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Sulfur-driven Switching of the Ullmann Coupling on Au(111)  
Jonathan Rodríguez-Fernández,*a Søren Birthin Schmidta and Jeppe V. Lauritsena 

We demostrate a method to selectively switch the Ullmann 
coupling reaction of 2,8-dibromodibenzothiophene on a Au(111) 
support. The Ullmann coupling reaction is effective already at low 
temperature, but complete inhibition of the same reaction can be 
achieved on Au(111) pre-exposed to H2S. The marked difference in 
reactivity of pretreated Au(111) is explained by S-passivation of 
free Au atoms emerging from reconstruction sites. The inhibited 
state can be fully lifted by removing the S by hydrogen gas post-
exposure.  

 Surface-assisted Ullmann coupling reactions of targeted 
organic precursors have in recent years obtained strong 
attention due to the possibility of controlling the assembly of 
covalent architectures of different dimensionality, 1D or 2D 
nanostructures1-3, such as polymers and graphene4-6. A high 
level of control of this reaction on surfaces is crucial for 
nanofabrication and for applications in sensing7, 8, catalysis9, 10, 
molecular electronics, and optical devices11. The 
dehalogenation of the precursors (aryl halides, C-Br, C-I) can 
result in 2D covalent networks (C-C) through the Ullmann 
coupling mechanism. It has been reported that the noble metal 
substrate plays an important role, and depending on the 
substrate type, temperature and the halogen species used, the 
reactivity of the molecular precursors can be tuned2, 3, 12, 13. In 
particular, precise bottom-up fabrication of graphene 
nanoribbons (GNRs) can be achieved through coupling of 
halogenated molecular precursors6, 14.  
 The reaction temperature is the primary intrinsic variable 
that can use to control Ullmann coupling reaction. However, 
motivated by the challenge to scale-up production of these 1D 
and 2D structures with high quality. It is of utmost importance 
also to understand the influence of co- adsorbed intermediates 

 
Scheme 1. Ullmann coupling reaction scheme of 2,8-Dibromodibenzothiophene. 
The initial state of an intact molecule transform into a final state where the 
molecules have been debrominated and interlinked by C-C bonds. 

or adsorbates present on substrate, which can hinder or 
promote long-range ordering of the structures. It has previously 
been reported, that excess halogen atoms15 or Dysprosium co-
adsorbed atoms16 on the substrate can partially suppress the 
Ullmann coupling reaction. 
 In this communication we report the possibility to switch off 
and then on of the Ullmann coupling reaction on the Au(111) 
surface by exposing to molecular gases (H2S, H2). The The 2,8-
dibromodibenzothiophene (DBDBT) molecule used in our study 
consists of a thiophene center flanked by bromine benzene 
groups on either side (Scheme 1). The bromine groups in 2,8 
position of DBDBT act as precursors in the Ullmann coupling 
mechanism (Scheme 1). It has been reported that the Ullmann 
coupling reaction usually has no intermediate state 
(organometallic state) on Au17-19, except when the precursors 
are sterically hindered from reaching the final state20-23.  
 Fig. 1a shows typical STM images, obtained at 110 K after 
deposition of DBDBT onto a Au(111) surface held at 150 K. The 
DBDBT molecules adsorb on the substrate in patches, that are 
observed to be surrounded by ridges of a modified 22 × √3 
herringbone reconstruction of the Au(111) substrate, thus  
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Fig.1 a) Large STM-images (V=+0.3 V, I=+0.4 nA), acquired at 100 K, of Au(111) 
after deposition of DBDBT molecules at 150 K. b) High-resolution STM images 
(V=+0.2 V, I=+0.4nA), showing a network of chains. A tentative model is 
superimposed on the chains. The green and blue ellipses enclose an intact and 
partially debrominated molecule, respectively. 

indicative of a chemisorption reaction. The DBDBT molecules 
self-assemble into a characteristic chain network as shown in 
Fig. 1b, where the proposed chain model is superimposed. The 
chain formation is strongly indicative of debromination of the 
molecules, thus signalling the onset of the Ullmann coupling 
reaction and formation of a chain consisting of debrominated 
dibenzothiophene (DBT). Most of the molecules are 
debrominated, as shown in Fig. 1b, but a few intact molecules 
(initial state) are still observed. These intact molecules have a 
characteristic bow shape, exhibiting two bright lobes at the 
terminal positions, assigned to bromine atoms. Such an intact 
molecule is highlighted by the green ellipse in Fig. 1b.   
 The STM image also shows molecules that are partially 
debrominated, with a single bromine atom still attached, as 
indicated by the blue ellipse in Fig. 1b. The isolated DBDBT 
molecules are very mobile even at 110K, as observed by 
consecutive STM-images showing movement of molecules. This 
is seen for instance when comparing Fig. 1b and Fig. S1 
(supplementary information). In addition, the noisy edges of the 
patches in Fig. 1a are indicative of molecules that are 
mobile/diffusing around the patches. After the debromination 
reaction, the bromine atoms surround the molecules, and it has 
been reported that thanks to these interstitial bromine atoms, 
the chains are stabilized and joined together via weak 
electrostatic C-H···Br···H-C interactions, as previously reported3, 

16, 24, 25. There are different chain lengths as shown in Fig. 1 and 
the average distance between neighbouring sulfur atoms in the 
chains is 8.2 + 0.4 Å. These results are in good agreement with 
other experiments of molecules deposited on Au(111), where   
the intermediate state has not been observed4, 26. The same 
oligomer has been reported on Cu(111), obtaining similar 
results27. Thus, we conclude that the Ullmann coupling reaction 
occurred for this molecule on a gold substrate resulting in 
covalently linked polymers. 
 It is surprising to observe an almost complete Ullmann 
coupling reaction of DBDBT at a low temperature of 150 K, when 
compared with other Ullman coupled molecular networks that 
usually require thermal activation around room temperature3. 
We speculate that the modification of the herringbone 
reconstruction seen in Fig. 1a is important. The reconstructed 
clean surface reflects a ~4% compacted hexagonal close packed 
layer overlay compared with bulk 

Fig. 2 STM-images of S-Au complex on Au(111) after deposition of H2S vapour and 
subsequent annealing at 673 K for 10 min. The step edges are fully covered by S-Au 
complex and there are still mobile even at 110K, blue circles denoted some missing 
portion of sulfur atoms. a) V= -0.6 V, I=-0.5 nA; b) V=-0.6 V, I=-0.5 nA. 

-terminated Au(111)28. When the reconstruction is partially 
lifted by the presence of the DBDBT, the excess Au is expelled 
onto the surface as adatoms that can facilitate the 
debromination step (scheme 1). In this way a concerted 
mechanism involving lifting of the reconstruction and 
subsequent reaction between Au adatoms and DBDBT result in 
the structure seen in Fig 1b. The thiophenic S in DBDBT might 
be key in this process, as we believe that the molecule S-Au 
interaction drives the lifting of the herringbone reconstruction 
29, 30, even suppressing or modifying the herringbone, similar 
behaviour has been reported in other noble metals31, 32.  
 Next, we repeated the experiment on a H2S (1x10-7 mbar) 
pre-exposed Au(111) sample (60 L). Following the H2S exposure 
alone, the high-resolution STM images in Fig. 2a,b reveal two 
significant changes to the Au surface. Firstly, it is noted that 
protrusions appears on the gold substrate. The protrusions are 
distributed on the terraces and the step edges are fully covered 
as shown in Fig. 2 and Fig. S2. Secondly, on the terraces the 
herringbone reconstruction is completely lifted after the H2S 
exposure 33-35. We attribute the protrusions to Au adatoms 
originating from the lifting of the herringbone, which are 
decorated with S to form S-Au complex 30, 36-40. The STM images 
were acquired at 100 K. Even at this temperature, some of the 
S-Au are slightly mobile (circles in Fig. 2a) reflecting that the S-
Au complex is strongly coordinated with S and weakly bound to 
the Au(111) substrate itself.  
  

Fig. 3 STM-images after deposition of DBDBT molecules on Au(111). We can 
observe intact molecules and S-Au complex on the terrace, marked by the green 
ellipse. Some of the molecules are interacting by pairs and the bromine 
terminations are observed as bright protrusions. A tentative model was 
superimposed. a-b) V= -0.3 V, I=-0.5 nA. 
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 In the next step, we deposited DBDBT on top of the S-
reacted Au(111) surface. As the Au adatoms have become 
passivated already, Fig. 3a,b shows that no Ullmann coupling 
reactions occurred on the surface. Instead, intact molecules are 
observed, as we can identify the bromine attached to DBDBT by 
the bright protrusions, as shown in Fig. 3b. The molecules are 
ordered by pairs and stabilized by Br-H interactions. It is even 
possible to observe the S-Au complex on the terraces with 
similar distribution as shown in Fig. 2, indicated by the green 
ellipse in Fig. 3a. As mentioned before, both S-Au complex and 
DBDBT are mobile even at this temperature, judged from the 
fuzzy edges of islands in Fig. 3.   
 While in the disabled state consisting of unreacted DBDBT 
on Au(111) mixed with S-Au complex in Fig. 3, we can effectively 
switch on the Ullman coupling again by post-exposing the 
sample at hydrogen gas at 673 K. Fig. 4 shows the surface after 
hydrogen exposure (1x10-4 mbar), where we can observe the 
same Ullmann coupled chain network obtained by depositing 
DBDBT molecules on pristine Au(111) (Fig. 1). The reaction is 
clearly enabled again by the hydrogen dosing. We explain this 
switching by reduction of the Au-S complex by hydrogen leading 
to H2S and subsequent liberation of free Au adatoms that can 
drive the Ullmann coupling.  
In summary, we have shown that the Ullmann coupling reaction 
on Au(111), can be switched off by the presence of sulfur atoms 
and on again by hydrogen reduction, respectively. It is well-
known that sources for reactive metal atoms are step edges41, 
where the adatoms can be released to build molecular, 
organometallic, or 2D networks42-44. In our case, Au adatoms are 
available at low temperature due to the lifting of the 
herringbone by virtue of the S in DBDBT. However, when H2S is 
pre-dosed the strong S-Au adatom interaction is modifying the 
atoms on the terrace, by lifting the herringbone reconstruction, 
and deactivating the step edges where the sulfur atoms are 
blocking the mobility of the Au atoms, so all the possible Au 
adatoms are already bounding in the form of S-Au complex. Due 
to this inhibition the debromination cannot be triggered and the 
molecules remain unreacted on the surface. This result is in 
good agreement with previous studies where it was observed 
that dehalogenation occurs until the saturation of surface 
reaction sites (steps edges and elbows of the gold herringbone
  

Fig.4 STM-images after dosing H2  onto the sulfur-inhibited state of DBDBT 
molecules on Au(111) at 673 K for 10 min. Inset: Atomistic model of the chains 
consisting of 4 and 5 molecules, respectively. a) V= -0.4 V, I=-0.5 nA; b) V=-0.4 V, 
I=-0.4 nA.  

reconstruction) is reached29, 45. For example, the Dy atoms are 
sequestering the Ag adatoms from the step edges, and the 
partial debromination is only possible from the Dy on the 
terraces. A similar effect occurs when iodine atoms are 
poisoning the step edges and only the initial molecules are 
debrominated. Contrary to the Dy and I cases, we can 
completely switch on the Ullman coupling again by removing 
the sulfur atoms from the substrate by exposing the sample at 
hydrogen gas. Our findings illustrates the general use of co-
adsorbates to disable and selectively enable an on-surface 
Ullmann coupling reactions on Au(111). The insight may 
facilitate new possibilities to design synthesis protocols 
involving gas exposure for complex 2D nanostructures and 
hybrid nanosystems on surfaces.  
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Notes and references 
‡ The experiments were carried out in ultra-high vacuum 
conditions (UHV), with a base pressure of 10-10 mbar, with a 
home-built Variable Temperature Scanning Tunneling 
Microscopy (VT_STM) “Aarhus” STM type. The STM images 
were acquired at 110 K with a mechanically cut Pt/Ir tip, and the 
bias voltage is applied to the sample. The substrate used for 
making the experiments was a single crystal of Au(111). The 
sample was cleaned by standard cycles of sputter/anneal. 
DBDBT molecules was sublimated from a glass crucible inside a 
homemade molecular evaporator held at 323 K, onto the clean 
copper or gold samples, which could be held at 150 K and 300 
K. Sulfur deposition has been made by exposing the pristine 
Au(111) surface to H2S vapor by backfilling the UHV system 
(1x10-7 mbar)  using a doser tube to increase the local pressure 
at the sample surface, followed by annealing at 673 K for 10 
min. The hydrogen deposition has been made by exposing the 
sample to H2 by backfilling the system (1x10-4 mbar) using a leak 
valve, followed by annealing at 673 K for 10 min. 
 
1. Q. Fan, J. M. Gottfried and J. Zhu, Acc Chem Res, 2015, 48, 

2484-2494. 
2. L. Dong, P. N. Liu and N. Lin, Acc Chem Res, 2015, 48, 

2765-2774. 
3. M. Lackinger, Chemical Communications, 2017, 53, 7872-

7885. 
4. L. Grill, M. Dyer, L. Lafferentz, M. Persson, M. V. Peters 

and S. Hecht, Nat Nanotechnol, 2007, 2, 687-691. 
5. W. Wang, X. Shi, S. Wang, M. A. Van Hove and N. Lin, J Am 

Chem Soc, 2011, 133, 13264-13267. 
6. J. Cai, P. Ruffieux, R. Jaafar, M. Bieri, T. Braun, S. 

Blankenburg, M. Muoth, A. P. Seitsonen, M. Saleh, X. 
Feng, K. Mullen and R. Fasel, Nature, 2010, 466, 470-473. 



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

7. S. Stepanow, M. Lingenfelder, A. Dmitriev, H. Spillmann, 
E. Delvigne, N. Lin, X. Deng, C. Cai, J. V. Barth and K. Kern, 
Nat Mater, 2004, 3, 229-233. 

8. S. R. Burema, K. Seufert, W. Auwärter, J. V. Barth and M.-
L. Bocquet, ACS Nano, 2013, 7, 5273-5281. 

9. D. Grumelli, B. Wurster, S. Stepanow and K. Kern, Nat 
Commun, 2013, 4, 2904. 

10. B. Wurster, D. Grumelli, D. Hotger, R. Gutzler and K. Kern, 
J Am Chem Soc, 2016, 138, 3623-3626. 

11. T. Lin, G. Kuang, W. Wang and N. Lin, ACS Nano, 2014, 8, 
8310-8316. 

12. J. Eichhorn, D. Nieckarz, O. Ochs, D. Samanta, M. 
Schmittel, P. J. Szabelski and M. Lackinger, ACS Nano, 
2014, 8, 7880-7889. 

13. J. Bjork, F. Hanke and S. Stafstrom, J Am Chem Soc, 2013, 
135, 5768-5775. 

14. P. Ruffieux, S. Wang, B. Yang, C. Sanchez-Sanchez, J. Liu, T. 
Dienel, L. Talirz, P. Shinde, C. A. Pignedoli, D. Passerone, T. 
Dumslaff, X. Feng, K. Mullen and R. Fasel, Nature, 2016, 
531, 489-492. 

15. A. Rastgoo Lahrood, J. Bjork, W. M. Heckl and M. 
Lackinger, Chem Commun (Camb), 2015, 51, 13301-
13304. 

16. B. Cirera, J. Björk, R. Otero, J. M. Gallego, R. Miranda and 
D. Ecija, The Journal of Physical Chemistry C, 2017, 121, 
8033-8041. 

17. T. Lin, G. Kuang, X. S. Shang, P. N. Liu and N. Lin, Chem 
Commun (Camb), 2014, 50, 15327-15329. 

18. J. Liu, P. Ruffieux, X. Feng, K. Mullen and R. Fasel, Chem 
Commun (Camb), 2014, 50, 11200-11203. 

19. X. Zhou, F. Bebensee, Q. Shen, R. Bebensee, F. Cheng, Y. 
He, H. Su, W. Chen, G. Q. Xu, F. Besenbacher, T. R. 
Linderoth and K. Wu, Mater. Chem. Front., 2017, 1, 119-
127. 

20. A. Basagni, L. Ferrighi, M. Cattelan, L. Nicolas, K. Handrup, 
L. Vaghi, A. Papagni, F. Sedona, C. D. Valentin, S. Agnoli 
and M. Sambi, Chem Commun (Camb), 2015, 51, 12593-
12596. 

21. A. Saywell, W. Greń, G. Franc, A. Gourdon, X. Bouju and L. 
Grill, The Journal of Physical Chemistry C, 2013, 118, 1719-
1728. 

22. H. Zhang, J. H. Franke, D. Zhong, Y. Li, A. Timmer, O. D. 
Arado, H. Monig, H. Wang, L. Chi, Z. Wang, K. Mullen and 
H. Fuchs, Small, 2014, 10, 1361-1368. 

23. J. I. Urgel, H. Hayashi, M. Di Giovannantonio, C. A. 
Pignedoli, S. Mishra, O. Deniz, M. Yamashita, T. Dienel, P. 
Ruffieux, H. Yamada and R. Fasel, J Am Chem Soc, 2017, 
139, 11658-11661. 

24. J. Park, K. Y. Kim, K.-H. Chung, J. K. Yoon, H. Kim, S. Han 
and S.-J. Kahng, The Journal of Physical Chemistry C, 2011, 
115, 14834-14838. 

25. K. H. Chung, B. G. Koo, H. Kim, J. K. Yoon, J. H. Kim, Y. K. 
Kwon and S. J. Kahng, Phys Chem Chem Phys, 2012, 14, 
7304-7308. 

26. T. Lin, X. S. Shang, J. Adisoejoso, P. N. Liu and N. Lin, J Am 
Chem Soc, 2013, 135, 3576-3582. 

27. Y. Bao, M. Yang, S. J. Tan, Y. Liu, H. Xu, W. Liu, C. T. Nai, Y. 
P. Feng, J. Lu and K. P. Loh, J Am Chem Soc, 2016, DOI: 
10.1021/jacs.6b09042. 

28. M. M. Biener, J. Biener and C. M. Friend, Langmuir, 2005, 
21, 1668-1671. 

29. P. Maksymovych, D. C. Sorescu and J. T. Yates, Jr., Phys 
Rev Lett, 2006, 97, 146103. 

30. H. Walen, D. J. Liu, J. Oh, H. J. Yang, Y. Kim and P. A. Thiel, 
Phys Chem Chem Phys, 2016, 18, 4891-4901. 

31. H. Walen, D. J. Liu, J. Oh, H. Lim, J. W. Evans, Y. Kim and P. 
A. Thiel, J Chem Phys, 2015, 142, 194711. 

32. S. M. Russell, Y. Kim, D. J. Liu, J. W. Evans and P. A. Thiel, J 
Chem Phys, 2013, 138, 071101. 

33. S. J. Jethwa, F. Grillo, H. A. Fruchtl, G. J. Simpson, M. J. 
Treanor, R. Schaub, S. M. Francis, N. V. Richardson and R. 
A. Aitken, Chem Commun (Camb), 2014, 50, 10140-10143. 

34. E. Pensa, E. Cortés, G. Corthey, P. Carro, C. Vericat, M. H. 
Fonticelli, G. Benítez, A. A. Rubert and R. C. Salvarezza, 
Accounts of Chemical Research, 2012, 45, 1183-1192. 

35. O. Voznyy, J. J. Dubowski, J. T. Yates and P. Maksymovych, 
Journal of the American Chemical Society, 2009, 131, 
12989-12993. 

36. C. Vericat, M. E. Vela, G. A. Andreasen, R. C. Salvarezza, F. 
Borgatti, R. Felici, T. L. Lee, F. Renner, J. Zegenhagen and 
J. A. Martin-Gago, Phys Rev Lett, 2003, 90, 075506. 

37. H. Walen, D. J. Liu, J. Oh, H. Lim, J. W. Evans, Y. Kim and P. 
A. Thiel, J Chem Phys, 2015, 143, 014704. 

38. M. M. Biener, J. Biener and C. M. Friend, Surface Science, 
2007, 601, 1659-1667. 

39. S. Kurokawa, Y. Miyawaki and A. Sakai, Japanese Journal 
of Applied Physics, 2009, 48, 08JB12. 

40. F. L. Maza, P. Carro, C. Vericat, K. Kern, R. C. Salvarezza 
and D. Grumelli, The Journal of Physical Chemistry C, 
2017, DOI: 10.1021/acs.jpcc.7b11059. 

41. A. Saywell, J. Schwarz, S. Hecht and L. Grill, Angewandte 
Chemie, 2012, 124, 5186-5190. 

42. J. Rodriguez-Fernandez, K. Lauwaet, M. A. Herranz, N. 
Martin, J. M. Gallego, R. Miranda and R. Otero, J Chem 
Phys, 2015, 142, 101930. 

43. M. N. Faraggi, N. Jiang, N. Gonzalez-Lakunza, A. Langner, 
S. Stepanow, K. Kern and A. Arnau, The Journal of Physical 
Chemistry C, 2012, 116, 24558-24565. 

44. D. Heim, D. Écija, K. Seufert, W. Auwärter, C. Aurisicchio, 
C. Fabbro, D. Bonifazi and J. V. Barth, Journal of the 
American Chemical Society, 2010, 132, 6783-6790. 

45. D. Peyrot and F. Silly, ACS Nano, 2016, 10, 5490-5498. 

 


