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ABSTRACT: The in situ on-surface conversion process from 

boroxine-linked covalent organic frameworks (COFs) to boronate 

ester-linked COFs is triggered and catalyzed, at room temperature, 

by an electric field and monitored with scanning tunneling 

microscopy (STM). The adaptive behavior within the generated 

dynamic covalent libraries (DCLs) was revealed, providing in-

depth understanding of the dynamic network switching process. 

Covalent organic frameworks (COFs) are an emerging class of 

crystalline porous polymers formed by linking organic subunits 

into periodic two- and three-dimensional networks endowed with 

tailorable catalytic, optoelectronic, and molecular transport 

properties.1 The synthesis of such framework materials is based on 

reticular chemistry and the use of dynamic covalent chemistry 

(DCC) of various reaction types such as imine,2 boroxine,3 

boronate ester,4 hydrazone,5 azine6 and imide.7 The dynamic nature 

of DCC provides for error-correction which favors the formation of 

crystalline products, and also allows for the shift of the dynamic 

system from one constitutional state to another one in response to 

external stimuli (e.g. light,8 temperature,9 pressure,10 metal ions,11 

protons,12 etc.). Following these principles, new synthetic 

strategies complementary to de novo synthesis have been 

developed very recently, targeting the post-modification of initially 

formed crystalline COFs or amorphous covalent organic polymers 

(COPs), to generate new COFs, known as COF-to-COF or COP-

to-COF transformation.13 Despite of its great significance in 

advancing synthetic methodology, little is known about the 

mechanistic aspects of such structural transformation process. 

A potentially promising approach is to reduce the dimensionality 

of the problem, by confining the dynamic network switching to 

single-layered COFs (sCOFs) on a surface. DCC-based reactions 

(boroxine, boronate ester, imine) have indeed been successful in 

generating sCOFs on various surfaces.3-4,14 Of particular interest 

are multi-component systems where building block exchange or 

linkage replacement is possible, potentially leading to network 

switching, COF-to-COF transformation being a special case. While 

the structure of sCOFs was characterized by scanning tunneling 

microscopy (STM) owing to its near-atomic resolution imaging 

ability, the dynamics of sCOFs formation processes remain hidden 

so far. The main challenge arises from the solvothermal reaction 

conditions requiring temperatures typically above 100 °C, making 

it very difficult to follow the reaction dynamics with reasonable 

spatial and temporal resolution. In order to resolve these issues 

experimentally, two conditions are required: 1) in-situ, i.e. at the 

liquid-solid interface, continuous monitoring, ideally starting from 

the initiation of the reaction; 2) mild reaction conditions, i.e. at 

room-temperature. Both requirements are not compatible with 

solvothermal approaches.  

Here we offer a unique approach to overcome these challenges, and 

a platform to investigate the dynamics of sCOFs synthesis and 

COF-to-COF transformation. Continuous monitoring and defining 

the start of the reaction: The large (ca. 109 V m-1), highly-localized 

electric field generated between the STM tip and the surface has 

the potential to affect the kinetics and/or thermodynamics of 

chemical reactions, in line with theoretical and experimental work, 

proving that an oriented external electric field (EEF) can facilitate 

bond formation and bond cleavage reactions.15,16 Indeed, our recent 

study showed that by taking advantage of such large EEF, one can 

on-demand trigger the DCC-based polymerization and 

depolymerization processes of a monocomponent sCOFs, resulting 

in the reversible conversion between self-assembled molecular 

networks (SAMNs) of the monomer and sCOFs at a liquid/solid 

interface.17 Mild reaction conditions: By applying EEF, high 

temperatures were no longer required. The reactions now occur at 

room temperature, effectively facilitating the in-situ monitoring by 

STM.  

Following the strategy outlined above, in this Communication, we 

chose the mixture of boronic acid and catechol compounds which 

gave rise to dynamic covalent libraries (DCLs) of three constituents 

bearing homogeneous linkages (boroxine or ester) or boroxine-

ester heterogeneous linkages. By controlling the bias voltage 

between the STM tip and the surface, dynamic network switching 

from boroxine-linked COFs to boronate ester-linked COFs could 

be achieved (Figure 1). We also monitor the constitutional variation 

processes within the generated DCLs, and gain insight into the 

kinetics and thermodynamics18 as well as the 2D crystallization 

process, by using STM as a visualization tool and an external agent. 



 

The electric-field-mediated process described here facilitates the 

connection between different types of linkages and provides direct 

insights into the dynamic network switching process. 

Two building blocks with C3-symmetry (Figure 1, left panel) were 

used for this study carrying three boronic acid groups and three 

catechol groups, respectively: 1,3,5-tris(4-biphenylboronic acid) 

benzene (TBPBA)19, and 2,3,6,7,10,11-hexahydroxytriphenylene 

(HHTP). 

 

Figure 1. Chemical structures of TBPBA and HHTP (left) and schematic 

illustration (right) of external electric field (EEF) mediated network 

switching among self-assembled molecular networks (SAMNs), sCOFs-1 

and sCOFs-2. 

We start from the room-temperature deposition of about 10 µL 

mixed solution (5×10-5 M) of HHTP:TBPBA: (1:1 v/v) in 1-

octanoic acid on a freshly cleaved highly oriented pyrolytic 

graphite (HOPG) surface. At positive sample bias (+ 0.3 V), 

ordered close-packed domains and randomly distributed bright 

spots (blue arrow) with different sizes are observed on the surface 

(Figure 2a). High-resolution imaging (Figure 2c) shows the details 

of the close-packed phase, which is ascribed to the SAMNs of 

TBPBA molecules based on the measured size (2.1 ± 0.2 nm) of 

each triangle feature. The bright spots are referred to as HHTP 

molecules since such features cannot be observed in absence of 

HHTP (Figure S1). Varying the solution stoichiometry (HHTP-

TBPBA) from 1:1 to 1:2 leads to reduced coverage of bright spots 

on the surface, and 2D co-assembly by the two components is never 

observed (Figure S2).  

Switching the polarity of sample bias from positive to negative 

leads to a dynamic structural transition and by continuously 

scanning the same area, a regular porous network is eventually 

formed. Structural analysis of the calibrated STM images (Figure 

2b,d) shows a hexagonal network with a unit cell vector of 3.1 ± 

0.1 nm, which is in excellent agreement with the theoretical 

calculated size (3.25 nm) of the boronate ester-based 2D polymers 

(sCOFs-2). Submolecular resolution afforded by STM enables a 

clear identification of the triangular-shaped features of TPBPA and 

HHTP (Figure 2d). Linear or bended features inside the cavities of 

sCOFs-2 indicate the co-adsorption of solvent molecules of 1-

octanoic acid (Figure S3), which is not detected by scanning at 

positive sample bias. Figure 2d also shows the proposed structural 

model of sCOFs-2. The covalent bond formation is supported by 

the same unit cell parameters of sCOFs-2 obtained with ex-situ 

synthesis approaches (Figure S4). The above results clearly 

demonstrate that, on-surface construction of sCOFs based on 

esterification can be achieved at room temperature, by controlling 

the polarity of sample bias. 

 

Figure 2. (a – b) Large-scale and (c – d) high-resolution STM images of 

self-assembled TBPBA phase and boronate ester-based sCOFs-2, 

superimposed with proposed molecular models. Imaging conditions: (a, b) 

Scan size = 60 × 60 nm2, Iset = 200 pA, Vbias = 0.3 V; (c, d) Scan size = 18 × 

18 nm2, Iset = 200 pA, Vbias = –0.6 V. 

The structural conversion process is time-dependent and is 

followed in situ, thus allowing for the real-time tracking of the 

pathways followed by sCOFs-2 formation. Immediately after 

reversing the bias, the transformation from SAMNs to boroxine-

based sCOFs-1 takes place, resulting in a gradually increased 

coverage of sCOFs-1 over time (Figure S5). After about 25 minutes, 

the coverage of sCOFs-1 reaches a peak value (~45%), and at this 

time several islands of sCOFs-2 commence to appear (coverage 

~2%) within the scanning region (Figure 3a). One can clearly 

distinguish one type of porous structure from another, thanks to the 

size differences between sCOFs-1 (2.3 nm) and sCOFs-2 (3.1 nm). 

Repeated scan cycles lead to the continuously increased coverage 

of sCOFs-2 and decreased coverage of sCOFs-1 (Figure 3 a-e, f). 

After c.a. 70 minutes, the surface is covered by sCOFs-2 with a 

coverage of around 40% (Figure 3f) and only ~3% of sCOFs-1 

remains. A detailed statistical analysis is provided in Figure S6. In 

contrast to the previously TBPBA mono-component system where 

a full coverage of sCOFs-1 could be achieved and stabilized over 

time,17 the presence of HHTP greatly affects the process as every 

TPBPA molecule contains three boronic acid groups and each of 

them has the possibility to form either boroxine or boronate ester 

bonds. In addition to sCOFs-1 and sCOFs-2 bearing the same type 

of linkages (boroxine or boronate ester), intermediates of boroxine-

ester heterolinkages can also be distinguished (Figure S7). Due to 

the fact that all the DCL members share one common building 

block, i.e., TPBPA, scrambling occurs all over the experiment. On 

the one hand, the consumption of free boronic acid groups via 

esterification hinders the growth of sCOFs-1, which is supported 

by the fact that sCOFs-1 domains of limited size are obtained 



 

(diameter of each domain d1 was observed to be less than 10 nm). 

On the other hand, the formation of sCOFs-2 is also influenced by 

boroxine formation since the growth of sCOFs-2 relies on the 

addition of HHTP species and boronate sources, which exist as 

either monomeric state or DCLs of various types.  

 

Figure 3. (a - e) Sequential STM images showing the time-dependent 

conversion process, from boroxine based sCOFs-1 towards boronate ester 

based sCOFs-2. For clarity, green and blue hexagons highlight the porous 

structures of sCOFs-1 and sCOFs-2, respectively. (f) Plot of the coverage 

of sCOFs-1 and sCOFs-2 against time. Imaging conditions: Scan size = 100 

× 60 nm2, Iset = 200 pA, Vbias = –0.3 V.  

To understand the above-mentioned network switching process, 

from the initial distribution of mixed DCLs components to the 

selection/amplification of only one member of the library, we 

consider the following aspects. Firstly, there is a thermodynamic 

difference between boroxine and boronic ester formation, which 

has previously been followed with H1 NMR spectroscopy by 

employing different boronate sources.20 Boroxine is the kinetic 

product while boronate ester is the thermodynamic one, and 

esterification appears to be limited by hydrolysis of boroxine. 

These statements are in line with our in situ observation, that 

boronic acid monomers rapidly self-condensate to form boroxine-

based products; and the increased coverage of sCOFs-2 is 

accompanied by the reduced coverage or quasi-extinction of 

sCOFs-1 as a function of time (Figure 3f). A closer view of this 

process is shown in Figure 4, where one can clearly observe the 

nucleation and growth of sCOFs-2 at the expense of surrounding 

oligomers and sCOFs-1. To further validate that sCOFs-2 can be 

obtained based on the COFs-to-COFs transformation strategy, we 

first generated sCOFs-1 via an ex situ synthesis approach and then 

added HHTP. The results (Figure S8-9) show that sCOFs-2 can 

indeed be formed at room temperature, locally, after long-term 

continuous STM scanning, highlighting the importance of EEF.  

Secondly, the stabilization of crystalline products (sCOFs-1 and 

sCOFs-2) is size-dependent. Compared to larger clusters, those 

with smaller sizes are more likely to undergo shrinkage or 

redissolution rather than elongation. In presence of HHTP, the 

creation of sCOFs-1 becomes size-limited (d1 < 10 nm) owing to 

the competitive reaction behavior. Therefore, the hydrolysis of 

sCOFs-1 is favored due to the lower stability of crystals of reduced 

size.  

 

Figure 4. Sequential STM images showing the nucleation and growth of 

sCOFs-2 at the expense of surrounding oligomers and sCOFs-1. For clarity, 

green and blue hexagons highlight the porous structures of sCOFs-1 and 

sCOFs-2, respectively. Imaging conditions: (a) Scan size = 20 × 20 nm2, Iset 

= 150 pA, Vbias = –0.5 V; (b) Scan size = 15 × 15 nm2, Iset = 200 pA, Vbias = 

–0.6 V. 

It is noteworthy that the conversion process from SAMNs to DCLs 

components is observed only when negative sample bias is applied. 

When the sample bias is reversed back to positive after the 

formation of DCLs components, self-assembled TBPBA phase can 

again be obtained on the surface (Figure S10). Such DCLs to 

SAMNs conversion process is induced locally and selectively, 

depending on the position and scanning area of the STM tip (Figure 

S11). The network switching between DCLs and SAMNs indicates 

the reversibility of the on-surface polymerization/depolymerization, 

which can be realized within the sample bias range of +0.2 to +0.7 

V (depolymerization) and –0.2 to –0.7 V (polymerization). The 

aforementioned phenomena, local reaction environment and 

reversible network switching (in response to the orientation of 

applied sample bias), support the statement that the EEF (~109 V/m) 

that exists between STM tip and the substrate triggers and catalyzes 

the reaction progress, and is a convenient approach to follow 

reaction dynamics at the nanoscale, notwithstanding the E-field 

effect is not fully understood yet. 

In conclusion, we used 'EEF-mediated polymerization' to generate 

DCLs on HOPG surface based on dynamic boroxine and boronate 

ester formation. Time-dependent COF (boroxine) to COF (ester) 

conversion process was monitored with submolecular resolution by 

using in situ STM. The initialization of the on-surface 

polymerization/depolymerization process is realized, simply by 

controlling the applied sample bias. The direct visualization of the 

evolution routes provides for an in-depth understanding of the 

interplay between two types of COFs, on account of the difference 

in thermodynamic stabilities within DCLs and size-dependent 

stabilities of crystalline components. Our findings provide support 

for synthesizing boronate ester-based COFs starting from 

boroxine-based COFs via linkage conversion. This approach 

contributes to the construction methodology of 2D polymers, which 

may provide the foundation for the development of the next 

generation of dynamic covalent polymers for advanced materials 

applications. 
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