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 ABSTRACT 

On-surface synthesis under ultrahigh vacuum provides a promising strategy to

control matter at the atomic level, with important implications for the design of

new two-dimensional materials having remarkable electronic, magnetic, or

catalytic properties. This strategy must address the problem of limited extension

of the domains due to the irreversible nature of covalent bonds, which prevents

the ripening of defects. We show here that extended materials can be produced 

by a controlled co-deposition process. In particular, co-deposition of quinoid 

zwitterion molecules with iron atoms on a Ag(111) surface held at 570 K allows 

the formation of micrometer-sized domains based on covalent coordination 

bonds. This work opens up the construction of micrometer-scale single-layer 

covalent coordination materials under vacuum conditions. 

 
 

1 Introduction 

In recent years, the development of two-dimensional 

(2D) organic materials has become the focus of intense 

research owing to their unique physical and chemical 

properties [1–4]. A major challenge in this field is to 

increase the strength of intermolecular bonds from 

supramolecular to covalently linked 2D materials. 

Unlike non-covalent bonds, covalent bonds formed 

by organic precursors are crucial because they enable 

single-layer organic networks with unique electronic 

conduction and robustness [5–10]. In this context, 

on-surface synthesis has emerged as a remarkable 

strategy, in which the surface is used as a template to 

catalyze reactions in two dimensions at solid/liquid 

interfaces [11–13] or under ultrahigh vacuum (UHV) 

conditions [14–16]. Although 2D supramolecular 

metal–organic coordination networks (MOCNs) (i.e., 

non-covalent bonds) are commonly described [17, 18], 

covalent interactions between metal and organic 

molecules were recently used to synthesize covalent 

metal ligand coordination networks on surfaces [19–22]. 

The versatility of this bottom-up approach offers an 

unlimited combination of synthons and metal precursors 

[23, 24]. Nevertheless, the irreversible nature of covalent 

bonds negatively affects on-surface synthesis under 
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vacuum, leading to a large number of defects and 

limited spatial extension, which represent a critical 

technological limit. Different strategies have been 

employed to overcome these limitations: engineering 

the ligand design for sequential growth [25–27], 

modifying the substrate reactivity, or adjusting    

the deposition conditions [28, 29]. By using these 

approaches, large networks of size 100 nm could be 

synthesized under UHV. 

In this paper, we report a new strategy based on 

controlled co-deposition and compare it to sequential 

deposition, which is commonly employed in on-surface 

synthesis [19, 30, 31]. Organic molecules and iron atoms 

are first deposited on Ag(111) and then annealed to 

activate the reaction. The reaction occurs randomly 

on the substrate, and polymer domains of limited size 

are formed. The high nucleation density of polymeric 

domains under UHV limits the extent of growth 

because covalent bond formation is irreversible. 

Finally, to overcome this limitation, we provide a new 

method that allows selection in the nucleation process, 

leading to micrometer-scale covalent polymers. Our 

strategy breaks from precedent by using co-deposition 

of both species on a substrate held at a temperature 

above the desorption temperature of the molecules 

[16]. In this way, the growth of existing domains is 

favored over the nucleation of new ones. Covalent 

metal ligand coordination polymers have been formed 

on the micrometer scale by controlling the growth in 

the co-polymerization reaction between zwitterionic 

quinone 1 and iron atoms on a Ag(111) substrate held 

at 570 K. 

2 Results and discussion  

First, we carefully select an efficient organic partner 

that can form covalent metal ligand coordination bonds 

on surfaces. To this end, key parameters in the ligand 

design were considered: 1) a low molecular weight to 

control the sublimation step, 2) delocalization of the 

π electrons upon covalent metal coordination to form 

conductive materials, 3) good ability to complex metal 

centers, affording polynuclear arrays, and 4) a planar 

structure with unhindered substituents to allow the 

formation of compact layers on surfaces. In this context, 

molecule 1 (Scheme 1, where R = H) appeared to be  

an excellent candidate because of its remarkable 

structural, electronic, and complexing properties. This 

compound—which is a rare example of the zwitterion 

being more stable than its canonical form—was first 

described in 2002 (R = neopentyl group) [32] and 

immediately attracted the attention of theoreticians 

[33–37]. Since then, this class of zwitterions became a 

reagent of choice in organic chemistry [38], a precursor 

of bioinhibitors in biochemistry [39], and a building 

block in surface sciences [40–45]. Importantly, its  

use as a new ligand in coordination chemistry was 

investigated and clearly demonstrated its efficiency 

and versatility in solution, especially in stepwise 

synthesis leading to covalent coordination complexes 

of types 2 and 3 (Scheme 1) [46]. In the case of 3,   

the reaction proceeds by successive deprotonation/ 

metalation steps from 1, affording a trinuclear complex 

in which each quinoid unit is linked to the metal 

center through two covalent and two coordinative 

bonds through N and O atoms. As a result, the 

oxidation state of the metal centers is always +II. 

Furthermore, the zwitterionic character of the ligand 

is lost, but its π electrons are still delocalized. 

Therefore, we anticipated that on-surface synthesis 

between metal atoms and zwitterion 1 could form 

extended covalent coordination polymers (Scheme 1) 

on surfaces as a result of the formation of covalent 

and coordinative bonds with metals by successive 

deprotonation/metalation reactions [46]. However, 

beyond ligand design, the deposition strategy is the 

key issue in the formation of well-ordered crystalline  

 

Scheme 1 Chemical structure of 1D covalent coordination 
polymer. 2 and 3 are obtained from zwitterion 1 and metals M by 
successive deprotonation reactions (R = neopentyl) [46]. 
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structures on surfaces, which involves a chemical 

reaction pathway and multiple kinetic processes 

including nucleation, diffusion of the different species, 

and desorption or dissolution into the substrate. 

2.1 From supramolecular network to covalent 

coordination polymers 

We first investigate the behavior of the selected system 

in a growth process where molecules of 1 and iron 

atoms are deposited successively on Ag(111) at room 

temperature [34]. Annealing the sample at temperatures 

from 390 to 810 K allows us to study the activation of 

the on-surface reaction between the two species. The 

structural arrangement at the atomic level is investigated 

by scanning tunneling microscopy (STM), and the 

chemical nature of the bonds (supramolecular or 

covalent) can influence the direct visualization of the 

electronic density of states (DOS) [19, 31]. After an 

initial annealing at 390 K to increase the diffusion 

length, a well-ordered network is obtained (Fig. 1(a)) 

that differs from the network obtained with molecules 

alone Fig. S1 in the Electronic Supplementary Material 

(ESM) [47]. Triangular domains up to 50 nm in size 

are formed; they consist of a 2D honeycomb structure 

with lattice parameters of 14.3 ± 0.5 Å aligned in   

the close-packed directions of the substrate. These 

measurements are consistent with density functional 

theory (DFT) simulations of a supramolecular MOCN 

of stoichiometry 2:3 (inset, Fig. 1(c)). Each Fe atom 

interacts with three molecules of 1 in a nearly threefold 

symmetry, resulting in lattice parameters of 14.3  

and 14.5 Å, with 59.8° between them. Annealing this 

network at 510 K completely changes the shape of the 

molecular domains from triangular to needle-like 

(Fig. 1(b)). Small domains (20–30 nm) are observed 

oriented in six equivalent directions at ±15° from the 

close-packed directions of the substrate. STM inspection 

of these domains shows that they are composed of 

chains of continuous DOS, where bright protrusions 

and dark sticks alternate with a periodicity of 8.0 ± 

0.5 Å (Fig. 1(d)). The image contrasts with an STM 

image of the MOCN (Fig. 1(c)), in which molecules are 

distinguished from iron atoms through a discontinuity 

in the DOS between the different species. These 

measurements reveal the covalent nature of the bond 

between the metal and the ligand, which is emphasized  

 

Figure 1 From MOCN to covalent polymers. STM images of 
the structural domains of zwitterion molecules and iron atoms 
deposited successively on Ag(111) at room temperature and 
annealed at ((a) and (c)) 390 and ((b) and (d)) 510 K. Insets show 
associated DFT models without substrate. C, N, O, H, and Fe are 
represented as gray, blue, red, white, and orange spheres, 
respectively. Images are ((a) and (b)) 80 nm × 80 nm and ((c) and 
(d)) 5 nm × 5 nm. 

by the symmetry modification between the MOCN 

and the needle-like domains obtained after annealing 

at 390 and 510 K, respectively. The evolution of the 

nitrogen environment, from amino groups (molecules 

alone and MOCN) to covalent bonds with Fe atoms 

(needle-like domains), is confirmed by X-ray photo-

electron spectroscopy (XPS) measurements of the N 

1s core-level binding energy (Fig. S2 in the ESM). On 

molecule 1, the N 1s binding energy is measured as 

399.4 eV, which is comparable with that of nitrogen 

atoms in amino groups [48]. This binding energy then 

shifts to 397.8 eV for covalent polymers (Fig. S2(a) in 

the ESM), which is comparable with that of nitrogen 

atoms bonded covalently to metal in metallo- 

phthalocyanine [49]. Importantly, the N 1s spectrum 

of MOCN is very similar to that of the molecule alone 

(Fig. S2(b) in the ESM), confirming that deprotonation 

occurs only for covalent interactions. DFT calculations 

show that a linear structure of alternating metals and 

molecules in its pristine form (with all hydrogen 

atoms) is possible but costs 1.1 eV per Fe atom com-

pared to the threefold complex. It is unlikely that 

these linear domains appear with increasing temperature. 

Rather, they appear from the known deprotonation 

reaction described in Scheme 1, which allows a 0.68 eV  
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gain in energy per Fe atom, compared to the non- 

dehydrogenated linear complex (Figs. S3–S5 in the 

ESM). Furthermore, this evolution from threefold to 

linear symmetry already occurs at room temperature: 

6 days after the elaboration, threefold symmetry 

domains are completely reorganized in linear 

arrangements (Fig. S6 in the ESM). The linear experi-

mental polymer is consistent with DFT simulations 

of a dehydrogenated polymer line (inset, Fig. 1(d)). 

These lines are organized, and a quasi-hexagonal 

network with lattice parameters of 7.7 and 7.8 Å is 

found that comprises Fe atoms bound to the depro-

tonated form of molecule 1. The covalent coordination 

lines are then stacked together to form a 2D self- 

assembly domain bound by multipolar electrostatic 

interchain interactions. Increasing the annealing tem-

perature to 690 K allows their diffusion: The weak 

interchain interactions are broken, and the lines are 

dispersed on the surface (Fig. S7 in the ESM). Finally, 

the polymer is completely degraded at 810 K. On  

the basis of the previously mentioned complexing  

properties of 1, the DOS measurements, and the extreme 

temperature resilience of the chains, we unambiguously 

prove the covalent nature of the bond between the 

metal and the ligand from the reported deprotonation 

of 1 (as observed in solution; see Scheme 1). Moderate 

annealing at 510 K allows the formation of polymeric 

domains aligned along six equivalent directions with 

a random nucleation density of one domain per   

100 nm2. Furthermore, the irreversible nature of 

covalent bond formation is responsible for a large 

number of defects that cannot be healed or removed 

by annealing [28, 29]. At this stage, the random 

nucleation process and the steric hindrance between 

domains limit the extent of the covalent polymer. It 

therefore appears necessary to control the nucleation 

to 1) select a limited number of germs and 2) promote 

the growth of existing nuclei at the expense of new 

nucleation. This is a well-known issue in studies of 

the classical phase transition, which has not yet been 

achieved in on-surface synthesis under UHV [50]. 

2.2 Controlling nucleation and growth process: 

toward micrometer-scale covalent coordination polymers 

The nucleation and growth process can be tuned   

by controlling the deposition of the species on the 

Ag(111) substrate. To this end, our strategy consists 

of co-deposition of molecules and metal atoms on   

a substrate maintained at a temperature above the 

desorption temperature of the molecules alone, which 

is estimated to be 420 K. As a result, the only 

molecules remaining on the surface are those that 

found an iron atom to bind to; the rest are desorbed. 

Figure 2 shows clearly the efficiency of this new 

approach. The initial state of nucleation is studied for 

three Fe effective fluxes, 0.4 × 1012, 1.6 × 1012, and 4.5 × 

1012 iron atomscm−2min−1, with a constant molecular 

flux (0.05 MLmin−1) and substrate temperature. A 

substrate temperature of 570 K is chosen to provide  

a good balance between diffusion and reaction, as 

detailed below. 

For the lowest flux (Fig. 2(a)), a small quantity of 

iron atoms is deposited in 40 min, producing a few 

domains of short covalent chains on the surface. 

Increasing the Fe flux (Figs. 2(b) and 2(c)) results in a 

progressive increase in the length of the linear 

covalent chains. In all cases, the covalent metal ligand 

coordination polymers measured by STM and XPS 

correspond to one molecule per iron atom, whereas 

the number of Fe atoms increases from 16 × 1012 iron 

atomscm−2 to 90 × 1012 iron atomscm−2. Moreover, 80% 

of the domains are aligned 15° from the close-packed 

direction of the substrate. In addition, step edges are 

reorganized in facets aligned with the Ag(111) close- 

 

Figure 2 Controlling the nucleation of the polymeric domain. 
STM images (300 nm × 475 nm) showing the effect of the iron 
deposition rate on the extent of the crystalline chains of zwitterion 
molecules and iron atoms co-deposited on Ag(111) held at 
570 K. Effective fluxes and deposition times are (a) 0.4 × 1012 Fe 
atomscm−2min−1 for 40 min, resulting in 10% surface coverage, 
(b) 1.6 × 1012 Fe atomscm−2min−1 for 40 min, resulting in 30% 
surface coverage, and (c) 4.5 × 1012 iron atomscm–2min–1 for  
20 min, resulting in 50% surface coverage.  
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packed direction, resulting in a 45° angle between the 

polymeric domains and the faceted step edges, as 

shown in Fig. 2. STM measurements of the nucleation 

density are one domain per 1.3 × 104 nm², one domain 

per 104 nm², and one domain per 0.5 × 104 nm², 

respectively, indicating only minor changes among the 

three fluxes. At the same time, the length of the linear 

chains and the coverage increase with the quantity of 

Fe atoms: from 80 nm to 200 and 600 nm long, and 

from 9% to 33% and 50%, respectively.  

Compared to the first sequential growth method 

presented above, which uses annealing of the deposited 

materials, the co-deposition method dramatically 

enhances the growth process, reducing the nucleation 

density by a factor 200. Furthermore, the interaction 

of the chains with the step edges makes it possible to 

select the domain orientation to avoid the appearance 

of six equivalent directions and promote growth   

in only one preferred direction at the expense of new 

nucleation. These results clearly demonstrate the 

efficiency of the method, which consists of co-deposition 

of molecules and metals on a substrate maintained  

at a temperature above the desorption temperature  

of the molecules. The substrate temperatures during 

co-deposition determine the kinetics of the reaction. 

Co-deposition at different substrate temperatures 

(390–630 K) is investigated for constant molecular 

and iron fluxes of 0.05 ML·min–1 and 4.5 × 1012 iron 

atomscm−2min−1, respectively (Fig. 3). Co-deposition 

at 390 K (below the desorption temperature of the 

molecules) leads to the formation of triangular domains 

up to 50 nm in size consisting of a 2D honeycomb 

network with a lattice parameter of 14.3 Å aligned 

with the close-packed directions of the substrate, 

similar to the MOCN observed after 390 K annealing 

of the species (Fig. 1(a)). 

Increasing the substrate temperature to 510 and 

570 K allows the formation of covalent chains com-

parable to the needle-like domains obtained previously. 

Then, disordered lines are observed at 630 K (Fig. 3). 

For co-deposition at 510 K, the lines are aligned along 

six equivalent directions at ±15° from the close-packed 

directions of the substrate, and the domain length 

reaches 200 nm. Nucleation of domains at step edges 

and terraces leads to the formation of domains in  

six equivalent directions, preventing their extension  

 

Figure 3 Effect of the substrate temperature during co-deposition 
of molecules of 1 and Fe atoms on Ag(111) maintained at a 
temperature between 390 and 630 K. Molecular and Fe fluxes are 
0.5 ML·min–1 and 4.5 × 1012 iron atomscm−2min−1, respectively. 
Deposition time is 20 min. STM images on the left are 175 nm × 
175 nm, with 5 nm × 5 nm insets. Images on the right are 20 nm × 
20 nm. 

because of steric hindrance. It is only when co- 

deposition is performed at 570 K that the domains 

extend up to 600 nm because nucleation occurs only 

at step edges and no longer occurs on the terraces. At 

this stage, the length limitation comes from the width 

of the terraces and the orientation of the steps with 

respect to that of the needles (Figs. S8 and S9 in the 

ESM). Finally, the needles can extend freely over the 
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micrometer range when the step edges are aligned 

with the preferential growth direction of the polymeric 

domains.  

3 Conclusion  

Covalent coordination polymers were formed under 

UHV by on-surface synthesis between zwitterionic 

quinone 1 and iron atoms successively deposited on 

Ag(111), after thermal activation of the reaction. As 

the reaction occurs randomly, small polymeric domains 

oriented in six equivalent directions are formed. We 

demonstrate that co-deposition above the desorption 

temperature of a component makes it possible to 

reduce the nucleation density and control the growth. 

This method enables a dramatic decrease in the 

quantity of defects usually observed in on-surface 

synthesis owing to the irreversible nature of covalent 

bond formation under UHV. Importantly, unprecedented 

micrometer-scale covalent coordination polymers are 

now attainable with this strategy. Our approach paves 

the way to many other organic/inorganic covalent 

materials having sufficient size to be transferred or 

isolated for further measurements or functionalization.  

 

Electronic Supplementary Material: Supplementary 

material (XPS measurements, computational and 

experimental methods and supplementary STM images) 

is available in the online version of this article at 

http://dx.doi.org/10.1007/s12274-016-1352-y. 
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