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Step by step on-surface synthesis: from 

manganese phthalocyanines to their polymeric 

form 

M.Koudia and M. Abel 

On-surface synthesis of tetracyanobenzene molecules with Mn 

atoms is presented. From metal-organic coordination networks 

at room temperature, Mn-phthalocyanines and finally small 

domains of polymeric Mn-phthalocyanines are formed upon 

annealing on the Ag(111) surface. Step-by-step on-surface 

reaction is studied in situ by scanning tunnelling microscopy 

under ultra-high vacuum.  

Molecular self-assembly has been proven to constitute a powerful tool 

for the creation of highly ordered self-assembled organic systems1. 

The tuning of the subtle balance between intermolecular and 

molecule-surface interactions thanks to a rational design of the 

molecular building blocks has led to a whole range of architectures 

realised on clean surfaces and well-controlled ultra-high vacuum 

(UHV) conditions2: from unidirectional or two-dimensional structures 

to more complex architectures such as host-guest and open 

networks3,4,5. The main driving forces used in these molecular self-

assemblies are non-covalent intermolecular interactions such as Van 

der Waals forces, hydrogen-bonds or metal-organic coordination. 

With regards to electronic applications, the latter allows the 

production of regularly and separately distributed transition-metal 

(TM) atoms that bears significant promise for the creation of 

unprecedented new materials6. Unfortunately, the reversible nature 

of the interaction poses a further challenge, as they hardly provide 

sufficient intermolecular electron transport capabilities. In this 

context, the concept of on-surface synthesis has been recently 

exploited as a promising strategy to overcome these limitations by 

covalent bonding of suitable precursors directly on the substrate in 

UHV. This bottom-up approach should lead to an endless variety of 

structures with original electronic and magnetic properties7. The 

strategies used so far have mainly involved two kinds of chemical 

reactions: polycondensation of boronic acid8,9 or Ullman reaction with 

iodine and bromine atoms10,11,12. The on-surface reaction between 

organic and inorganic species to form organometallic compounds is 

less documented13. Among technologically relevant molecules for 

organic electronic devices, metallophthalocyanines (MPc) have been 

extensively studied for their chemical stability and interesting 

properties in a wide range of applications such as gas sensors, field 

effect transistors, organic light-emitting diodes and data storage 

devices14. Unfortunately, these potential devices are highly restricted 

by the grain boundaries deriving from the production of 3D thick films. 

On the other hand, while the polymeric forms of phthalocyanines 

have been known for a long time, their synthesis in the single sheet 

regime is still a delicate matter15. 

In a previous study we introduced the possibility of an organometallic 

reaction at room temperature between 1,2,4,5-tetracyanobenzene 

(TNCB) molecules and iron on Au(111)15. Here we are presenting the 

same TCNB molecules deposited with Mn atoms on Ag(111), 

extending this study to a non-reconstructed (111) surface with a rather 

similar reactivity. In this case, the comparison between metal-organic 

phases obtained at room temperature and new phases obtained at 

higher temperature provides evidence of the reaction process. At 

room temperature, the deposition of TCNB molecules and Mn atoms 

on Ag(111) leads to the formation of 2D metal-organic structures with 

1:2 stoichiometry. Then a first reaction step occurs at 415K with the 

formation of Mn-2,3,9,10,16,17,23,24-octacyanophthalocyanines 

(MnPc(CN)8). The resulting molecules then self-assemble in either 

hydrogen bonding or metal-ligand supramolecular networks. The 

second reaction step occurs at 615K and results in the formation of 

small domains of the 2D phthalocyanine polymeric form with the 

remaining Mn atoms. Calculations have shown that such material, 

which presents regularly spaced TM atoms, possesses very interesting 

magnetic and/or conduction properties7.  

 

All experiments were performed in a multicharacterisation chamber 

under UHV. TCNB were evaporated from a crucible held at 380K. Mn 

atoms were deposited from a Mn rod (Goodfellow) using an electron-

beam evaporator. Different stoichiometries were obtained by 

modifying the deposition time ratio. The resulting synthetic films 

were characterised using room-temperature STM (Omicron VT-STM). 
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Images were plane-corrected and analysed using the WSxM 

software16. Gas phase calculations were done in the framework of the 

density functional theory (DFT) using the SIESTA package17 

(Supplementary S1). 

 

The deposition of TCNB molecules and Mn atoms at room 

temperature enables the formation of 2D networks of about 10-30 

nm, as shown in Figure 1, left. These networks, which are only 

observed in the presence of Mn atoms, present a square symmetry 

with a measured unit cell of (12±0.5) Å. This square symmetry is 

consistent with a tetradentate configuration of Mn atoms linked to 

four TCNB molecules. DFT simulations of the metal-organic 

coordination network (MOCN) with a TCNB:Mn stoichiometry of 2:1 

(Fig. 1, right) are consistent with the experiments: the calculated 

lattice parameter is found to be 11.9 Å. This network is also consistent 

with literature data in the case of tetracyano functionalised molecules 

such as Fe:TCNB18 or Mn:tetracyanoquinodimethane19 (Mn-TCNQ). 

We therefore conclude that the deposition of Mn with TCNB 

molecules on Ag(111) leads to the formation of MOCN with Mn atoms 

in a tetradentate configuration at each corner of the lattice. The 

depression pointed out by the circle in the inset of Figure 1 

corresponds to a missing Mn atom in the 2D metal-organic 

framework. 
 

 

Figure 1: Left (25 x 25 nm²) and inset (8 x 8 nm²): STM images of the 2D metal-

organic TCNB framework formed at room temperature on Ag(111) with 2:1 

stoichiometry (square unit cell of 12 Å). Right: DFT model (square unit cell of 

11.9 Å). H, C and N are represented as white, grey and blue spheres, 

respectively. Mn atoms are represented as large grey spheres. The circle 

indicates a missing Mn atom. 

Upon annealing at 545K, the MOCN turn into a new structure (Fig. 2, 

left). Cross-like compounds form on the surface and subsequently 

self-assemble in a square unit cell of (16±0.5) Å. This network is stable 

up to 615K. 

Contrary to what was observed in the MOCN presented in Figure 1, 

STM images of the crosses show no more helicity as well as a 

continuous electron density between the four peripheral arms and the 

centre. Furthermore the metal centre appears about 0.4 Å higher than 

the rest of the compound. This behaviour is expected in the case of 

MnPc(CN)8 formation whose dz² orbital, close to the Fermi level, 

contributes to the tunnelling current (solid line circles in Figure 2). This 

effect is consistent with STM imaging of MnPc when deposited on Pb 

surface where Mn is described in Mn(II) state20,21. The modelisation of 

the MnPc(CN)8 self-assembly by means of DFT calculations (inset of 

Fig. 2, left) shows an intermolecular distance of 15.8 Å, which is in line 

with the experimental value. In addition, the observed square lattice is 

consistent with other self-assemblies of functional MPc such as 

ZnPcCl8
22 or ZnPcF8

23 on Ag(111), where the main intermolecular 

interaction is hydrogen bonding between molecules. Similarly, two of 

the four arms are aligned with the dense directions of the substrate. 
 

 

Figure 2: Left (10 x 10 nm²): STM image of the resulting MnPc(CN)8 molecules on 

Ag(111) (square unit cell of 16 Å). Inset: DFT model (square unit cell of 15.75 Å). 

Right (10 x 10 nm²): STM image of the metal-organisation between MnPc(CN)8 

molecules and Mn atoms on Ag(111). Inset: DFT model. The circles indicate: a 

covalently bonded Mn atom (solid line), Mn-coordinated atom (dotted line) and 

missing Mn-coordinated atom (dashed line). 

Naturally, the covalent reaction between the Mn atom and four TCNB 

molecules involves only half of the Mn atoms available. This phase 

coexists with another one, shown to the right of Figure 2, and 

characterised by a TCNB:Mn ratio of 2:1, as was the case in the 

previously formed MOCN. This new phase consists again of cross-like 

compounds, but this time additional Mn atoms are present between 

the crosses (dotted circle in Fig. 2) involving the other half of the 

available cyano-groups. Using the same STM tip we can now clearly 

differentiate between two behaviours of Mn atoms: Mn in the cross-

like compounds (solid line circles) appears 0.4 Å above the molecular 

plane while Mn in between (dotted line circle) appears 0.1 Å lower 

(See supplementary S2). The main influence of the substrate resides 

in a vertical deformation of the metal-organic networks as 

demonstrated in Mn-TCNQ experiments24 whereas MnPc is adsorbed 

in a rather flat configuration. This should be at the origin of these 

different heights between the two different Mn atoms. The dashed 

line circle shows a depression due to a missing Mn atom in this metal-

coordinated MnPc(CN)8 dense phase. The Mn atoms in excess are 

subsequently incorporated between the resulting MnPc(CN)8 

molecules, binding them with metal-ligand interactions. The 

incorporation of Mn atoms through the MnPc(CN)8 densed phase 

depends on their diffusion through the film upon annealing. Indeed, 

large domains show a gradient diffusion of these Mn atoms where the 

periphery of the domains have a higher Mn concentration than in the 

centre (Supplementary S3). The DFT calculations of this phase (inset 

of Fig. 2, right) are consistent with this description. They show that 

four MnPc(CN)8 are organised around a Mn atom linked by metal-

ligand interactions of the same nature as those previously described 

for the Mn-TCNB network (Fig. 1). Both the thermal stabilities and the 

STM appearance of the Mn atoms allow us to demonstrate the on-

surface synthesis of MnPc(CN)8. At this stage, it is important to note 

that even in the presence of a sufficient amount of Mn atoms, no 

more covalent bonds are created. The temperature needs to be 

Page 2 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name COMMUNICATION 

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

increased up to 615K for the reaction to continue at the terminating 

cyano-groups of the MnPc(CN)8. 

Figure 3 is obtained after a 615K annealing of the metal-ligand 

MnPc(CN)8 network presented in Figure 2, right. This temperature has 

no impact on the stability of MnPc(CN)8 molecules, but it induces the 

formation of some domains of about 5nm large, compatible with 

polymeric phthalocyanines formation. This network has a square 

structure with a measured periodicity of (11±0.5) Å in both directions. 

Interestingly, while two of the four arms of the MnPc are aligned with 

the dense direction of the substrate, the 2D polymer is rotated by 15° 

with respect to the phthalocyanine domains and the polymer lattice 

vectors are no more aligned with the substrate. The control of the 

stoichiometry of the precursors is crucial for the reaction to proceed: 

an excess of molecule can hinder the formation of a well-ordered 

polymer and result in the formation of disordered undefined phases 

(Supplementary S3). Noticeably, this reaction produces no by product, 

so no contamination is created. 
 

 

Figure 3: Left (10 x 10 nm²): STM images of the 2D manganese phthalocyanine 

organometallic polymer (poly-MnPc) formed on Ag(111) surface (square unit cell 

of 11 Å). Right: DFT model (square unit cell of 10.75 Å). 

DFT calculations shows a distance of 10.8 Å for the theoretical 2D 

lattice (Fig. 3, right), which is in line with the experimental value and 

previous calculations25. This lattice parameter is smaller than that of 

the 2D metal-organic framework obtained at room temperature (11.9 

Å), revealing the covalent nature of the bonds inside the film. 

Furthermore, it is interesting to note that the activation energy of the 

first step of the reaction (MnPc(CN)8 synthesis) is lower than the 

activation energy of the polymeric form (615K). This difference in 

energy is certainly responsible for the small size of the polymerised 

areas.  

 

In summary, we studied the on-surface reaction between Mn atoms 

and TCNB molecules, starting with a metal-ligand network at room 

temperature followed by a MnPc(CN)8 synthesis at 545K, self-

assembled either by hydrogen bonding or by metal-ligand 

interactions, and ending with the formation of 2D polymeric Mn-

phthalocyanine networks at 615K. This π-conjugated system 

represents a fully delocalised two-dimensional electron system with 

magnetic metal atoms spread regularly in the polymer lattice. The 

activation of the reaction at 415K suggests that the previously Fe-

TCNB compound was unreacted at room temperature. Changing from 

Fe to Mn allows to decrease the activation temperature and thus 

facilitates the reaction. In principle, it should be possible to perform a 

stepwise growth in order to create networks of alternating metal 

centres (e.g., magnetic and non-magnetic) and therefore control the 

spin density in the film. If necessary, individual spins can be adjusted 

by functionalization and/or modification of the magnetic centre, 

thereby allowing the magnetic properties of the molecular network to 

be adjusted. Molecular precursors of various size, shape and 

functionality could be used, as well as other metals. Furthermore, the 

exploration of other kinetic paths could lead to an increase in the size 

of the 2D polymeric Mn-phthalocyanine. The flexibility of the 

synthesis method can thus allow for the creation of a wide range of 

organometallic polymer films of tuneable composition, structure and 

properties. 

The authors wish to thank L. Porte for fruitful discussions. 
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