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Covalent assembly of a two-dimensional molecular 

“sponge” on a Cu(111) surface: Confined electronic 

surface states in open and closed pores  

Aneliia Shchyrba,a Susanne C. Martens,a,b Christian Wäckerlin, c,& Manfred Matena,a 
Toni Ivas,a Hubert Wadepohl,b Meike Stöhr,d Thomas A. Jungc,* and Lutz H. Gadeb,* 

We present a new class of on-surface covalent reactions, 

formed between diborylene-3,4,9,10-tetraaminoperylene and 

trimesic acid on Cu(111), which gives rise to a porous 2D-

‘sponge’.  This aperiodic network allowed the investigation 

of the dependence of electron confinement effects upon pore 

size, shape and even in partial confinement.   

Covalent coupling reactions between molecular units adsorbed 
at surfaces have recently received increasing attention, in 
particular in the context of two-dimensional (2D) networks.1 
The most established approaches include Ullman coupling,1a,b,d-

f,2 Schiff base reaction,3 Glaser coupling,4 click-reaction5 or 
polyester condensation.6 The synthesis of covalently linked 
oligo- or polymeric structures is based on the coupling between 
planar polyfunctional building blocks which require a 
connectivity greater than two to form 2D assemblies. There are 
only a few examples of boron-based covalent chemistry to form 
aperiodic 2D networks.7  
 We previously reported the synthesis of N,N’;N’’,N’’’-
diborylene-3,4,9,10-tetraaminoperylene derivatives 
(DIBOTAPs), which contain two borylene groups (BR) (Figure 
1).8 The parent compound (R = H) 1 was found to react readily 
with alcohols and carboxylic aids (R-OH), eliminating H2 and 
forming B-O-R bonds. This clean coupling along with the 
elimination of a gaseous co-product (H2) was thought to 
provide the basis for an on-surface synthesis of polymeric 
structures. In combination with a trifunctional carboxylic acid, 
such as trimesic acid (TMA), the linear DIBOTAP could 
couple to give a porous surface network. The relative angular 
flexibility of the C(O)-O-B junctions between the building 
blocks allows for the pore formation of variable size (and 
shape), resulting in a ‘sponge’-like covalent polymer.  
 Two-dimensional networks provide confinements for the 
scattering of electrons localized in the Shockley type surface 
state on noble metal (111) surfaces. Whereas the interaction 
with small scatterers (e.g. metal atoms) is well established,9 the 
scattering and confinement mechanisms for 2D molecular 
architectures10 are less understood. Therefore it is desirable to 
create a sample with coexisting pores of different size and 
shape, which are formed by the same polymer backbone. The 
investigation of the confined surface states in different open 
and closed pores by scanning tunnelling spectroscopy (STS) 

allows to draw conclusions regarding the size and shape 
dependence of the confinement effect. 

O

O

O

O

O

O

N

N

B

HN

N

B

N

N B

O

O

O

O

O

O

N

N

B

N

NB

N

N

B H

H

H

H

H

H

H

H

H

H

(type B)

(type C)H

O

O

O

O

O

N

N

B

N

NH

B

NH

N
B

O

H

H

H

H

(type D)

N

N

B

HN

N
B

H

O

OO

O

O O

NHN
B

NHHN
B

H

HN

N
B

N

NH

B
H

O

OH

OHO

OH
H

HN NH
B

HN NH
B

H

O

H

H

H

H

H

H

3 ××××

1

TMA

TMA(1)3

(type A)

 
 

Figure 1. N,N’,N’’,N’’’-diborylene-3,4,9,10-tetraaminoperylene (1) and 
benzene-1,3,5-tricarboxylic acid (TMA) on Cu(111) form TMA(1)3 by 
covalent reaction after thermal activation at ~120°C. The length of 1 is 
HB – BH 13.724 Å; B-B 11.433 Å and the width is H3-H9 6.564 Å; 
H2A-H8 6.570 Å (X-ray diffraction study in the ESI). The flexibility of 
the covalent link formed by TMA deprotonation allows for a wide 
range of bonding geometries categorized as types A – D. 
 
 Deposition of 1 and then TMA on Cu(111) at room temperature 
(RT) and subsequent annealing at ~ 120°C resulted in the formation 
of porous networks (Figure 2a, experimental details in ESI). The 
pores of the network exhibited different shapes, as expected in view 
of the flexibility of the intermolecular joints discussed above. At 
least six different pore geometries could be identified as sketched in 
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Fig. 2d (cf. Fig. S4). Notably, the same type of network can also be 
formed under analogous preparation conditions on the less reactive 
Ag(111) substrate (cf. Fig. S5).  

  
 
Figure 2. Deposition of TMA and 1 on Cu(111) at RT and subsequent 
annealing to 120° C leads to the formation of an aperiodic covalent molecular 
network {TMA(1)3}. (a) STM micrograph taken at 5 K depicts pores of 
different size and shape (30x30 nm2). Scattering of surface state electrons 
leads to standing wave patterns on the substrate. (b) The XP spectra of TMA, 
1 and TMA(1)3 reveal a significant shift (+1.35 eV) of the B1s peak towards 
higher binding energy and (c) the change of the ratio between O1s peaks 
upon the thermally activated formation of the covalent network. These 
observations strongly support the formation of a covalent O-B bond in the 
on-surface polymer, as sketched in Figure 1; (d) schematic representation of 
the various pore sizes and shapes. 

 In order to determine the chemical integrity of the on-
surface polymer we probed the chemical environment of C, N, 
O and B atoms of both TMA, 1 as well as of the {TMA(1)3} 
polymer by XPS (Figure 2b). The C1s and N1s spectra are 
displayed in Fig. S2 and all XPS peak positions are summarized 
in Table S1. The unreacted compound 1 gives rise to N1s and 
B1s peaks at binding energy (BE) of 399.4 eV and 190.2 eV, 
respectively. For the native TMA molecule on Cu(111) two 
O1s peaks are observed at 531.6 eV and 533.5 eV. The signal at 
lower (higher) BE is assigned to oxygen in the carbonyl 
(hydroxyl) group. The observed ratio between the two oxygen 
species is different from 1:1 due to partial deprotonation of the 
COOH-groups after TMA adsorbs on Cu(111).11 The on-
surface {TMA(1)3} polymer is identified by a shift (+ 1.35 eV) 
of the B1s peak towards higher binding energy (Figure 2b). 
This upshift is attributed to the significant difference in 
electronegativity between boron and oxygen leading to a partial 
positive charge on boron after formation of the O-B bond. 
Moreover, the O1s spectra clearly show a modified balance of 
the two oxygen species corresponding to C-O-B (533.3 eV) and 
C=O (532 eV) after polymerisation (Figure 2c). The position of 
the N1s peak on the other hand remains unmodified (399.4 eV) 
(cf. Fig. S2). Thus, the XPS analysis confirms the formation of 
an on-surface polymer based on covalent oxygen boron (O-B) 
bonds. 

The 2D network acts as a system of different quantum wells 
interacting with the surface state electrons. Scattering off the 
polymer can be clearly observed by the standing wave patterns in the 
STM data shown in Figure 2a. For a further in-depth analysis of the 
quantum confinement effects we used scanning tunnelling 
spectroscopy (STS) at 5 K to probe the local (electronic) density of 
states (LDOS). The dI/dV spectrum, taken in the center of a certain 

pore, reveals a confined electronic surface state characterized by a 
peak energy dependent on the pore dimension (Figure 3). Note that 
occupied and unoccupied states are probed at negative and positive 
sample bias voltage, respectively. The Cu(111) surface state is 
detected at -450 mV12 with respect to the Fermi level (EF) (red curve 
in Figure 3a). The following peak values were measured by STS for 
the different sized and shaped pores: square -90 mV, parallelogram -
180 mV, pentagon -265 mV, hexagon -336 mV, heptagon -360 mV 
and octagon -382 mV (Fig. 3a).  

 

  

Figure 3. The porous molecular network on Cu(111) locally confines the 
surface state and leads to quantum well states with their characteristics 
depending on the size and shape of the pore. (a) The dI/dV plot of the 
spectroscopy data reflects the shift of the surface state towards the Fermi 
level with decreasing pore size. (b) The plot of the energy versus the inverse 
area reflects a linear characteristic for the quantum well state in the 
confinement. The error bars reflect the average error during defining of the 
area from the STM image. 

The pore confines the surface state electrons which are free in 2D 
on the extended Cu(111) substrate. In the following the energies E of 
the different confined states are referred to the onset of the native 
surface state E0. These energies E' = E - E0 are known to scale 
linearly with the inverse area (1/A) as E’ = C/A with C = α1 ħ

2 π / (2 

m*) 13 Here m* = 0.38 me
12 is the effective electron mass (note, exact 

value of m* slightly deviates in literature, 0.41me
14) and α1 is a 

shape-dependent parameter for the first confined state. Thus, we plot 
E’ vs. 1/A (Fig. 3b). Since the shape-dependence for the first 
confined state is rather small (e.g. ~9 % between square and circle), 
we employ here for a first approximation the value of a circular pore 
(α1 = 5.783).13 This yields a calculated slope Ccalc = 1.82 eV nm2 
(Fig. 3b, dashed blue line) which does not agree well with the 
experimental data or its fitted slope Cfit = 1.15 eV nm2 (Fig. 3b, solid 
green line). Indeed, the effective area occupied by the surface state 
may deviate from the measured (from the center of the molecular 
backbones) area, as in case of surface states confined by 
monoatomic steps.9c Thus, we fit the data with an effective area 
which may be smaller or greater by a perimeter t (indicated in Fig. 
3b). We find that if the slope C is kept fixed to the value of Ccalc this 
yields t = - 0.30 nm, i.e. that the effective area extends by 0.3 nm 
beyond the molecular backbone. This result indicates that the barrier 
height is small enough to allow for a considerable penetration of the 
surface-state even beyond the center of the molecular backbone as 
observed earlier for a different porous network.10c  

The “imperfections” of the pore structures in the 2D polymer 
sponge also allowed us to study the behaviour of the surface state 
electrons inside a partial confinement, i.e. inside “pores” with 
missing borders. In fact we observed significant electron 
confinement inside the hexagonal pores even if barriers are missing 
(Figure 4). To the best of our knowledge such results have not been 
reported previously. Comparison of the STS peak-positions recorded 
in the centre of the closed hexagonal pore as well as in the centre of 
the pore with 1 and 2 missing barriers reveals the same position (~ -
340 mV). By opening the barriers, however, a broadening of the STS 
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peak (Figure 4b) is evident, which we attribute to an interference 
effect between partially confined and free 2D electrons. These 
findings suggest that the size of the pore plays an important role in 
defining the electronic characteristics of the quantum well state. 

 

   

Figure 4. The dimensions of the TMA(1)3 pore determine the energy of the 
surface state confined inside: (a) Hexagonal TMA(1)3 pores with missing 
barriers (STM image: 12x12 nm2) confine the surface state in considerable 
similarity to a full hexagon. (b) The dI/dV curves for closed pores and for 
open pores with 1-,2-barriers missing reveal the same peak position (~0.340 
eV). The peak width is increasing with increasing number of absent barriers. 

 We have shown that the flexible covalent linkage formed 
upon coupling of DIBOTAP and TMA (liberating H2) allows 
for the formation of a nanoporous sponge-like 2D-network. The 
C-O-B bond formation, which gives rise to this surface 
network, was previously also found to occur in solution.8 The 
network forms pores of different architecture, in particular size, 
shape and symmetry which provides an interesting model 
system for the investigation of the confinement of Shockley 
type surface state electrons in a wide range of porous 
confinements. As expected, decreasing the surface area of the 
polygon shifts the confined state towards the Fermi level. 
Interestingly this work provides further evidence that the 
confinement by polymer networks is not perfect.  Furthermore, 
we analysed the confinement effects in open hexagonal pores 
with a varying number of absent side-walls or barriers. Notably, 
as shown here for the first time, the confined state energy 
remains identical to the intact pore. The removal of barriers 
leads to a broadening of the observed electronic quantum well 
state. Future work aims at employing modified building blocks 
to restrict the flexibility of the linker and thus to gain greater 
control of the porous on surface architecture. Using STS, the 
interaction between surface state electrons and other polymer 
networks can be investigated. 
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