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Abstract: We present a protocol for the on-surface synthesis of 

polyboroxine molecules derived from boroxine molecules precursors. 

This process is promoted by oxygen species present on the Au(111) 

surface: oxygen atoms facilitate the detachment of naphthalene units 

of trinaphthyl-boroxine molecules and bridge two unsaturated 

boroxine centers to form a boroxine-O-boroxine chemical motif. X-ray 

spectroscopic characterization shows that, as the synthesis process 

proceeds, it progressively tunes the electronic properties of the 

interface, thus providing a promising route to control the electron level 

alignment. 

The boronic auto-condensation emerges as a potent tool for 

designing new materials as well as organic-inorganic interfaces[1–

3]. The tuning of the electronic properties at the interface between 

electrodes and boroxine-based molecules represents a promising 

avenue of research for the advancement of cutting-edge 

technologies. We describe here a synthesis protocolfor the on-

surface formation of polyboroxine molecular species, derived 

from thermal treatment of a boroxine-based molecular layer on 

Au(111). By combining X-ray spectroscopy, Scanning Tunneling 

Microscopy (STM) imaging and DFT calculations, we fully 

describe the molecular structures and the underlying novel 

chemical motif, consisting in boroxine units bridged by an oxygen 

atom.  
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Figure 1. Left: Model of TNB molecule and STM imaging of TNB/Au(111) monolayer (adapted from Ref.[16] with permission). Right: STM imaging of TNB monolayer 

upon annealing at 400 K (Ts = 5 K; V = -30 mV, I = 500 pA (top); V = -30 mV, I = 100 pA (bottom)), showing the H-shaped molecules coexisting with TNB ones. 

 

The molecular model that emerges by simulating the 

experimental findings reveal the crucial role of oxygen species 

trapped on the surface during the boronic condensation process, 

which trigger the synthesis of the novel molecular complexes.  

In the boronic condensation reaction, three boronic terminations 

are condensed in a boroxine ring (B3O3), with the release of three 

water molecules. In chemical synthesis, the process is exploited 

in the growth of 3D Covalent Organic Frameworks (COFs)[4,5], 

biomimetic materials[6], self-healing polymers[7–9]; in surface 

science it is widely adopted in the formation of 2D COFs [10–13] as 

templates for the growth of molecular films via shape-matching 

approach[14]. By adopting precursors with single boronic 

termination rather than diboronic ones, boroxine molecules are 

synthesized on surface. This was reported for the synthesis of 

triphenylboroxine[15] and trinaphtylboroxine (TNB)[16] on Au(111) 

substrate. These molecular systems do not only pique interest 

due to the synthesis of novel species, but also provide a 

prototypical model for studying the boroxine-electrode interface. 

In contrast to the extended frameworks, molecules remain 

unaffected by morphological defects, enabling a more reliable 

characterization by means of spectroscopic techniques. We have 

shown that hybrid molecule-substrate unoccupied orbitals are 

efficient channels for the ultra-fast delocalization of charges[15], 

thus unveiling compelling possibilities for the application of 

boroxine materials as active organic layers in the realm of organic 

electronics. In this context, fine-tuning the energy level distribution 

at the boroxine-gold interface emerges as a pivotal concern. 

 

The synthesis and the characterization of TNB monolayer on 

Au(111) is described elsewhere.[16] Left panels of Figure 1 report 

a scheme of the molecule and STM images of the film, which 

evidence the trimeric nature of the molecules. Upon thermal 

treatment of the system (annealing to 370 K – 500 K under UHV 

conditions), novel H-shaped structures appear on surface, 

coexisting with TNB molecules, as shown by the images reported 

in the right panels of Figure 1. 

The coverage and relative population of molecular species of the 

system are influenced by both the annealing temperature and the 

rate of temperature change. Overall, the coverage tends to 

decrease, due to partial desorption of molecules. Occasionally, 

phase separation between TNB and H-shaped molecules is 

observed, although not consistently reproducible (see Supporting 

Info). Visual inspection of the high-resolution image reported in 

the upper-right inset of Figure 1 suggests that the H-shaped 

molecules derive from the bonding between boroxine groups of 

two TNB molecules, upon release of a naphthalene unit from each 

trimeric structure. The synthesis process is not limited to the 

formation of di-boroxines: Figure 2 reports STM images of other 

structures that are occasionally observed on thermally treated 

surface, which clearly stem from the merging of fragments of TNB 

molecules that have lost more than one naphthalene unit. In 

particular, panels a) and b) of the Figure 2 reports 5- and 6-fold 

polyboroxines respectively, derived from the merging of TNB 

fragments left with single naphthalene upon annealing at 620 K 

for 300 s. The image in the panel c) was obtained upon two 

subsequent annealing steps of the system at 670 K for 600 s each. 

The central part of the structure is apparently formed only by 

boroxine rings and bears a striking resemblance to patches of the 

2D boroxine framework synthesized from a tetrahydroxy-diboron 

precursor. [17] 
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Figure 2. STM images of polyboroxines formed on thermally treated TNB layers 

(Ts=5K, V=-0.5 V (panel a), -0.2 V (panel b), +0.3 V(panel c); I= 1.0 nA). A 

zoomed-out view of image in panel a) is reported as reference in Figure S5 in 

the Supporting Information. 

 

The emergence of these novel structures is supported by X-ray 

spectroscopic evidence. Figure 3 reports the B1s X-ray 

Photoemission Spectroscopy (XPS) and the B K-edge Near Edge 

Absorption Fine Structure (NEXAFS) spectra taken upon different 

treatments/growth conditions. The spectra in red are taken from 

Ref. [16] and refer to the TNB monolayer, obtained upon 

condensation of the boronic precursors. The photoemission 

spectrum is characterized by a main peak (B_LB at 191.2 eV) and 

a minor component at higher binding energy (B_HB at 193.0 eV). 

The spectra in blue refer to the system upon annealing at 500 K, 

where the conversion of part of B_LB component takes place 

populating the high energy peak; at the same time, the intensity 

of NEXAFS peak at 193.8 eV increases. To achieve higher 

conversion stages keeping a reasonable molecular coverage, the 

boronic precursor was deposited while maintaining the sample 

temperature (Ts) above room temperature (Ts = 470 K and 570 K 

for green and black curves respectively).  Upon thermal 

treatments a decreasing of both the C1s/B1s and C1s/O1s ratios 

was also observed (see Supporting Info), consistent with 

detachment of part of the naphthalene groups. 

In order to asses these experimental findings and describe the 

chemical motif characterizing the structures imagined by STM, we 

optimized at DFT level possible models of adsorbed H-shaped 

species; for each model we performed the calculations of core 

ionization and excitation energies as well as the oscillator 

strengths, in order to simulate the experimental XPS and 

NEXAFS spectra. A first screening of the possible models was 

performed seeking a good agreement with the STM imaging: an 

accurate inspection of the high-resolution image of Figure 1 

indicates that the distance between the two boroxine centers of 

the H-shaped molecules is 4.9 Å. This value is inconsistent with 

the formation of a B-B bond between TNB molecules after losing 

a naphthalene, which would theoretically result in a distance of 

4.5 Å between boroxine groups. Alternative models with gold 

(ad)atoms bridging the two unsaturated boron atoms were able to 

give the right geometrical aspect but not the proper agreement in 

terms of spectroscopic properties (see Supporting Info). In 

particular, the shift in the B1s binding energy for the boron atoms 

involved in the dimerization was too small, indicating that a more 

electronegative bridging element was needed. The best 

agreement with experimental findings was obtained with the 

molecular model reported in the right panel of Figure 3. On the 

bottom the comparison between the experimental and simulated 

STM image is reported. In this model an oxygen atom is bridging 

the two boroxine rings of the TNB residues. Calculations evidence 

a B1s binding energy of the boron atoms involved in the bridging 

motif, higher by ∆𝐼𝑃 ≅ 1.5 𝑒𝑉   with respect to those bound to 

naphthalene units. 

 

 

Figure 3. Panels a) and b): B K-edge NEXAFS and B1s XPS spectra taken on TNB layer as synthesized (Ts = 300-320K) and upon annealing/growth at different 

temperatures. Both techniques evidence the conversion of initial spectral features in new ones. Panel c): model of the H-shaped molecule proposed in the present 

work; Panels d) and e): comparison between experimental and simulated STM image of the molecule. The XPS graph reports also the calculated difference between 

the B1 and B5 1s ionization potential, in good agreement with experimental binding energy difference between B_HB and B_LB components, which are therefore 

attributed to B1-B2 and to B3 to B6 boron atoms respectively. Red curves of the spectra are reproduced with permission from Ref. [16] 
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This value is in fair agreement with the 1.8 eV shift detected by 

XPS spectra of the annealed sample, thus suggesting that the 

B_HB component of the B1s peak is due to the B1-B2 atoms of 

the model and the residual intensity of B_LB component to B3 to 

B6 atoms. The proposed model properly describes the NEXAFS 

spectra as well. Figure 4 shows the very good agreement 

between the experimental spectrum upon annealing at 500 K and 

the calculated one, reporting also the contributions of the different 

boron atoms and a representation of the orbitals involved in two 

of the main excitations (excitation of B6 and B2 for the dotted and 

continuous line contoured models respectively). Theory predicts 

a distance of 2.0 eV between the LUMO and the novel feature 

attributed at the B-O-B bond, in agreement with the experimental 

value (2.2 eV). As verified through the analysis of the calculated 

partial Density of States (DOS) detailed in the Supporting 

Information (Figure S8), the NEXAFS peak at 193.8 eV is 

conclusively attributed to the existence of unoccupied orbitals 

localized on the bridging B1 and B2 atoms. The synthesis of the 

B-O-B motif thus allows for tuning the electronic properties at the 

interface between molecules and gold substrate. The intensity 

ratio between the B1-B2 and B3 to B6 contribution predicted by 

calculations is lower than the measured ones. Indeed, both XPS 

and NEXAFS spectra of Figure 3 are inconsistent with the 

stoichiometry of the H-shaped molecular model we propose. This 

is evidently due to the fact that also polyboroxines larger than the 

H-shaped molecules are contributing to the experimental spectral 

features.  

In relation to the largest structure observed (panel c) of Figure 2) 

and its resemblance with the boroxine framework of Ref. [17], we 

notice that also the XPS and NEXAFS spectra of the highly 

converted TNB in Figure 3 (black curve) align, within few tenths 

of eV, with those obtained from the aforementioned extended 2D 

system. The minor differences in energies could be ascribed to 

the less extended nature and to residual naphthalene 

terminations of the present system. Based on the findings 

presented here, we suggest that oxygen atoms adsorbed on 

surface promote the cleavage of part of the B-B bonds present on 

the ideal structure of the framework[18,19], thus bridging part of the 

boroxines within the same motif described before.  Consequently, 

this phenomenon could account for the observed glassy 

morphology of the system.[17] 

The synthesis process we propose assumes that oxygen atoms 

are available on the Au(111) surface, and are involved in the 

reaction path leading to the formation of the new molecular 

species. 

 

Figure 4. Experimental vs calculated p-pol B-Kedge NEXAFS (experimental curve is the same as blue trace in Figure 3). The analysis 

of the contribution from different boron atoms of the H-shape molecular model clearly indicates that the peak close to 194 eV is due to 
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transitions from 1s orbitals of the atoms involved in the novel B-O-B chemical motif we propose. The insets report a graphic 

representation of the molecular orbitals involved in the main transitions. 

 

The presence of oxygen can be understood as an outcome of the 

condensation process. We suggest that part of the oxygen atoms 

of the boronic acids engaged in the reaction is not released as 

water molecules but rather is trapped on the surface as OH or O 

species. Atomic oxygen and hydroxyl species on the Au(111) may 

promote both oxidation reactions and bond activation [20–27]. Our 

model relies on the fact that the oxygen species activate the B-C 

bond, promoting the detachment of a naphthalene unit, and that 

an oxygen atom is consequently embedded, bridging two TNB 

fragments. In order to have further spectroscopic confirmation of 

this mechanism, we performed the TNB synthesis and annealing 

on an Oxygen-covered Au(111) surface. Photoemission spectra 

(Figures S2 and S3 in Supporting Information) show that the 

oxygen atoms interact with TNB molecules and that this 

interaction is further promoted by thermal annealing. Moreover, 

the B_HB/B_LB intensity ratio increases upon annealing with the 

amount of atomic oxygen pre-adsorbed on the surface.  

In conclusion, we have documented the synthesis of a stable B-

O-B motif on the Au(111) surface, resulting in the formation of 

polyboroxines. This process, as far as we know, was previously 

undiscovered. Activation occurs through oxygen atoms present 

on the surface, which act as bridges between boroxine centers. 

The model we propose for this novel chemical motif reproduces 

well the experimental data and our synthesis protocol enables 

control over the density of bridged boroxines, which can be 

identified by their clear spectroscopic fingerprints. Following the 

synthesis process, the electronic properties of the film-substrate 

interface undergo precise tuning, notably in the distribution of 

unoccupied energy levels. 

Supporting Information 

The authors have cited additional references within the 

Supporting Information[28–40] reporting experimental and 

theoretical methods, additional STM and XPS data and different 

theoretical models. 

Acknowledgements 

Financial support from ICSC Centro Nazionale di Ricerca in High 

Performance Computing, Big Data and Quantum Computing, 

funded by European Union Next Generation EU is gratefully 

acknowledged. We furthermore acknowledge the CINECA award 

under the ISCRA initiative, for the availability of high-performance 

computing resources and support. DC and GK acknowledge 

financial support of the Slovenian Research Agency through 

research program, grant number P1-0112. GK acknowledges 

financial support of the Slovenian Research Agency through 

research projects, grant numbers J1-3007 and J2-2514. This 

project has received funding from the EU-H2020 research and 

innovation programme under grant agreement No 654360 having 

benefitted from the access provided by CNR-IOM in Trieste within 

the framework of the NFFA-Europe Transnational Access Activity. 

We also acknowledge the financial support from 

MCIN/AEI/10.13039/501100011033 and the European Union 

“NextGenerationEU”/PRTR (TED2021-132388B-C43), and from 

MCIN/AEI/10.13039/501100011033/ERDF/EU (PID2022-

140845OB-C64). 

Keywords: Polyboroxines • On-surface synthesis • Oxygen-gold 

interface • Gold reactivity 

 
 
[1] A. L. Korich, P. M. Iovine, Dalton Trans. 2010, 39, 1423–1431. 

[2] E. Dimitrijević, M. S. Taylor, ACS Catal 2013, 3, 945–962. 

[3] R. Nishiyabu, Y. Kubo, T. D. James, J. S. Fossey, Chem Commun (Camb) 

2011, 47, 1124–50. 

[4] M. S. Lohse, T. Bein, Adv Funct Mater 2018, 28, 1705553. 

[5] K. Ono, K. Johmoto, N. Yasuda, H. Uekusa, S. Fujii, M. Kiguchi, N. 

Iwasawa, J Am Chem Soc 2015, 137, 7015–7018. 

[6] X. Yang, M. Guo, Y. Wu, S. Xue, Z. Li, H. Zhou, A. T. Smith, L. Sun, 

Cite This: ACS Appl. Mater. Interfaces 2020, 12, 56453. 

[7] R. Longfang, L. Congcong, Q. Taotao, Mater Today Chem 2022, 26, 

101126. 

[8] C. Bao, Y. J. Jiang, H. Zhang, X. Lu, J. Sun, Adv Funct Mater 2018, 28, 

DOI 10.1002/ADFM.201800560. 

[9] W. A. Ogden, Z. Guan, J Am Chem Soc 2018, 140, 6217–6220. 

[10] M. Bieri, M.-T. Nguyen, O. Grö, J. Cai, M. Treier, K. At-Mansour, P. 

Ruffieux, C. A. Pignedoli, D. Passerone, M. Kastler, K. Mü, R. Fasel, n.d., 

DOI 10.1021/ja107947z. 

[11] J. W. Colson, W. R. Dichtel, Nat Chem 2013, 5, 453–465. 

[12] S. Schlögl, T. Sirtl, J. Eichhorn, W. M. Heckl, M. Lackinger, Chemical 

Communications 2011, 47, 12355. 

[13] N. A. A. Zwaneveld, R. Pawlak, M. Abel, D. Catalin, D. Gigmes, D. 

Bertin, L. Porte, J Am Chem Soc 2008, 130, 6678–6679. 

[14] J. Plas, O. Ivasenko, N. Martsinovich, M. Lackinger, Steven. De Feyter, 

Chemical Communications 2016, 52, 68–71. 

[15] D. Toffoli, M. Stredansky, Z. Feng, G. Balducci, S. Furlan, M. Stener, H. 

Ustunel, D. Cvetko, G. Kladnik, A. Morgante, A. Verdini, C. Dri, G. 

Comelli, G. Fronzoni, A. Cossaro, Chem Sci 2017, 8, 3789–3798. 

[16] E. Turco, M. Stredansky, R. Costantini, J. A. Martinez, M. Dell’Angela, E. 

Zerbato, D. Toffoli, G. Fronzoni, A. Morgante, L. Floreano, A. Cossaro, 

Chemistry (Easton) 2021, 3, 1401–1410. 

[17] M. Stredansky, A. Sala, T. Fontanot, R. Costantini, C. Africh, G. Comelli, 

L. Floreano, A. Morgante, A. Cossaro, Chemical Communications 2018, 

54, 3971–3973. 

[18] S. Ullah, P. A. Denis, F. Sato, 2019, DOI 10.1039/c9ra07338h. 

[19] S. Lin, J. Gu, H. Zhang, Y. Wang, Z. Chen, FlatChem 2018, 9, 27–32. 

[20] T. a Baker, X. Liu, C. M. Friend, Phys Chem Chem Phys 2011, 13, 34–46. 

[21] J. Gong, T. Yan, C. B. Mullins, n.d., DOI 10.1039/b821050k. 

[22] X. Deng, B. Koun Min, X. Liu, C. M. Friend, 2006, DOI 

10.1021/jp062305r. 

[23] B. K. Min, A. R. Alemozafar, D. Pinnaduwage, X. Deng, C. M. Friend, 

2006, DOI 10.1021/jp0616213. 

[24] X. Deng, B. Koun Min, A. Guloy, C. M. Friend, 2005, DOI 

10.1021/ja050144j. 

[25] T. A. Baker, X. Liu, C. M. Friend, Physical Chemistry Chemical Physics 

2011, 13, 34–46. 

[26] J. S. Yoo, T. S. Khan, F. Abild-Pedersen, J. K. Nørskov, F. Studt, Chem. 

Commun 2015, 51, 2621. 

[27] G. M. Mullen, L. Zhang, E. J. Evans, T. Yan, G. Henkelman, C. B. 

Mullins, J Am Chem Soc 2014, 136, 6489–6498. 

[28] L. Floreano, G. Naletto, D. Cvetko, R. Gotter, M. Malvezzi, L. Marassi, A. 

Morgante, A. Santaniello, A. Verdini, F. Tommasini, G. Tondello, Review 

of Scientific Instruments 1999, 70, 3855–3864. 

[29] R. Costantini, M. Stredansky, D. Cvetko, G. Kladnik, A. Verdini, P. 

Sigalotti, F. Cilento, F. Salvador, A. De Luisa, D. Benedetti, L. Floreano, 

A. Morgante, A. Cossaro, M. Dell’Angela, M. Dell’Angela, J Electron 

Spectros Relat Phenomena 2018, 229, 7–12. 

[30] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. 

Ceresoli, G. L. Chiarotti, M. Cococcioni, I. Dabo, A. Dal Corso, S. de 

Gironcoli, S. Fabris, G. Fratesi, R. Gebauer, U. Gerstmann, C. Gougoussis, 

A. Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari, F. Mauri, R. 

Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia, S. 

Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari, R. M. 

Wentzcovitch, J Phys Condens Matter 2009, 21, 395502–395520. 



COMMUNICATION          

6 

 

[31] J. P. Perdew, K. Burke, M. Ernzerhof, Phys Rev Lett 1996, 77, 3865–3868. 

[32] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys 2010, 132, 

154104. 

[33] P. E. Blöchl, Phys Rev B 1994, 50, 17953–17979. 

[34] J. Tersoff, D. R. Hamann, Phys. Rev. B 1985, 31, 805–813. 

[35] J. P. Perdew, Phys Rev B 1986, 33, 8822–8824. 

[36] J. P. Perdew, Phys Rev B 1986, 34, 7406–7406. 

[37] E. J. Baerends, D. E. Ellis, P. Ros, Chem Phys 1973, 2, 41–51. 

[38] C. Fonseca Guerra, J. G. Snijders, G. Te Velde, E. J. Baerends, Theoretical 

Chemistry Accounts: Theory, Computation, and Modeling (Theoretica 

Chimica Acta) 1998, 99, 391–403. 

[39] E. Van Lenthe, E. J. Baerends, J. G. Snijders, J Chem Phys 1993, 99, 

4597–4610. 

[40] L. Triguero, L. G. M. Pettersson, H. Ågren, Phys Rev B 1998, 58, 8097–

8110. 

  



COMMUNICATION          

7 

 

Entry for the Table of Contents 

 

 
The formation of a novel B-O-B is promoted by oxygen atoms on Au(111) surface, upon breaking of B-C bond in tri-naphthyl boroxine 

molecules. As a result, the synthesis of polyboroxine species is obtained and monitored by X-ray core-spectroscopy.  


