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Chapter 8 
Protecting group chemistry: A new approach for 
stepwise on-surface polymerization of biphenyl 
derivatives on Ag(111) 

 

 

On-surface polymerization is nowadays considered as one of the most versatile and 

appropriate approaches for the bottom-up synthesis of covalently linked molecular networks 

on metal surfaces. So far, most of the polymer networks formed by this approach are based on 

the concepts of Ullmann coupling. Herein, we present a novel concept to obtain polymer 

networks by taking advantage of protecting group chemistry. In this work, a fluorinated 

biphenyl derivative was synthesized and its polymerization on Ag(111) was investigated in 

detail under ultrahigh vacuum conditions by a combination of scanning tunneling microscopy 

and X-ray photoelectron spectroscopy complemented by density functional theory 

calculations. Our study successfully demonstrates the possibility to obtain a stepwise growth 

of covalently-linked polymer networks on Ag(111) where the monomers can be interlinked in 

the form of dimers, trimers and one-dimensional polymer chains depending on the annealing 

temperature. In addition, we found the co-existence of different covalent bonding motifs 

within the formed polymer networks. The obtained results are expected to open up a new 

pathway for the tailored construction and design of polymer networks on metal surfaces. 
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8.1 Introduction  

Over the past years, numerous studies have been devoted to the surface-supported self-

assembly of functional molecular building blocks, which represents a promising 

approach for the bottom-up construction of supramolecular nanostructures on metal 

surfaces for future molecular devices [1−4]. To date, various sophisticated molecular 

networks with a high level of perfection can be formed on metal surfaces stabilized by 

non-covalent bonds such as hydrogen bonds, halogen bonds, metal-ligand coordination 

or van der Waals forces [5−9]. However, the lack of mechanical stability of such 

molecular networks due to the often weak nature of the non-covalent bonds are 

considered a drawback for potential practical applications. Therefore, a controlled and 

efficient approach for the fabrication of molecular networks on surfaces with improved 

thermal, chemical and mechanical stability is a prerequisite for a breakthrough in the 

development of future nanotechnological devices [10−12]. With this in mind, various 

strategies have recently been developed to build-up covalently linked molecular 

networks on metal surfaces. So far, a wide range of chemical reactions, which are 

commonly used in traditional solution-based chemical synthesis, have been exploited 

to obtain polymer networks on metal surfaces [13−16, 37−39]. Among them, Ullmann 

coupling has been the most studied one over the past recent years due to the ease to 

obtain on-surface polymer structures as well as to handle the starting compounds. The 

possibility to control via a hierarchical growth process the formation of one/two-

dimensional polymer structures by properly choosing the halogenated precursors 

featuring different halogen substituents has additionally spurred the utilization of 

Ullmann coupling [11, 17]. Despite these advantages, however, it is worth to note that 

Ullmann coupling usually produces halogen atoms, which chemisorb on the metal 

surface as side products of the on-surface reaction. These halogen atoms are highly 

unwanted because they tend to interfere with the polymerization process and therefore, 

hinder the formation of polymer networks with a high degree of structural perfection 

[18, 19]. Thus, a new and alternative protocol to obtain a stepwise growth of 

covalently linked polymer networks on surfaces without producing unwanted side 

products is crucial for the further development of molecular devices based on the on-

surface polymerization approach.    



On-surface polymerization of biphenyl derivatives on Ag(111) 

129 

 

Herein, we report a new approach to build-up covalently linked polymer networks 

on metal surfaces by taking advantage of protecting group chemistry. The concept of 

protecting group chemistry has been widely used in multistep organic synthesis [20]. 

However, the use of this chemical protocol as an efficient tool for the hierarchical 

construction of covalently linked polymer networks on surfaces has up to now not 

been exploited. Previously we demonstrated the possibility to synthesize polymer 

networks from tertbutoxycarbonyl (Boc)-protected 4,4-diaminobiphenyl on the 

Cu(111) surface through release of the Boc groups by thermal annealing [21]. In the 

present work, we expanded this concept and focused on the influence of two 

chemically different protecting groups attached to the same monomer on the 

covalently linked polymer networks. For this purpose, we synthesized a fluorinated 

biphenyl derivative where three hydrogen atoms in one of the two Boc groups were 

replaced by three fluorine atoms. The chemical structure of the precursor (labeled 1) is 

shown in Scheme 8.1. Due to the chemically different protecting groups, we expected 

them to have different chemical reactivity and thus, to offer the possibility to obtain a 

stepwise growth of polymer networks. Indeed, we could identify a temperature 

dependent cleaving for the different protecting groups, followed by the formation of 

new covalent bonds between the individual precursors. Depending on the annealing 

temperature, the formation of dimers, trimers and flexible polymer chains was 

observed. The investigations for the different annealing temperatures were carried out 

by scanning tunneling microscopy (STM) and X-ray photoemission spectroscopy 

(XPS). Density functional theory (DFT) calculations support our findings.  

8.2 Experimental results  

8.2.1 STM results on the on-surface polymerization of biphenyl derivatives 

Upon deposition of one monolayer (1 ML) of 1 on Ag(111) held at room temperature 

(RT), well-ordered two-dimensional (2D) molecular networks were observed by STM 

under UHV conditions (Fig. 8.1a). In the high-resolution STM image in Fig. 8.1b, the 

individual molecules are clearly resolved. Each molecule is imaged as two bright lobes 

connected by a dim line. The bright lobes are assigned to the Boc protecting groups, 

while the dim line is identified as the molecular backbone of precursor 1. Two 
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different molecular arrangements can be identified which co-exist: a parallel 

arrangement (Fig. 8.1b, upper part) and a herringbone arrangement (Fig. 8.1b, lower 

part) whose unit cells are superimposed in blue. The arrangement of the molecules in 

the respective arrangement is indicated by white and yellow lines. The unit cell of the 

herringbone arrangement contains two molecules and its dimensions are a = (13.4 ± 

0.5) Å, b = (17.8 ± 0.5) Å with an internal angle θ = (88 ± 2)° as determined from 

statistical analysis of the STM data. The unit cell of the parallel arrangement (right 

side in Fig. 8.1c) contains one molecule and its dimensions are found to be a = (10.1 ± 

0.5) Å, b = (13.7 ± 0.5) Å with an internal angle θ = (66 ± 2)°. The molecular packing 

density of the parallel phase is found to be ~ 0.80 molecules nm-1, whereas that of the 

herringbone phase is slightly higher, ~ 0.83 molecules nm-1. For the both cases, the   

 

 

 

 

 

 

 

 

 

Scheme 8.1: Chemical structure of monomer 1 and tentative reaction pathway for the thermal 
transformation of monomer 1 to dimer 6 on Ag(111). The red circle indicates the protecting group 
which is dissociated first upon heating, while the covalent bond formed between two precursor 
molecules is highlighted by a red ellipse. 
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self-assembled molecular networks are stabilized by hydrogen bonds formed between 

the carbonyl oxygen atoms and the phenyl hydrogen atoms of neighboring molecules 

(marked by blue ellipses) as well as between the fluorine atoms and the phenyl 

hydrogen atoms of neighboring molecules (marked by red ellipses). Notably, due to 

the presence of fluorine atoms in one of the two protecting groups, we do not rule out 

the possibility that the molecules are arranged into a configuration where the fluorine 

atoms of one molecule point towards the carbonyl oxygen atoms or fluorine atoms of 

neighboring molecules (this model is not shown). In this way, a halogen bond can be 

established between two neighboring molecules, which is based on the anisotropic 

charge distribution around the fluorine atom in a fluorine-carbon bond [22].   

 

 

 

 

 

 

 

 

 

 

Figure 8.1: (a) STM image (29.5 × 29.5 nm2) showing that 1 arranges into well-ordered 2D patterns 

on Ag(111). (b) Detailed STM image (8.9 × 8.9 nm2) showing the co-existence of herringbone and 
parallel arrangements on Ag(111) as highlighted by yellow and white lines, respectively. The 
respective unit cells are marked in blue. (c) Proposed molecular models for the corresponding 
herringbone and parallel arrangements. Hydrogen bonding interactions between CH…O and CF…H are 
highlighted with blue and red ellipses, respectively. The STM images were taken at RT with U = -1.8 
V, I = 20 pA. 
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In order to trigger the on-surface polymerization of 1 on Ag(111), the sample 

was in a first step annealed at 165 °C for 30 minutes. After cooling down to RT the 

STM measurements were carried out. The overview STM image in Fig. 8.2a reveals 

that the appearance of the molecular networks is changed upon annealing compared to 

that before annealing. In the high-resolution STM image (Fig. 8.2b), a new 

arrangement of the bright lobes within the molecular networks can be observed. 

Moreover, the number of bright lobes arising from the tert-butyl groups of the Boc 

protecting groups is reduced considerably compared to the case for as-deposited 

molecules. Importantly, from the STM images, the lobe-to-lobe distances were 

measured to be about 2.1 nm in length, which is in good agreement with twice the 

length of a biphenyl unit. On the basis of these observations, we conclude that the 

molecular network consists of dimers formed from two precursors which released one 

of their two protecting groups upon thermal annealing. A molecular model for the 

dimeric structures is superimposed on the STM image in Fig. 8.2b for better visibility. 

Although it is impossible to discriminate the fluorinated Boc protecting groups from 

the non-fluorinated ones based on STM images, we assume that the monomer 1 

initially loses the fluorinated Boc group due to the enhanced reactivity of this group 

with respect to the other one. This assumption is unambiguously proven by XPS 

measurements (discussed below). Thus, in order to obtain dimers, each monomer loses 

its fluorinated Boc protecting group and then two of these activated ends meet to form 

a dimer through forming a covalent bond. The assumed reaction pathway for the 

dimerization is shown in Scheme 8.1, which is based on our previous findings [21]. 

Accordingly, we expect that 1 loses an isopropene moiety to generate the 

hydroxycarbamate 2 upon annealing. Then, 2 can be decomposed either by 

decarboxylation to yield the amine 3 or by condensation to obtain the isocyanate 4. 

The compound 4 may even be formed directly via the elimination of fluorinated tert-

butanol induced by the coordination of the nitrogen lone-pair electrons of 1 to the 

substrate. Subsequently, the free amine 3 and the isocyanate 4 undergo the reaction 

which results in the formation of the urea derivative 5. Finally, the azo derivative 6 

(dimer) can be formed from 5 either by the release of formaldehyde or carbon 

monoxide and hydrogen. The proposed molecular model for the dimer arrangement is 
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presented in Fig. 8.2c. In this model, the unit cell dimensions determined from STM 

images are a = (16.5 ± 0.5) Å, b = (24.6 ± 0.5) Å with an internal angle θ = (74 ± 2)°. 

The non-fluorinated protecting groups corresponding to the bright lobes in the STM 

images are highlighted in yellow for easier comparison of the model with the STM 

image. The arrangement of the dimers is also governed by hydrogen bonding between 

the carbonyl oxygen atoms and the phenyl hydrogen atoms as well as between the 

carboxyl oxygen atoms and the HN groups of neighboring dimers. 

Since the formed dimer 6 still possesses two terminal Boc protecting groups, 

the possibility to have further on-surface reactions happening at higher annealing 

temperatures is given. As a result of annealing at 173 °C for 30 minutes, the formation 

of even longer 1D structures with remaining bright lobes was observed by STM. Fig. 

8.2d shows a 2D island consisting of oligomer chains, which is surrounded by a 

mobile phase. The high-resolution STM image shown in Fig. 8.2e shows the formation 

of trimers which are arranged parallel to each other. The molecular lattice parameters 

of this phase are found to be a = (17.5 ± 0.5) Å, b = (22.9 ± 0.5) Å with an angle of θ = 

(44 ± 2)°. From the tentative molecular model (Fig. 8.2f), we suggest that the 

arrangement of trimers is also stabilized by hydrogen bonds formed between the 

carbonyl oxygen atoms and the phenyl hydrogen atoms of neighboring trimers. Thus, 

we conclude that higher annealing can also induce the dissociation of the “normal” 

Boc protecting group, resulting in the formation of trimers having the same covalent 

bonding motif between the biphenyl cores as the dimers. 

In order to split off all protecting groups and to have the polymerization 

completed, the sample was further annealed at 195 °C for 30 minutes. The overview 

STM image in Fig. 8.3a shows the co-existence of flexible 1D polymer chains 

interconnected via a threefold motif and ring-shaped nanostructures on the Ag(111) 

surface. Annealing the sample at temperatures up to 245 °C does not change the 

polymer structures. A close-up STM image of the polymers after annealing at 245 °C 

is displayed in Fig. 8.3b. The chainlike and hexagonal polymer structures coexist 

while the bright lobes arising from the tert-butyl groups were not observed anymore. 

This finding indicates that all Boc protecting groups are split off at this annealing 
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temperature. The main reason for the presence of different covalent bonding motifs 

could be due to the co-formation of different bonding motifs at the same time upon the 

on-surface covalent coupling. The proposed bonding motifs for the observed polymer 

architectures are shown in Fig. 8.3c. The dimers are connected via a -N=N- (azo) 

bond, the 1D polymers and hexagonal structures are connected via -NH- bonds and the 

threefold crossings are based on -C-NC-C- bonds. The existence of these different 

bonding motifs for the obtained polymer structures was successfully demonstrated 

through bench experiments in our previous work for a monofunctionalized biphenyl 

derivative [21]. 

 

 

 

 

 

 

 

 

 

Figure 8.2: (a) STM image (72 × 72 nm2, U = -2.0 V, I = 20 pA) of the dimer arrangement of 1 on 

Ag(111) upon annealing the sample at 165 °C for 30 minutes. (b) In the close-up STM image (8 × 8 
nm2, U = -1.8 V, I = 20 pA) the individual dimer units can be clearly discerned. The unit cell is 

indicated in blue. (c) Corresponding molecular model for the dimer phase. (d) STM image (20 × 20 
nm2, U = -1.8 V, I = 20 pA) of the trimeric structures formed on the surface after the sample was 

annealed at 173 °C for 30 minutes. (e) Close-up STM image (8 × 8 nm2, -1.9 V, 20 pA) showing the 
trimeric units in detail. The unit cell is indicated in blue. (f) Corresponding tentative model for the 
trimer phase. 
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Figure 8.3.: (a) Overview STM image (108 × 108 nm2, -2.1 V, 20 pA) showing the co-existence of 

different polmeric structures upon annealing the sample at 195 °C for 30 minutes. (b) Close-up STM 

image (14.5 × 14.5 nm2, -1.8 V, 20 pA) of the polymeric arrangement which formed after the sample 

was annealed at 245 °C for 30 minutes. (c) Proposed molecular models for the different observed 
polymeric structures. 

 

8.2.2 XPS results on the on-surface polymerization of biphenyl derivatives  

To get insight into the reaction pathway of the on-surface polymerization as well as to 

provide further evidence that the fluorinated Boc protecting group cleaves first upon 

annealing at 165 °C, we performed XPS measurements and DFT calculations. Fig. 8.4 

(left) shows the F 1s core level of the sample after deposition of 1 on Ag(111) held at 

RT (red curve, peak position at 689 eV) and after annealing the sample at 165 °C 

(black curve). Clearly, the F1s peak disappeared completely once the dimer is formed. 

Thus, it can be concluded that the fluorinated protecting group is split off upon 

annealing at temperatures > 165 °C. The C 1s core level spectra (Fig. 8.4, right) were 

recorded for intact monomers 1 (directly after deposition, red curve) as well as for the 
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dimers (annealing at 165 °C, black curve) and for polymer formation (annealing at 195 

°C, blue curve). For the as-deposited molecules, a small peak corresponding to C-F 

bond can be identified at a binding energy of 288.7 eV (marked by a dashed black 

ellipse) [40]. Upon the first annealing step at 165 °C this peak disappears. However, 

there is no significant change in the C 1s core level binding energy for the different 

annealing temperatures, except that the peak intensity drops considerably after the first 

annealing step which means that molecular desorption takes place upon annealing. 

This observation is in good agreement with what was observed in the STM 

measurements: the overall coverage is considerably reduced after heating the sample at 

temperatures > 165 °C. 

Figure 8.4:  XPS spectra of the F 1s (left) and C 1s (right) core levels of 1 adsorbed on Ag(111) 
before and after annealing.   

The O 1s core level spectra (Fig. 8.5 left) were taken for as-deposited samples 

(red curve), for the dimers (annealing at 165 °C, black curve) and for the polymer 

structures (annealing at 195 °C, blue curve). Apparently, all three spectra consists of 

two components located at around 531.1 eV and 533 eV [23, 24]. The first component 

can be assigned to the oxygen atoms in the -C=O groups (carbonyl oxygen) and the 

second one to the oxygen atoms in the C-O-C groups (carboxylic oxygen). The 

difference in binding energy between these two components is 1.9 eV, which agrees 

well with the DFT calculations of both USF monomers and dimers adsorbed on the 
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Ag(111) surface, where the difference is found to be 1.95 eV. The total intensity of the 

O 1s spectra drops considerably after annealing which is in agreement with what is 

observed for the C 1s spectra. The existence of the same two components even after 

annealing at temperatures up to 195 °C points out that the oxygen components of the 

protecting group do not react further and split off as one unit. That we still have some 

signal after annealing at 195 °C we assign to the fact that not all protecting groups 

were split off. 

 

 

 

 

 

 

 

 

 

Figure 8.5: XPS spectra of the O 1s (left) and N 1s (right) core levels of 1 adsorbed on Ag(111) 
recorded before and after annealing. 

The N 1s core level spectra (Fig. 8.5 right) were taken for as-deposited samples 

(red curve) and for the dimers (annealing at 165 °C, black curve). For the displayed 

spectra the Ag background was already subtracted. Before annealing the spectrum is 

fitted with a single component with a binding energy of 400.3 eV assigned to the N 

atoms in the C-NH-C bonds [25, 26]. After annealing, the peak is broadened and now 

needs to be fitted with two components at binding energies of 400.3 eV and 398.6 eV. 

The first component is the same as before annealing while the second component we 

assign to the N atoms in the azo groups (-N=N- group) of the dimers [27−29]. The 

difference in binding energy for the two N 1s components amounts to 1.7 eV, which is 
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in reasonable agreement with the simulated core level shift of 1.85 eV between the N 

atoms in the amino group (starting monomer) and the azo group (connecting bond in 

the dimer configuration between two monomers). Due to the relatively low amount of 

molecules on the surface after annealing at 195 °C, we were not able to obtain 

meaningful XPS data. Thus, by combining the XPS and DFT results for the O 1s and 

N 1s core levels, we were able to identify the covalent bonding motifs for the dimer.   

8.3 Conclusions 

We successfully demonstrated the stepwise on-surface polymerization of a biphenyl 

derivative functionalized with two different protecting groups on Ag(111) by a 

combination of STM and XPS measurements with DFT calculations. We found that 

upon annealing at 165 °C the fluorinated protecting group is cleaved first and dimers 

form. Higher annealing results in the cleavage of the second protecting group and 

extended polymer structures are formed. The advantage of our approach is that by the 

choice of the annealing temperature, the type of polymer structure can be chosen: 

dimers, trimers or 1D polymer chains. However, the covalent coupling motif for the 

dimers / trimers differs from the one of the 1D polymer chains and can be regarded as 

temperature dependent. In comparison to on-surface polymerization based on Ullmann 

coupling, where the presence of chemisorbed halogen atoms in addition to the 

polymeric structures is a highly unwanted side effect, our approach based on 

protecting group chemistry offers a valuable – and even “cleaner” – alternative for the 

bottom-up construction of polymer networks on metal surfaces.  

8.4 Experimental methods and computational details 

8.4.1 Experimental methods 

All STM experiments were performed in an ultrahigh vacuum (UHV) chamber with a 

base pressure around 2 × 10-10 mbar equipped with a variable temperature scanning 

tunneling microscope (Oxford Instruments Omicron NanoScience). STM images were 

acquired in  constant-current mode at room temperature using a Pt/Ir tip. Repeated 

cycles of Ar+ sputtering followed by annealing at 700 K were used to prepare the 

Ag(111) single crystal. The fluorine substituted diaminobiphenyl derivative was 

deposited on Ag(111) from a home-built evaporator with the thickness monitored by a 
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quartz crystal microbalance. During the deposition, the substrate was kept at room 

temperature. STM image processing was carried out with the WSxM software [30].  

The XPS spectra were recorded with a hemispherical energy analyzer (Thermo 

Scientific) employing Al Kα radiation with photon energy of 1468.6 eV. The Ag 3d5⁄2 

core level was used for calibration. The best-fitting procedure was performed for every 

core level, whereas each individual component was described by a Voigt profile 

consisting of a Gaussian contribution, mainly accounting for the experimental 

resolution, and a Lorentzian contribution related to the natural line width of the 

excitation. Shirley background subtraction was employed to remove the original 

background. 

8.4.2 Computational details  

Periodic density functional theory calculations were performed using the Vienna Ab 

initio Simulation Package (VASP) code [31], with ion-core interactions described by 

the projector-augmented wave method [32, 33]. A van der Waals density functional 

[34] was used to describe all non-local correlations, while local correlation was 

described within LDA. Semi-local exchange was described on the GGA level using an 

optimized form of the Becke 86 functional [35]. The plane wave basis has been 

expanded up to a cut-off energy of 400 eV. The first Brillouin zone was sampled by 

the Γ-point only. The Ag(111) substrate was modeled by a four layered slab. Structural 

optimization was performed until the force acting on each atom was below 0.01 eV/Å. 

Simulated core-level shifts were calculated by comparing total energy differences 

between core-ionized and ground state systems. The total energies of the core-ionized 

systems were computed by using a core-ionized PAW potential for the core-ionized 

atom as described by Köhler and Kresse [36].  
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