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ABSTRACT 
Cyclic-conjugated linkages between planar-macrocyclic molecules contribute to the robustness of the two-dimensional (2D) 
polymerization and extension of π-interactions. The fabrication of such linkages in 2D polymers remains challenging. Combining 
scanning tunneling microscope (STM) measurements and density functional theory (DFT) calculations, we demonstrate a linear 
polymerization of metal-free naphthalocyanine (NPc) molecules with [4]-radialene-like linkages on silver surfaces. Experimentally, 
by depositing NPc molecules on the Ag(110) surface and subsequent annealing up to 750 K, one-dimensional polymers are 
constructed along the [11

_
0] direction. High-resolution STM images show a stem-leaf-like feature. STM simulations based on a 

linear polymer of NPc molecules linked by four-membered carbon rings, [4]-radialene-like structure, agree well with the experimental 
observations. DFT calculations reveal that the polymerization process includes detaching two-terminal H atoms of NPc molecules 
along [11

_
0] direction, then bonding with a neighboring dehydrogenated NPc molecule by forming a four-membered ring. The 

dehydrogenation process can be promoted by on-surface impurities such as additional H atoms. Similar polymerizations have 
been achieved on Ag(111) surfaces in an amorphous way. Moreover, the energy gap of the NPc molecule decreases after linear 
polymerization, suggesting a red-shift for its optical absorption/scattering spectrum. Our study offers a new route to polymerize 
conjugated molecules with extended planar π-interactions. 
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1 Introduction 
Two-dimensional (2D) molecular polymerization, a method 
by which planar molecules are connected and form 2D 
networks, is widely used in the synthesis of novel 2D molecular 
crystals [1–4]. Using this method, researchers can create new 
2D molecular crystals by extending zero-dimensional (0D) 
molecules to one-dimensional (1D) linear structures or 2D 
periodic structures on surfaces [5–9]. Furthermore, they can 
synthesize heterostructures comprising 2D molecular crystals 
and 2D materials [10, 11]. Such heterostructures are candidates 
for the construction of next-generation nanodevices [12]. It is 
worth mentioning that, in addition to the building blocks (the 
molecules), the linkages between molecules play dominant roles 
in controlling both the mechanical and electronic properties 
of the polymers [1]. The controlled polymerization of specific 
molecules utilizing unique linkages is always a desired technique 
for 2D-molecular-polymerization development [13]. 

So far, diverse linkages such as C–C single or double bonds 
[7, 14–16], C–metal coordinate bonds [17, 18], and/or B–O 
ring-like structures [19, 20] have been demonstrated. Because of 
the flexibility and rotatability of between-single-atoms bonds, 

on-surface polymers with such bonds usually show amorphous 
morphology and are difficult to transfer to other platforms for 
further investigations. In contrast, cyclic-conjugated linkages, 
e.g. radialene-like linkages (carbon polygons), show superior 
performance in both forming robust poly-structures and 
improving the optical or electronic properties of the individual 
molecules [21, 22]. The [4]-radialene-like linkages in pentacene 
oligomers have been predicted to not only serve as effective 
connectors between pairs of incoming spin edge channels, 
but also act as topological spin switches for the two outgoing 
channels [23]. In addition, the energy gaps of the conjugated 
systems can be reduced due to extended π-interactions, 
suggesting red-shifted light adsorption and enhanced light- 
harvesting efficiency [24]. 

As a group of versatile conjugated molecules, porphyrin 
and its derivatives, e.g. tetraphenylporphyrin (TPP) and 2,3- 
naphthalocyanine (NPc), have been widely studied [25–31] due 
to their advantageous electronic and optical properties. Though 
their polymerization by flexible C–C single bonds [32–35] 
and/or ring-like conjugated linkages [19, 36–38] using special 
precursors has been achieved, it is still a great challenge to 
directly polymerize them with cyclic-conjugated linkages. Here, 

Address correspondence to Qing Huan, huanq@iphy.ac.cn; Shixuan Du, sxdu@iphy.ac.cn   



 Nano Res.  

 | www.editorialmanager.com/nare/default.asp 

2 

we report the construction of linear NPc polymer linked by 
[4]-radialene-like structures using NPc molecule as the precursor. 
Direct deposition of NPc molecules on Ag(110) surface at 
room temperature results in the formation of a self-assembled 
monolayer. Post annealing up to 750 K leads to linear structures 
with a stem-leaf-like morphology observed in high-resolution 
scanning tunneling microscope (STM) images. Theoretical 
simulations demonstrate that the atomic configuration of the 
linear structure is head-to-head polymerized NPc molecules 
linked by four-membered carbon rings, i.e. [4]-radialene like 
structures. Further density functional theory (DFT) calculations 
reveal a stepwise mechanism that includes dehydrogenation and 
following polymerization. On-surface H atoms can significantly 
reduce the energy barrier for dehydrogenation. A similar 
polymerization process is also achieved on Ag(111). DFT 
calculations show that the polymer has a reduced energy gap 
compared with the monomer. 

2  Methods 

2.1  Experimental  

All experiments were carried out in a homemade ultrahigh 
vacuum (UHV) variable temperature STM system [39] with the 
base pressure better than 2.0 × 10−10 mbar. The single crystals 
Ag(110) and Ag(111) ( roughness < 0.03 μm, orientation 
accuracy < 0.1°, MaTeck Company) were prepared in vacuum by 
repeated cycles of Ne+ sputtering and subsequent annealing at 
770 K until a clean and atomically flat surface was confirmed 
by STM imaging [40]. 2,3-Naphthalocyanine (Aldrich 95+%) 
in powder form was purified by a sublimation process with a 
homemade Knudsen cell (K-cell) evaporator in high vacuum 
for three days, followed by degassing at 640 K for 2 h under 
UHV condition [27]. The NPc was evaporated at 610 K, while the 
substrate Ag(110) and Ag(111) were kept at room temperature. 
Post annealing of these samples at 750 K could active the 
polymerization reaction of the NPc molecules on the silver 
surfaces. 

2.2  Calculational  

DFT calculations were performed using the Vienna ab initio 
simulation package (VASP) code [41, 42] with the projector- 
augmented wave (PAW) method [43]. The Perdew–Burke– 
Ernzernhof (PBE) [44] version of the generalized gradient 
approximation (GGA) [45] was used. HSE06 hybridized function 
[46] was used to calculate the energy gaps of NPc-molecule 
monomer, dimer, and polymer. The energy cutoff was 400 eV. 
Climbing-image-nudged-elastic-band (CI-NEB) calculations [47] 
were carried out to unveil the nature of the dehydrogenation 
process. For the benzene/Ag(110) model, the supercell con-
tained five layers of Ag atoms to simulate the substrate and 
a benzene molecule on one side of the slab. The vacuum slab 
was about 16 Å thick. The lattice parameters of the supercell 
in calculations were 16.6 Å × 20.6 Å. For the NPc/Ag(110) 
system, to save calculation resources, the supercell contained 
two layers of Ag atoms and an NPc molecule on one side. The 
lattice parameters were 33.2 Å × 32.3 Å. The bottom two layers 
(benzene/Ag(110)) and one layer (NPc/Ag(110)) of Ag atoms 
were fixed, and all other atoms were fully relaxed until the 
intra-atomic forces were smaller than 0.02 eV/Å in the 
structural relaxations and 0.05 eV/Å in the CI-NEB calculations, 
respectively. The Brillouin zone was sampled with only the 
Γ-point in all calculations. Van der Waals interactions were 
included using Grimme’s [48] empirical correction scheme. STM 
simulations were obtained from the optimized polymerized 
structures based on the Tersoff-Hamman approximation. 

Considering a blunt or molecule-decorated STM tip and 
the vibration of molecules/polymers at room temperature, a 
two-dimensional Gaussian filtering with a standard deviation 
σ ≈ 1.2 Å was carried out to generate a comparable resolution 
between experimental and theoretical results.  

3  Results and discussion 
Experimentally, we found that the NPc molecules form a 
monolayer self-assembled structure after directly deposited 
onto the Ag(110) surface at room temperature (Fig. 1(a)). 
Similar to those on Ag(111) surface [49–51], NPc molecules 
exhibit cross-like shapes and pack together like mechanical gears. 
Two domains with the same unit cell but different molecular 
orientations are observed, as shown in Fig. 1(a) separated by 
the white dashed line. Interestingly, molecules present different 
self-assembly chiralities as highlighted by the green and 
blue gear-like symbols in domains 1 and 2, respectively. After 
annealing to 750 K, the morphology of the self-assembled NPc 
monolayer changes dramatically. Despite desorption, some 
remnant NPc molecules form ordered linear structures on the 
surface, as highlighted by the black dashed lines in Fig. 1(b). 
Notably, all linear structures are along the high-symmetry    
[11

_
0] direction with identical space in between. Schematic 

models of self-assembled and polymerized NPc film are shown 
in Figs. 1(c) and 1(d), respectively. 

The high-resolution STM image of the linear structure (Fig. 2(e)) 
exhibits a stem-leaf-like morphology, with the continuous dim 
“stem” along the [11

_
0] direction (white dashed line) and discrete 

bright “leaves” in between (black dashed ellipses). According 
to the cross-cut profile along the linear structure (green line in 
Fig. 1(b)) shown in the upper panel of Fig. 2(a), the distance  

 
Figure 1  STM images and possible configurations of NPc molecules on the 
Ag(110) surface before and after annealing. (a) STM image of monolayer 
self-assembled NPc molecules on Ag(110) surface at room temperature. 
Closely packed NPc molecules represent a gear-like structure. (b) STM 
image of NPc molecules on Ag(110) surface after annealing at 750 K. 
Domains highlighted by black dashed lines show linear structures along 
the [11

_
0] direction. (c) Schematic of the gear-like adsorption structure of 

NPc on Ag(110). Inset: optimized structure of single NPc molecule with a 
length of 1.98 nm. (d) Schematic of a proposed linearly polymeric structure of 
NPc after annealing. The neighboring NPc molecules are linked by [4]- 
radialene-like structure (red color), forming a molecular chain along the 
[11

_
0] direction. 
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Figure 2  The configuration of the linear polymerized NPc molecules on 
the Ag(110) surface. (a) Upper: line profile of the green line shown in Fig. 1(b). 
Lower: line profile of the blue line in (f). (b) Upper: Line profile of the 
pink line in (e). Lower: line profile of the red line in (f). (c) The DFT relaxed 
structure of the linearly polymerized NPc molecules. The four-membered- 
carbon-ring linkages are highlighted in red. (d) Side view of the DFT 
relaxed structure. (e) High-resolution STM image of the linear structure 
shows a stem-leaf-like morphology (white dashed line and black dashed 
ellipses). (f) Simulated STM image. (g) The atomic model of the linear 
polymerized NPc molecules. 

between the neighboring “stems” is about 1.2 nm, which 
equals 3 times the lattice constant of the Ag(110) surface along 
the [001] direction (0.41 nm). Furthermore, as shown in Fig. 2(b), 
the distance between every other “leaf” along the [11

_
0] direction 

is about 1.98 nm, which matches the length of the NPc molecule, 
i.e. the distance between two outmost hydrogen atoms (1.98 nm). 
If the NPc molecules form a self-assembly structure, the distance 
between the two neighboring molecules along the linear 
structure should be about 2.48 nm considering the terminal H 
atoms and van der Waals interactions between neighbors, which 
is 0.5 nm longer than that obtained from the STM image, 
1.98 nm. Therefore, the as-formed linear structure should be a 
head-to-head polymerized structure.  

Based on the above analysis, we propose a structure of linearly 
polymerized NPc molecules, in which the neighboring molecules 
are linked by four-membered carbon rings (Figs. 2(c) and 2(d)). 
DFT calculations show that the relaxed inter-molecular distances 
are 1.95 and 1.23 nm along directions parallel and vertical to the 
polymerization direction, which agrees with the experimental 
measurements of 1.98 nm (Fig. 2(b)) and 1.2 nm (Fig. 2(a)), 
respectively. From the side view of the proposed model 
structure in Fig. 2(d), we find that the two unlinked lobes in each 
molecule upwarp from the surface after linear polymerization 
though the freestanding single molecule shows a planar 
structure. These upwarping flexible lobes might shake during 
scanning and deteriorate the resolution of STM image. STM 
simulations based on the relaxed structure are shown in Fig. 2(f). 
The linked lobes and the central part of the NPc molecule 
resemble the dim “stem” structure along the [11

_
0] direction, 

marked as the white dashed line, while the unlinked lobes pro-
trude from the dim “stem” and look like “leaves” as highlighted 

by black ellipses. Morphologically the simulation agrees with 
experimental STM very well. Two line profiles in the simulation 
image along two directions identical to those in experimental 
ones are drawn in lower panels in Figs. 2(a) and 2(b). The 
distance between the neighboring “stems” (blue) and that 
between every other “leaf” (red) are in line with those obtained 
from the experimental ones (upper panels of Fig. 2(a) and 
2(b)). The agreement on both structural parameters and 
morphologies between simulations and experiments confirm 
that the structure observed in experiments is a linear NPc 
polymer with linkages of four-membered-carbon rings, i.e. 
[4]-radialene-like structure. 

To reveal the formation mechanism of this linear polymer, 
CI-NEB calculations were performed based on the prototypes 
of benzene molecules on the Ag(110) surface, because the 
lobes of NPc molecules are basically benzene rings. As shown 
in Figs. 3(a)–3(d), the overall-polymerization process consists 
of four steps. In step I, one H atom is detached from the 
benzene skeleton to the substrate. If the H atom directly transfers 
from the C atom to the Ag substrate, the energy barrier is 2.39 eV, 
shown as the black lines in Fig. 3(a). In this case, the benzene 
molecule in the initial state lies flat on the surface (IS1). It 
becomes tilted at transition state (TS1) and finally bonds to 
the substrate through a C–Ag bond (FS1). In step II, a second 
H atom, which is next to the first detached H, transfers from 
the benzene skeleton to the substrate with an energy barrier 
of 2.08 eV, shown as the black lines in Fig. 3(b). After this step,  

 
Figure 3  Mechanism of the formation of the four-membered-carbon ring on 
Ag(110) surface. (a)–(d) Energy profiles and related atomic models of the 
stepwise polymerization of benzene on Ag(110), including dehydrogenation of 
first H, dehydrogenation of second H, diffusion, and polymerization, respectively. 
Atomic models of the initial (IS), transition (TS), and final states (FS) are 
shown in the boxes with corresponding colors and labels. The red lines in 
(a) and (b) are pathways when an extra H adsorbed near benzene. (e) Top 
view of the NPc molecule adsorbed on Ag(110) surface. (f ) Energy 
differences of the system after releasing corresponding H atoms marked 
in (e). The energy of configuration after detaching H④ is set to 0 eV as a 
reference. 
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the benzene forms two C–Ag bonds with the substrate and 
shows an increased tilted angle compared with that of FS1.  

It is worth mentioning that when an extra H atom adsorbs 
near the benzene molecule, the detached H atom can bind to 
the extra H atom and form an H2 molecule. As a consequence, 
the dehydrogenation barriers with the extra H are reduced to 
1.97 and 0.96 eV for steps I and II, respectively, shown as red 
lines in Figs. 3(a) and 3(b). The significantly decreased barriers 
suggest that the dehydrogenation process is sensitive to the 
surrounding conditions. Impurities represented by H adatoms 
facilitate the dehydrogenation process.  

For step III, the dehydrogenated benzene molecule diffuses 
along the [11

_
0] direction on Ag(110) surface with a barrier 

of 0.86 eV as shown in Fig. 3(c). When two dehydrogenated 
benzene molecules meet each other, the dehydrogenated parts 
lift, bind to each other, and form a four-membered-carbon- 
ring bond, i.e. a [4]-radialene-like structure, as shown in Fig. 3(d). 
The barrier of step IV is as low as 0.26 eV, followed by a 2.04 eV 
energy reduction.  

Figure 3(e) shows the most stable adsorption configuration 
of an NPc molecule on the Ag(110) surface. There are four 
different detachable H atoms, as marked by ①, ②, ③, and 
④. Figure 3(f) shows the energy differences of the systems 
after releasing different H atoms. It is clear that the release of 
H④ leads to the most stable structure. This result suggests that 
the [4]-radialene-like linkages prefer to be formed between 
NPc molecules along the [11

_
0] channel, which is in accordance 

with the experimental observation.  
Previous works about self-assembled NPc molecules on 

metal surfaces indicate a weak but non-negligible molecule– 
substrate interaction [49, 52]. The symmetry of the surface 
greatly affects the adsorption configuration of single molecules 
and self-assembled structures [53, 54]. To investigate the effect of 
substrate symmetry on the polymerization of NPc molecules, 
we carried out polymerization experiments on the Ag(111) 
surface. 

Figure 4(a) shows the typical high-resolution STM image of 
self-assembled NPc monolayer on Ag(111) surface. The NPc 
molecules display cross-like shapes and pack together like 
mechanical gears on the surface. Six domains with different 
orientations and lattice parameters were observed on the 
surface [49]. Here the green arrows indicate the directions of 
single molecules, and the green dashed rectangle shows the 
unit cell. After annealed up to 750 K, the morphology of NPc 
monolayer film on Ag(111) surface also endured dramatic 
changes, as shown in Fig. 4(b). Albeit annealed at very high 
temperature, only a few (~ 30%) NPc molecules desorbed, 
and most of them remain on the surface forming disordered 
structures. Interestingly, all NPc molecules link together through 
lobes with neighboring molecules forming disordered 2D poly-
mers. Besides the bended [32] or dislocated [55] polymerization 
as indicated by the green dashed lines, we also observed a 
linearly bonded dimer, as shown in the yellow square and 
zoom-in image in the inset. The inset STM image shows that 
the two molecules form a linear connection with an inter-space 
of 19.6 Å. This value is smaller than the calculated vdW length 
(19.8 Å) of one NPc molecule, suggesting the formation of 
chemical bonds between these two molecules.  

Figure 4(e) shows the highly resolved STM image of the 
dimer. Noteworthy, the electronic density of states smoothly 
and seamlessly extends across the intermolecular junction 
with a protrusion at the center of the dimer. Figure 4(c) shows the 
optimized molecular model of the dimer with a [4]-radialene- 
like structure marked in red. Figure 4(d) is the simulated 
STM image at the same bias as the experimental STM image, 
showing similar protrusion at the center. Here, the optimized  

 
Figure 4  Polymerization of NPc molecules on the Ag(111) surface. (a) STM 
image of monolayer NPc molecules on Ag(111) surface. The NPc molecules 
are closely packed with a molecular gear-like structure. The green dashed 
rectangle represents the unit cell. (b) STM image of NPc molecules on 
Ag(111) surface after annealed at 750 K. All molecules are linked together 
with neighboring molecules by the lobes. The inset is the zoom-in STM 
image of the yellow square, showing a linearly linked NPc dimer, with the 
distance between the center of the two monomers of 19.6 Å. (c) Relaxed 
model of the dimer. (d) The simulated STM image of (c) shows a protrusion 
at the junction. (e) High-resolution STM image of the dimer, with a pro-
trusion at the junction. The scanning parameters are −2.0 V and 0.1 nA in 
(a) and (b), −1.4 V and 0.1 nA in (e). 

distance between two molecules is 19.5 Å, which coincides 
with the experimental data. 

Further theoretical calculations reveal that the four- 
member-ring linked polymerization significantly reduces the 
energy gap (Fig. 5), thus offers a way to tune the light harvest 
efficiency. DFT calculations with HSE06 hybrid function show 
that the highest occupied molecular orbital (HOMO)–lowest 
unoccupied molecular orbital (LUMO) gaps are 1.37, 1.27, 
and 1.18 eV for monomer, dimer, and 2D patterns of linear 
polymers, respectively. The 2D linear NPc polymer has a gap 
reduction of ~ 0.2 eV referring to the NPc monomer. Typically, 
the absolute energy gaps for organic molecules calculated based 
on the HSE06 hybrid function are underestimated [56], while 
the relative differences are trustworthy. From the experimental 
absorption spectra of NPc molecules [57], where the absorption 

 
Figure 5  Configurations and band structures of monomer, dimer, and 
polymer of NPc molecules. (a)–(c) Top views of the atomic models (upper 
panels) and energy diagrams/band structures (lower panels) of monomer 
(a), dimer (b), and polymer (c) of NPc molecules, respectively. 
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peak is around 760 nm, we can infer that the energy gap of 
NPc is about 1.63 eV. Therefore, the energy gap for linear NPc 
polymer shifts to around 1.43 eV, which makes the polymer 
a superior candidate for photovoltaic applications [58]. The 
reduction of the energy gap via polymerization enables the 
tunability of NPc’s optical absorption, resulting in a red-shifted 
absorption peak toward the near-infrared region. 

4  Conclusion 
In summary, by depositing NPc molecules on Ag(110) at 
room temperature and post-annealing to about 750 K, linear- 
polymerized NPc molecules have been constructed along the 
[11

_
0] direction on Ag(110) surface. High-resolution STM images 

of the polymerized NPc molecules show a stem-leaf-like feature, 
which is confirmed by DFT calculations. The polymerization 
mechanism is rationalized as follows: The NPc molecules firstly 
dehydrogenate two-terminal H atoms in the [11

_
0] direction 

of Ag(110), then diffuse along the channel until they meet 
another dehydrogenated NPc molecule. The four exposed C 
atoms bond together and form a four-membered C ring, i.e. a 
[4]-radialene-like linkage. The on-surface H atoms can 
significantly lower the energy barrier of the dehydrogenation. 
Conjugated-polymerization of NPc molecules is also achieved 
on Ag(111) substrate. The conjugated-polymerization of NPc 
molecules with [4]-radialene-like linkages effectively reduce 
the energy gap of NPc molecules. Our work offers a new cyclic- 
conjugate-linkage route for constructing linear-polymerized 
NPc molecules, which can be expanded to other macrocyclic- 
conjugated molecules and hold promising applications in 
photovoltaic systems. 
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