30ᴼ

Summary
• the √3-Ag surface provides a high mobility template for TBTTA adsorption.
• molecules form 2-d structures on √3-Ag surface at RT

• Structures are quite fragile (decompose readily under STM imaging)
• Size and symmetry of unit cell  suggests intact TBTTA monomers held 
together by intermolecular halogen bonds.

• no ordered structures observed on the √3-B surface
• annealing data (145°C) on √3-Ag suggests a more compact and robust 
structure possible
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Figure 4: 320Å × 270Å 
(-1.11 V, 497 pA)

Figure 5: dissolution and growth of molecular structures
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Figure 6: 320 Å × 270 Å (-1.11 V, 497 pA)

Figure 8: √3-B surface (left) TBTTA on √3-B 
(right)

Figure 7: √3-B stucture (left) and  
DBT layer (right) (Makoudi et al.)

Fig. 9: 640Å×425Å  (1.2V, 300pA)

Figure 1: √3-Ag structure (left) and TPA 
on √3-Ag (Suzuki et al.)

Figure 2: TBTTA

surface-catalyzed Ullmann coupling of halogenated aromatic
building blocks has been the key reaction for the synthesis of 2D
polymers in UHV, although the use of polycondensation of tri-
boronic acid,19 and iron-catalyzed polycyclization of tetracya-
nobenzene16 have also been reported.

Despite this recent progress, little attention and no experi-
mental studies have so far been devoted to studying the elec-
tronic properties of the 2D polymers. Only a few16 of these
materials have a chemical structure and connectivity that could
lead to signicant band-gap contraction and electron conne-
ment effects, similar to those found in graphene.1 Although
several of the reported 2D polymers possess a continuous
network of sp2 carbons, the electron delocalization in most of
these is limited by cross-conjugation (as in meta-substituted
benzene)18,21 or by a large twist angle between the p-orbitals.8

Considering the paramount role of thiophene building blocks
in the design of highly conjugated low band-gap 1D polymers, it
is surprising that no examples of 2D polythiophene analogues
are known.

We recently reported the surface-conned synthesis of
epitaxially ordered 1D polythiophene (PEDOT) monolayers.12

Here we use a similar surface-conned growth technique to
synthesize monolayers of a 2D conjugated polythiophene
analogue PTTA from tetrabromotetrathienoanthracene22,23

(TBTTA, Scheme 1). The choice of TBTTA monomer was based
on the expected planarity of the polymer network, the possibility
of direct resonance conjugation (dened by “para” and “ortho”
connectivity via the central benzene ring of TTA), and the
demonstrated semiconducting properties of TTA22,24 and other
thienoacene25 derivatives. The polymerization was followed by a
combination of STM, high-resolution XPS, and UPS, to track the
reaction path via the organometallic intermediate to the nal

conjugated polymer. Using DFT calculations we shed further
light on the effect of topology of conjugation on the contraction
of the HOMO–LUMO gap in 2D polymers.

Results and discussion

Initial polymerization attempts on Cu(111) surfaces only
produced organometallic TTA intermediates which could not be
transformed in a conjugated polymer, due to instability of the
thiophene moiety on copper at elevated temperatures. However,
sublimation of TBTTA onto Ag(111) and annealing at 300 !C for
10 min triggered the Ullmann coupling reaction, resulting in
the formation of porous networks observed by STM (Fig. 1a).
Although Ag is not a standard catalyst for Ullmann coupling,
related polymerization of haloaromatics on Ag(111) has been
reported previously.17,18,21 As for many known 2D polymers,19,21

the produced P2TTA networks lack long-range order. We were
able to simultaneously observe the chemisorbed bromide by-
product which assembles into a (O3 " O3)-R30! superstructure
on Ag(111),26 the organometallic intermediate, and the covalent
polymer P2TTA (Fig. 1b) within the same high-resolution STM
micrographs. This permitted a precise internal calibration of
the images that is rarely reported in surface polymerization
studies but is important for assigning the nature of bonding
between the monomers. Analysis of the distances measured
between the centers of mass of two adjacent building blocks
shows a bimodal distribution consisting of short (1.2 # 0.1 nm)
and long (1.5 # 0.1 nm) connections (Fig. 1c and d). The short
links are in agreement with the DFT calculations for P2TTA
polymer (1.21 nm) while the long ones can be reasonably
attributed to an organometallic network with TTA–Ag–TTA
bonding (1.48 nm).

Scheme 1 Ullmann polymerization of TBTTA on Ag(111).

Fig. 1 (a) STM image of the P2TTA polymer on Ag(111) (U¼ 0.8 V, I¼ 0.5 nA). (b)
Close-up of polymeric (left molecular model) and organometallic (right model)
structures; coadsorbed atomic Br is observed in the lower portion of the image in
a O3 " O3-R30! reconstruction (U ¼ %0.8 V, I ¼ 0.6 nA). (c) STM topograph of
polymeric and organometallic structures (U¼%0.7 V, I¼ 0.8 nA). (d) Histogram of
the bond length distribution of TTA on Ag(111). Fitting of the histogram of TTA–
polymer (blue) and organometallic structures (green).
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Figure 3: TTA on Ag(111) Cardenas et al., Chem. 
Sci., 4 3263 (2013)


