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a b s t r a c t

Geometrical configurations at the nanometer scale are inherently linked to electronic properties, offering

exciting opportunity to engineer the latter through precise structural control. The honeycomb structure, a

prominent geometry in two-dimensional materials like graphene, has become a versatile platform for ad-

vancing energy technologies, quantum computing, and nanoscale sensing. Achieving a perfect honeycomb

network at large scale remains challenging but desired, especially when atomic defects and disorder can

severely impact materials’ properties and performances. Intrinsic topological defects often persist due to

the conformational flexibility of the precursor skeletons, which allows precursor monomers to deform

despite variations in preparation parameters. To address this challenge, we employ a tripod molecular

precursor, pTBPT, combined with ultrahigh vacuum on-surface synthesis. Networks comprising rings of

different edges are initially formed after deposition of pTBPT on Cu (111) at room temperature to 420K.

At low coverage (∼0.015 monolayer) selenium doping, we achieve the fabrication of ordered honeycomb

networks with much improved structural homogeneity. Selenium doping facilitated the formation of or-

dered two-dimensional metal-organic nanostructure from 360K to 480K. The disorder−order transition

of molecular networks through selenium doping on Cu (111) is explored through high-resolution scanning

tunneling microscopy (STM). A persistent homology method is resorted to quantify the degree of order

of our patterns. The regulation of energy diagrams in the absence or presence of the selenium atom is

revealed by density functional theory (DFT) calculations. These findings can enrich the on-surface synthe-

sis toolbox of conformationally flexible precursors, for the design of ordered nanoarchitectures, and for

future development of engineered honeycomb nanomaterials.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

At the nanometer scale, geometrical dimensions and topologies

are inherently linked to their electronic properties, with the ex-

citing opportunity to engineer the latter through precise structural

control [1–6]. Nanostructures based on the honeycomb lattice have

emerged as a versatile platform in the development of energy

technologies, quantum computing, and nanoscale sensing [5,7,8].

Their unique electronic properties, including the massless Dirac

fermions and topologically protected states, have attracted signif-

icant interest for a wide range of applications [9,10]. Achieving

a perfect honeycomb network with large-scale order for systems

is technically promising, while still remains challenging. This is

especially so at the atomic scale, where defects and disordering

can dramatically compromise their performance. Using a precursor

monomer with enhanced structural rigidity would possibly result
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in a more uniform network [11–16]. Different growth parame-

ters (evaporation flux, type of substrate, and temperature) have

been studied to explore the optimum experimental conditions

required for the formation of a polymer with fewer defects [17–

22]. However, for the general tripod monomers without rigidity,

the intrinsic topological defects cannot be mitigated by different

preparation parameters. The conformational flexibility of the

precursor skeleton, which accommodates deformation of precursor

monomers with limited tension, prevents the formation of a

complete ordered network.

To address this issue, we adopted the general tripod precursor

2,4,6-tris(4-bromophenyl)-1,3,5-triazine (pTBPT), in which the

triazine ring is equipped with three para-bromophenyl groups.

As shown in Scheme 1, the 3-equiv. terminal bromophenyl units

(marked in red in Scheme 1) can bend from their ideal positions

(black) through the flexibility of C–C σ bonds between two neigh-

boring phenyl units, reducing the 3-fold molecular symmetry.

Consequently, polygons of different edges (4, 5, 7, 8, etc.) were

https://doi.org/10.1016/j.cclet.2025.111874

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



L. Cai, X. Zhang, J. Lu et al. Chinese Chemical Letters 37 (2026) 111874

Scheme 1. Structural diagram and reaction pathway. Reaction pathway of pTBPT on

Cu (111) toward OMs with different membered rings and ordered hexagonal OMs

after selenium doping.

observed after C–Cu–C metal organic frameworks (MOFs) fabrica-

tion on Cu (111) at room temperature (RT) to 420K, in addition to

hexagons as the ideal structural motif. These intrinsic topological

defects could not be eliminated through thermal treatments (de-

position on cold substrate followed by annealing or deposition on

hot substrate), because polygons with different numbers of edges

exhibit similar enthalpy values (Fig. S1 in Supporting information).

In our previous work, selenium (Se) doping has been demon-

strated to achieve the topology selectivity of a conformationally

flexible precursor [23], and this topic is also important in view of

the increased interest in selenides. Therein, we have investigated

the low coverage (∼0.015 monolayer, ML) Se doping with pTBPT on

Cu (111) and achieved the hexagonal organometallic (OM) nanos-

tructure uniformity. The difference between the previous mTBPT

and current pTBPT originates from that the former is bromine

functionalized in the meta-sites and the latter in para-sites. Thus

mTBPT has conformers with Cs and C3h symmetries by the rota-

tion of the m-bromophenyl groups around the C–C σ -bonds to

the central triazine ring, and right-handed and left-handed chi-

rality upon two-dimensional (2D) confinement. However, pTBPT

does not have these conformers and represents a much simpler

and more general tripod precursor so that we can study the gen-

erality of the Se doping strategy. The significant improvement of

the honeycomb network confirms the structural homogeneity, so

that a sub-monolayer ordered 2D MOF is achieved by co-deposited

pTBPT and Se at 360-480K. The deposition sequence of pTBPT

and Se does not make any difference owing to the reversibility of

the MOF structure. In addition, the disordered network composed

of different polygons can be transformed to the ordered hexag-

onal network by ∼0.015 ML Se doping at 360-480K. Annealing

for enough time makes sure of the transformation to the ordered

phase from a kinetic point of view. By high-resolution scanning

tunneling microscopy/spectroscopy (STM/STS), we have explored

the disorder−order transition of 2D molecular networks through

Se doping on Cu (111). A persistent homology (PH) method is re-

sorted to quantify the disorder−order level of our patterns. Density

functional theory (DFT) calculations further reveal the regulation of

energy diagrams in the absence or presence of Se and explain the

transformation from the random phase to the ordered 2D MOF.

Deposition of sub-monolayer amounts of pTBPT on Cu (111)

held at 90K results in the formation of isolated monomers and

self-assembled domains including compact phase and coexisting

porous networks as illustrated in Fig. 1a. The close-up STM mea-

surements in Figs. 1b and c reveal that the compact domains are

stabilized by typical C–H···Br hydrogen bonding and Br···N halo-

gen bonds [24]. The interaction region indicator (IRI) analysis on

the finite dimer moiety was also performed to investigate the

intermolecular interactions between two monomers in the com-

pact phase [25]. As illustrated in the IRI isosurface (Fig. S2 in

Supporting information), both covalent bond and weak interac-

Fig. 1. Intact pTBPT on Cu (111) at low temperature. (a) The overview STM image

showing isolated monomers and self-assembled domains after deposition of pTBPT

on Cu (111) at 90K. The close-packed directions of Cu (111) are marked by white ar-

rows. (b) The high-resolution STM image of close-packed self-assembled phase, and

(c) the corresponding DFT-relaxed model. The unit cells in (b, c) are highlighted in

black arrows. Brown, white, gray, and red balls represent C, H, N, and Br atoms, re-

spectively. STM parameters: constant current, (a) U=1V, I=100 pA; (b) U=−1.5V,

I=50 pA.

tion regions are revealed by the blue and green isosurfaces, re-

spectively, according to the standard coloring method. This thus

demonstrates that the C–H···Br hydrogen bonds, together with the

Br···N halogen bond, are driving forces for the compact phase. The

DFT relaxed model shown in Fig. 1c for the close-packed self-

assembled phase indicates the lattice parameters of a= b=1.34nm

and α =120°, which agrees nicely with the measured values of

a= b=1.33±0.05nm and α =120° ± 2°. As shown in Fig. S3

(Supporting information), the porous network is formed by intact

pTBPT with characteristic C–Br···Br halogen bonding, featuring a

rhombic unit cell with lattice parameters a1= b1=1.68±0.05nm

and α1=120° ± 2°, in good agreement with the theoretical pre-

diction of a1= b1=1.66nm and α1=120°. Left- and right-handed

homochiral domains of the porous networks are observed, which

are unambiguously identified based on the characteristic halogen

bond forming nodes (Fig. S3). The terminal Br groups form halo-

gen bonds leading to a trimeric X3-synthon [26,27] with a typical

Br···Br distance of about 0.4 nm [28–31].

After annealing the sample to 360K overnight, disordered net-

works were observed as depicted in Fig. 2a. Upon closer inspection

in Fig. 2b, the pTBPT precursor was fully debrominated and disor-

dered OM networks were composed of linked monomers forming

polygons mainly with between 4 and 8 edges. We correspond each

molecule to one vertex, and the equivalent diameter (Eq. D) is cal-

culated with the formula Eq. D=
√
4A/π to represent the size of

the pores within the network structures, where A represents the

area of each pore. The distribution of Eq. D for Sample (Sam.) I is

fitted by the Gaussian function displayed in Fig. 2c as a metric to

evaluate its randomness.

Testing different preparation parameters made it possible to

determine the optimum experimental conditions required for

the formation of networks with few defects. Different thermal

treatments were studied, including deposition of pTBPT followed

by annealing at 380K (Sam. II, Figs. 2d-f), and 460K (Sam. III,

Figs. 2g-i), respectively. The samples were annealed with sufficient

time of 2h. Additionally, deposition of pTBPT on hot Cu (111)

substrate maintained at 440K was also examined from a kinetic

perspective (Sam. IV, Figs. 2j-l). It is hard to discern improvement

in network quality with annealing at 380K (Figs. 2d and e). At

higher temperatures around 460K, demetallation occurred, with

covalently interlinked moieties highlighted by blue ellipses in

Figs. 2h and k. The disordered network samples exhibit broad

distributions of equivalent diameters with standard deviation

ranging from 0.37 to 0.63 (Figs. 2c, f, i, and l, the right column

of Fig. 2). These broad distributions are attributed to the intrinsic

flexibility of the molecular backbone structure. This critical result,

combined with the observed high reaction yield, indicates that the
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Fig. 2. Disordered porous OMs on Cu (111) at different preparation parameters.

Large-scale (left column) and zoomed-in (middle column) STM images showing dis-

ordered porous OMs formed after deposition of pTBPT (a, b) and anneal at 360K

overnight; (d, e) anneal at 380K for 2h; (g, h) anneal at 460K for 2h; (j, k) on hot

Cu (111) substrate held at 440K. Blue ellipses indicate part of the demetallized C–C

interlinks in panels (h) and (k). (c, f, i, l) The distribution of the equivalent diame-

ters. The histograms are fitted by the Gaussian function shown in red, which pro-

duce the mean values (Mean) and distributions (Std). pH scores of the correspond-

ing samples are indicated. STM parameters: constant current, (a, b, j, k) U=200mV,

I=50 pA; (d, h) U=1V, I=100 pA; (e, g) U=1V, I=50 pA. Panels (e) and (h) are

resolved by CO-adsorbed tip.

system reaches equilibrium under the given conditions, and the

presence of polygonal defects in the networks is inevitable.

To further quantify the degree of order in the molecular net-

works, we employed the persistent homology (PH) method [32,33].

Persistent diagrams were generated from STM topographic images

to track the evolution of the pores in the molecular networks.

The binarized STM image is illustrated in Fig. S4 (Supporting

information), with additional statistical details provided in Fig. S5

(Supporting information). PH scores were computed based on the

persistent diagrams, yielding a numerical metric to evaluate the

regularity of the network. Initially developed for assessing the

quality of surface-supported covalent networks, the principle of

the PH method is also applicable to evaluating the degree of order

in metal-organic networks. A score of 1 would be achieved for a

perfectly regular network. As displayed in Fig. 2, the PH scores

of the disordered networks range from 0.54 to 0.61. No further

improvement was observed at higher temperatures (Sam. II and

III). On the contrary, a slight decrease of PH score is noted owing

to the demetallation process and the coexistence of organometallic

and covalent structures. A different growth condition (deposition

of pTBPT on hot Cu (111) substrate held at 440K) was investigated.

The rationale for this approach is that under that condition the

networks may grow through the addition of monomers which are

expected to have a much higher surface mobility. However, this

approach did not yield significant improvements either. The PH

score of Sam. IV equals to 0.54, which is very close to those of

Sam. I, II and III.

To make it simple, we discuss the major MOF structures here.

The high defect density can be attributed to the energy neces-

sary for wiggling the trigonal lobes of the pTBPT precursor. Due to

the threefold symmetry of pTBPT, a hexagonal ring comprising six

monomers yields the lowest-energy geometry (Fig. S1) as all newly

formed links exhibited an ideal bonding angle of 180°. All other

polygons experience slightly higher stress due to distortion of the

monomer. Each bond between two phenyl lobes of a monomer in

the polygon deviates from its optimal equilibrium angle on aver-

age by �α =60°(6−N)/(3N) [18], where N denotes the number of

molecules in the ring. The change �α is small and accounts to

10°, 4°, 0°, −2.9°, and −5° for tetragon, pentagon, hexagon, hep-

tagon, and octagon, respectively, yielding only a small additional

energy contribution. This small deviation from the equilibrium ge-

ometry is responsible for the high number of polygons different

from hexagons. Since linking of free radicals is virtually barrier free

and only diffusion limited, kinetic effects can lead to suboptimal

binding geometries where the binding angle deviates from 180°.
This results in a reduced structural order and high defect densities.

On the other hand, the flexibility of organometallic interlinking in

the position of Cu adatoms accounts for both the small additional

energy contribution and the frequent occurrence of polygons dif-

ferent from hexagons. As a result, the intrinsic topological defects

persist regardless of different thermal treatments.

To address this issue, we turn to the doping effect drawing on

literature regarding the regulation of metal or ion doping in on-

surface 2D networks [34,35], particularly our previous study of Se

doping, which has been demonstrated to achieve the topology se-

lectivity of a conformationally flexible precursor mTBPT [23]. In

this study, we investigated the low coverage (0.015 ML) Se dop-

ing with 0.28 ML pTBPT on Cu (111) and achieved the fabrication

of ordered hexagonal OM networks as displayed in Figs. 3a and

b. The dramatic improvement of the honeycomb network with PH

score of 0.71 confirms the structural homogeneity. From the close-

up STM image in Fig. 3b, terminal interactions indicated by white

arrows resemble to those of mTBPT, indicating typical C–Cu···Se in-

teractions [23]. As shown in Fig. 3c, the distribution of the equiv-

alent diameters of the formed networks becomes narrow with a

reduced standard deviation of 0.27, reflecting an increased degree

of order for the networks after Se doping.

In view of kinetics, further annealing with sufficient time (460K

for 2h) was applied to the sample, patches of ordered OMs co-

alesced into larger areas of honeycomb networks as displayed in

Figs. 3d and e with an even higher PH score of 0.82, which is very

close to a perfectly regular network with PH score of 1. The equiva-

lent diameters of the larger honeycomb networks are characterized

by highly narrow distributions with the standard deviation of 0.21

as shown in Fig. 3f, implying a nearly perfect degree of order for

the doped network. The average diameter (μ) of the honeycomb

network equals to 1.80nm, which is calculated with the mentioned

equation Eq. D=
√
4A/π , and the area of each pore A can be com-

puted by the black areas as shown in the right column of Fig. S4.

Notably, the equivalent diameters are smaller than the periodicity

of the constructed networks since the bright edges of the tectons

and bright protrusions assigned to the detached Br within the net-

work pores are both excluded.

From the high-resolution STM image (Fig. 3g), it is clear to

identify that the MOF structure features a rhombic unit cell with

lattice parameters of a= b=2.61±0.05nm and α =120° ± 2°, in
good agreement to the theoretical prediction of a= b=2.58nm and

α =120° in gas phase. The bond-resolved STM (BRSTM) images be-

fore and after Laplace filtering (Figs. 3h and i) are detected from

3
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Fig. 3. Crystallization of 2D OM networks on Cu (111) after Se doping. (a) Overview

and (b) close-up STM images showing the ordered 2D OM networks fabricated

by co-deposition of pTBPT and selenium on Cu (111) after annealing at 380K for

30min. (c) The distribution of the equivalent diameters of the sample in panel (a).

(d) Overview and (e) close-up STM images showing the ordered 2D OM networks

after annealing at 460K for 2h. (f) The distribution of the equivalent diameters of

the sample in panel (d). The histograms are fitted by the Gaussian function as red

curves in panels (c) and (f). (g) High-resolution image of the ordered hexagonal OM.

Constant-height current image (h) before and (i) after Laplace filtering of the place

framed by the blue rectangle in panel (g). Brown, white, gray, and pink balls repre-

sent C, H, N, and Cu adatoms, respectively. PH scores of the corresponding samples

are indicated. STM parameters: constant current, (a, b) U=500mV, I=100 pA; (d,

e) U=1V, I=50 pA; (g) U=1V, I=100 pA; (h, i) constant height, U=5mV. The

STM images in panels (d, e, g-i) are resolved by CO-terminated tip.

the region outlined by the blue rectangle in panel (g). The building

block in a unit cell contains two monomers and three Cu adatoms.

Unexpectedly, one of the monomer moieties rotates by 5° clock-

wise and the other counterclockwise, rendering the two moieties

of the building block chiral but the overall honeycomb network

racemic. This is due to the slight molecular flexibility that persists.

STS measurements were carried out on the Cu (111)-supported

2D MOFs at different sites as indicated in Fig. S6 (Supporting

information). The reference dI/dV spectrum measured on the Cu

(111) substrate shows a Shockley surface state at approximately

−450mV (gray curve in Fig. S6b) [36]. The intrinsic HOMO and

LUMO states of the 2D metal organic nanostructure were not ob-

served in the dI/dV spectra (red and black curves recorded on the

monomer moiety and Cu adatom, respectively), which could be at-

tributed to the doping effect from Br adsorbates [37,38], as well

as the contribution to density of states (DOS) relative to that from

the copper substrate [39,40]. To explore the origin of the state, we

calculated the DOS for the 2D MOF in gas phase as exhibited in

Fig. S6c by DFT. Fig. S6d displays the spin-polarized DOS of the

free-standing 2D MOF structure. Intriguingly, the asymmetric DOS

for spin-up and spin-down components indicates spin polarized

properties, although the incorporated Cu atoms in the chains are

not magnetically active, which is similar to our previous studies

[41,42]. The corresponding projected DOS (PDOS) on the N, C, H

and Cu elements of the 2D MOF was also calculated to show their

respective contributions in Fig. S6e.

To investigate the mechanism of Se doping, we performed ad-

ditional experiments with different ratios of pTBPT to Se (Fig. S7

in Supporting information). All of these samples were thermally

treated at 380K for 2h following co-deposition of pTBPT and Se.

When 0.28 ML pTBPT was deposited onto Cu (111) without Se dop-

ing, the disordered OM network composed of polygons with dif-

ferent edges was observed with the PH score of 0.56 as shown in

Fig. S7a. Upon deposition of 0.01 ML Se, there still coexisted hexag-

onal and non-hexagonal polygons in Fig. S7b with the PH score of

0.58. No improvement in the OM networks originates from the in-

sufficient amount of Se compared to the sample in Fig. 3a. Further

increasing the coverage of Se to 0.02 ML, an apparent improve-

ment in the proportion of hexagonal OM rings is evident in Fig. S7c

with PH score of 0.68, manifesting the structure ordering by Se

doping. Some small copper selenide domains were observed adja-

cent to the ordered hexagonal networks in Fig. S7c. That is to say,

the amount of Se is related to the ordering and stabilization of the

hexagonal network structure. When the coverage of pTBPT was in-

creased to 0.58 ML, the ordered hexagonal network grows bigger

with PH score of 0.70, and fewer copper selenide domains were

observed in Fig. S7d. Therefore, we hypothesize that the ordered

honeycomb network could be stabilized with the doped Se atoms.

The distribution of the equivalent diameters becomes narrow af-

ter Se doping by comparison between Figs. S7e-h, illustrating the

increased degree of order for the networks following Se incorpora-

tion.

Given the low diffusion barrier of Se atoms on Cu (111)

(0.107 eV) [43], and the copper selenide domains indicated by

white arrows in Fig. S7c do not easily diffuse on Cu (111), we could

clearly resolve the trapezoid domains in the STM images. It is plau-

sible that the Se atoms play a pivotal role in regulating the OM

networks. Theoretical insights into how Se atoms influence the en-

ergy diagrams are provided in the following DFT discussion.

To better understand the mechanism for the disorder−order

transition of the 2D OM networks through Se doping, nudged

elastic band (NEB) calculations in the absence or presence of Se

have been employed to model the transformation between non-

hexagonal and hexagonal rings on Cu (111). The molecule is sim-

plified by bromobenzene to reduce the cost of computations. As il-

lustrated in Fig. 4a, the energy barrier was calculated to be 0.76 eV

from the five-membered ring accompanied by the sixth radical to

the six-membered ring.

After Se doping, the Se atom locates beside the Cu adatom

which is about to leave (intermediate state (IntS), and initial state

(IS) in Fig. 4b). During the activation of the organometallic inter-

action, the adjacent Se atom connects to the C–Cu terminal, which

would help to stabilize the intermediate state by C–Cu···Se interac-

tion (IntS in Fig. 4b). The activation barrier from initial state over

the first transition state to intermediate state is calculated to be

0.20 eV, followed by the incorporation of the sixth radical with the

help of Se. The energy barrier of the second step is calculated to

be 0.24 eV. The low transformation barrier of 0.20 eV elucidates the

ease with which non-hexagonal OM rings can be transformed to

hexagonal OM rings in the presence of Se on Cu (111) surface. The

entire pathway is exothermic by 1.59 eV (final state (FS) in Fig. 4b).

The Arrhenius equation is defined as follows (Eq. 1):

ν = Apreexp(−�E/kBT ) (1)

where the energy barrier �E is defined as the energy difference

between the TS and IS, and kB is Boltzmann’s constant. The prefac-

tor Apre is normally assigned the rule-of-thumb value of 1013 s−1.

To study the influence of the calculated energy barriers on the re-

action kinetics, we define the Boltzmann ratio as (Eq. 2):

r = exp(−(�E1 − �E2)/kBT (2)

where �E1 equals to 0.20 eV and �E2 equals to 0.76 eV in cor-

responding to the energy barriers in the presence or absence of

Se. As a result, the Boltzmann ratio r � 1 in quite a wide range

4
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Fig. 4. Disorder−order transformation pathway from 5-membered ring to 6-membered ring in the absence or presence of Se atoms. Energy diagrams for the transformation

from 5-membered ring to 6-membered ring (a) without and (b) with Se doping. The structural models are given for the initial, transition, intermediate and final states,

respectively. The energy scale is not linear. Brown, white, gray, yellow, blue, and pink balls represent C, H, N, Se, Cu substrate, and Cu adatoms, respectively.

of reaction temperature. Large values of r indicate that the trans-

formation from the non-hexagonal OM ring to the hexagonal OM

ring is much easier with the Se atom, which accounts for the

disorder−order transition of 2D OM networks after Se doping.

Se doping lowers the transformation energy barrier, thus facil-

itating the conversion of non-hexagonal OM rings into hexagonal

OM rings. On the other hand, higher temperatures would induce

demetallation, thereby the ordering of OM networks is resisted.

Experimental results indicate that Se doping raises the required

temperature for demetallation to above 480K. Without Se doping,

annealing at this temperature typically leads to the coexistence

of organometallic and covalent nanostructures. However, with Se

doping, such high temperatures enhance the regularity of OM net-

works rather than triggering demetallation. Hence, the effect of Se

doping promotes the ordering of 2D OM honeycomb nanostruc-

tures.

Extensive DFT calculations were performed on energy barriers

for molecule migration on Cu (111) surface in Fig. S8 (Support-

ing information). In the migration of the C–Cu moiety, as illus-

trated in Figs. S8a−c, the moiety has the same orientation in the

initial and the final states. Along one principal axis (indicated by

red arrows in Fig. S8a) the migration barrier was calculated to be

0.48 eV. While along another principal axis (indicated by black ar-

rows in Fig. S8b), the sliding diffusion was calculated to be 0.29 eV.

Migration along the third principal axis is, by symmetry, equiva-

lent to the second direction (black arrows in Fig. S8b). Importantly,

in both cases of the more stable initial and final states, the Cu

adatoms were located in the more stable fcc sites, while in the

transition states, the Cu adatoms were close to the less stable hcp

sites. From a chemical point of view, the molecular moiety is ph-

ysisorbed on the surface (with distances between the triazine cores

and the substrate of >3 Å). Thus, compared with the molecule, the

chemisorbed Cu adatoms in the C–Cu moiety play a more impor-

tant role in the energy diagram. Both fcc and hcp sites are hollow

sites, making the configuration more stable than that on top sites,

and this explains the low migration energies.

In addition to the migration barriers, the rotation barriers of the

C–Cu moiety on Cu (111) were also calculated. The rotation is im-

portant for two OM moieties to properly align before combination.

Figs. S8d and e illustrate the rotation process where the C–Cu moi-

ety rotates around the fixed triazine core. The moiety in the final

state is rotated clockwise by 120° around a normal to the surface

going centered at triazine core, compared to the initial state. The

rotation is a two-barrier process, where the local minimum consti-

tutes a shallow intermediate state and the global minimum consti-

tutes initial and final states. The energy barrier is calculated to be

≈0.24 eV, indicating how easily the C–Cu moiety change its direc-

tions on the Cu (111) surface. Hence, neither the sliding diffusion

nor the rotation diffusion processes are rate-limiting steps above

RT.

Further annealing of the C–Cu–C OM networks was conducted

to investigate the covalent interlinked products. As shown in

Fig. S9 (Supporting information), demetallation of the OMs oc-

curred after annealing the sample at 540K. Regardless of the ab-

sence or presence of Se doping, the covalent networks exhibited

limited structural order, with PH scores of 0.54 and 0.66, respec-

tively. Incomplete connections typically arise when mobile pre-

cursor monomers are blocked from reaching unsaturated reaction

sites of the preformed nanostructures. For instance, monomers

may be unable to access a randomly formed internal cavity of a

2D nanostructure island due to steric hindrance in 2D confinement,

leaving reaction sites in the internal cavity unsaturated. Wrong

connections between precursor monomers, here defined as inter-

molecular C–C bonds, force the monomer into a nonideal position

within the structure. They are generally irreversible and can induce

further structural defects. The relative conformational flexibility of

the monomer backbones allows for connections between deformed

monomers when they encounter steric hindrance. This usually

leads to heterogeneous structural motifs in the formed nanostruc-

tures. The protopolymer of the ordered OM network formed after

Se doping does not yield highly ordered covalent nanostructures

at elevated temperatures. To optimize this steering strategy, milder

activation methods, such as photoactivation, may be more effective

than thermal activation.

In conclusion, disordered OM networks comprising polygons

with varying edge numbers were obtained after deposition of the

5
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conformationally flexible precursor pTBPT on Cu (111) at RT to

420K. Upon low coverage (∼0.015 ML) Se doping of pTBPT, we

successfully achieved the ordering in 2D OM networks and en-

hanced the structural homogeneity, leading to the formation of

honeycomb nanostructures. This could be achieved whether pre-

or post-exposing the sample to Se, implying that an ordered 2D

MOF can be fabricated regardless of the deposition sequence. Fur-

thermore, disorder−order transition could be fulfilled by low cov-

erage (∼0.015 ML) Se doping at 360K, with a higher temperature

of 480K accelerating the process and increasing the proportion of

hexagonal OM rings.

Using high-resolution STM/STS including BRSTM at 4K, we in-

vestigated the conformationally flexible precursor pTBPT on Cu

(111) substrate and demonstrated the disorder−order transition of

2D OM networks through Se doping. NEB calculations in the ab-

sence or presence of Se have been employed to model the trans-

formation from five-membered to six-membered rings on Cu (111)

in order to provide mechanistic insights. These findings underscore

the pivotal role of Se doping in modulating the energy diagram

of the transformation pathway and achieving the desired topology

selectivity in the system. The preferential transformation pathway

facilitated by the Se atom offers valuable insights into the ther-

modynamic and kinetic mechanisms governing topology selectivity,

enabling the controlled synthesis of tailored metal-organic nanos-

tructures.
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