
Chinese Chemical Letters 37 (2026) 111280

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet
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a b s t r a c t

The Sierpiński triangle (ST) is a widely-known deterministic fractal structure that has attracted consid-

erable attention recently. The fabrication of nitrogen-doped defect-free STs is appealing yet challenging.

This is due to factors such as the increase in active sites, the random generation of nucleation centers,

and the experimental growth conditions. In this contribution, we utilize a combination of density func-

tional theory (DFT), Monte Carlo simulation (MC) and scanning tunneling microscopy (STM) to investigate

the formation of nitrogen-doped STs. These STs are formed with nitrogen-rich, conformationally flexible

2,2′:6′,2′ ′-terpyridine-6,6′ ′-dicarbonitrile (TDBT) molecules and Fe atoms on Au(111). The replacement of

benzenes with three pyridine side groups facilitates the formation of the nitrogen-doped STs with a rela-

tively high order because of the energetic preference of molecular configurations. The introduction of the

rigid 4,4′′-dicyano-1,1′:3′,1′′-terphenyl (C3PC) molecules markedly induces the structural transformation

of the STs from ordered to high-entropy. Moreover, the nitrogen-doped STs with an order of up to 4 can

be directly visualized by low-temperature STM.

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

Medica, Chinese Academy of Medical Sciences.

The Sierpiński triangle (ST), a captivating fractal structure

renowned for its self-similarity and non-integer dimensional

space-filling properties, has long fascinated researchers due to its

elegance and structural beauty [1–14]. Since its theoretical pre-

diction [15,16], significant progress has been made in assembling

defect-free STs on single-crystalline surfaces using various molecu-

lar precursors through intermolecular interactions, including halo-

gen bonds [1], hydrogen bonds [4,13], coordination bonds [2,5,10],

covalent bonds [7–9] and electrostatic interaction [11]. Notably, the

order of molecular STs has recently reached an impressive level

of 5 through advanced templating and coassembly techniques [5].

These aperiodic yet highly ordered structures exhibit remarkable

mechanical, optical, electronic, and magnetic properties [17–22],
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making them promising candidates for next-generation electronic

devices [23].

In order to apply STs to future application, it is essential to

tailor their electronic and magnetic characteristics. Nitrogen dop-

ing emerges as a powerful strategy to engineer these character-

istics in nanomaterials through mechanisms, such as band struc-

ture engineering, spin polarization effects, multi-scale charge re-

distribution, and topological enhancement [24–26]. The synergis-

tic interplay between fractal geometry and nitrogen doping will

create unique opportunities for designing quantum materials with

programmable electronic and magnetic landscapes. However, it is

a formidable challenge. The increased number of active sites, the

stochastic nature of nucleation center formation, and the variability

in experimental growth conditions all contribute to the complexity

of this process [1,7,27,28]. To address these challenges, we present

a groundbreaking approach that combines density functional the-

ory (DFT) calculations and coarse-grained Monte Carlo (MC) sim-

ulations with scanning tunneling microscopy (STM) to investigate

the formation of nitrogen-doped ST fractals.

https://doi.org/10.1016/j.cclet.2025.111280

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) DFT-calculated adsorption energies of C3PC and trans, trans-TDBT at fcc

site of Au(111) equal to -2.32 eV and -2.12 eV, respectively. (b) The correspond-

ing coarse-grained models used in the Monte Carlo computer simulations on a flat

triangular lattice. The black arrows next to the molecules indicate the bonding po-

sitions of carbonitrile functional groups that provide ligand→metal coordination

bonds. The black arrows pointing outward the Fe atom (red circle) show the at-

tachment sites available to the ligand molecules.

Our strategy leverages nitrogen-rich, conformationally flexi-

ble 2,2′:6′,2′′-terpyridine-6,6′′-dicarbonitrile (TDBT) molecules and

Fe atoms on an Au(111) surface. By replacing benzene groups

with pyridine moieties, we achieve a thermodynamically favor-

able molecular configuration, enabling the formation of high-order,

defect-free nitrogen-doped STs. Furthermore, the introduction of

rigid 4,4′′-dicyano-1,1′:3′,1′′-terphenyl (C3PC) molecules induces a

structural transformation from ordered to high-entropy states, of-

fering new insights into the design of ST heterostructures. By di-

rectly visualizing nitrogen-doped STs with orders up to 4 using

low-temperature STM, we demonstrate the practical feasibility of

our approach. This study not only advances our understanding of

nitrogen-doped STs but also establishes a robust framework for

doping other elements into molecular ST systems.

TDBT is a conformationally flexible molecule functionalized

with terpyridine group and two carbonitrile end groups, allow-

ing for easy chemical and structural tuning. And it is successfully

obtained via one-step organic synthesis (Figs. S1-S4 in Support-

ing information). Based on the orientation of outermost bipyridyl

moieties in the TDBT backbone, TDBT adopts either cis- or trans-

configurations, labelled as trans, trans-, cis, cis-, trans, cisL- and

trans, cisR-TDBT (Fig. S5 in Supporting information). To under-

stand the adsorption behavior of TDBT, we performed the corre-

sponding DFT calculations using a single molecule with the end

pyridine ring centered at the fcc, hcp and top sites of Au(111).

Moreover, two molecular orientations, one rotated by 30° with

respect to the other (0°), were considered for adsorption site of

each type. As indicated by the theoretical calculations, the trans,

trans-TDBT configuration adsorbed at fcc site of Au(111) surface

is the energetically most favorable structural motif among all the

conformers (Figs. S6-S10 in Supporting information). The same

favored fcc adsorption position is found for rigid 4,4′′-dicyano-
1,1′:3′,1′′-terphenyl (C3PC) molecule, which has been widely used

to build STs via coordination bonding [2,3,5,20] and hydrogen

bonding [4,13], respectively. The C3PC is more stable with an ad-

sorption energy of -2.32 eV in comparison to TDBT with -2.12

eV (Fig. 1a). The adsorption energy (Eads) is defined as, Eads =
E(substrate+molecule) - E(substrate) - E(molecule), where E(substrate+molecule),

E(substrate) and E(molecule) refers to the energy of the molecule on the

substrate, the substrate and the molecule in vacuum, respectively.

To understand the formation of nitrogen-doped STs, we applied

a simplified coarse-grained model based on our prior results re-

garding the fractal structure formation in surface-confined metal-

organic assemblies [15,16]. Considering the energetically most fa-

vorable adsorbed configurations obtained with the DFT method,

Fig. 2. Snapshot of the adsorbed overlayer comprising 1800 trans, trans-TDBT

molecules and 1200 Fe adatoms taken at temperature T=0.001. The magnified het-

erotactic and homotactic coordination nodes are presented in the top-left insets,

respectively. A defect-free achiral ST-3 fractal aggregate is magnified in the bottom-

right inset.

the model TDBT and C3PC units were designed in a way to re-

flect the corresponding optimal molecular conformations. Specif-

ically, the molecules of TDBT and C3PC were modeled as rigid,

rod-like structures with a 120° bend, each comprising three inter-

connected segments. For TDBT, each segment represents a single

pyridyl ring. These tectons were designed to have centers for di-

rectional interactions, which were positioned so as to correspond

with the locations of the carbonitrile groups in each tecton. The

Au(111) crystalline substrate surface was modeled as a triangu-

lar lattice of equivalent adsorption sites, characterized by a lattice

constant α =1. It was assumed that the inter-segment-center dis-

tance in both TDBT and C3PC equals a, allowing each molecular

segment to occupy a single adsorption site. Fe atoms were rep-

resented as single segments, and followed the same one-to-one

restriction when occupying adsorption sites. Three interaction di-

rections were assigned to the Fe atoms, with each pair forming

an angle of 120°. An attractive interaction between a tecton and

a metal atom was effective only when these components occupied

adjacent sites and when their corresponding interaction directions

were collinear (i.e., aligned →←), with each →← interaction con-

tributing ε = −1. The comprehensive explanation of the above is

illustrated in Fig. 1b. Moreover, it was assumed that the energy

of different metal-linker nodes depends solely on the number of

attached molecules and not on their nodal configuration. Fig. S12

(Supporting information) illustrates the coordination bonding rules

applied in the model, along with the resulting nodal motifs and

their corresponding energies. A detailed description of the simu-

lation procedure and model parameters is provided in Section 3

(Supporting information).

To explore the nitrogen-doped fractal self-assembly, we first

performed the MC simulations for a metal-organic overlayer com-

posed of 1800 trans, trans-TDBT molecules (orange sticks) and 1200

Fe atoms (red circles) with a stoichiometric ratio 3:2, which was

optimal for the development of extended self-similar structures

[16]. As shown in the middle of Fig. 2, the adsorbed components

self-assembled into a whole series of fractal aggregates with spe-

cial aperiodicity and ordered topography. Among them, the largest

structure in the overlayer can be considered as a realization of the

third-order Sierpiński triangle (magnified in bottom-right inset). In

such a structure, there are 9 smaller triangles, each comprising 3

Fe atoms. Moreover, 27 Fe atoms are linked by 39 trans, trans-TDBT

molecules. For the 120° V-shaped precursors, there are two types

of node conformation, i.e., heterotactic and homotactic nodes. Only

heterotactic nodes are responsible for the growth of STs with the

correct geometry. For the heterotactic nodes, two forms, here de-

noted arbitrarily as a and a∗, can be present as mirror images of

each other (see nodes in the top-left inset). The calculated binding

energy of Fe-(trans, trans-TDBT)3 complex by DFT is around -3.93
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eV (Fig. S11 in Supporting information). However, the equal prob-

ability of a and a∗ leads to STs with racemic composition in both

the simulation and experiment, like in C3PC-STs systems [2,3]. Sta-

tistically, the homotactic nodes accounted for 7.1% of the three-

fold nodes (Table S1 in Supporting information) in the modeled

system, and they were the source of structural errors and detri-

mental to the further growth of STs. The heterotactic nodes dom-

inate the adsorbed phase due to the greater number of ways a

node of this type can be formed from a two-fold node by attach-

ing an additional molecule (Fig. S12). The Fe atoms effectively sup-

port these heterotactic motifs, especially at low temperatures at

which thermal energy is not sufficient to break the (increasingly

stronger) metal-linker bonds (Fig. S13 in Supporting information).

This effect is even more significant in the case of the release of a

metal atom from the three-fold node, which would require break-

ing three bonds. As a result, the directional metal-linker interac-

tions imposed by the three-coordinate 120° Fe centers govern the

self-assembly of the STs.

The potentially effective way to enhance the quality of STs was

to reduce the number of homotactic nodes (Fig. S14 in Support-

ing information), for example, through the synergistic effect of in-

termolecular and molecule-substrate interactions and the regula-

tion of the thermodynamic equilibrium in the experiments [1,7,8].

Another factor impeding the fractal aggregates was their growth

mechanism. Unlike the normal Ostwald ripening, the number of

active sites that attach molecules or atoms at three accessible ver-

tices does not increase with the perimeter of the triangle but re-

mains constant all the time. As a result, it is more difficult to at-

tach the subsequent molecule in bigger triangles. Consequently, a

collection of relatively small aggregates has been frequently ob-

tained in both experiments and MC computer simulations.

Fig. 3 presents the results obtained for 900 trans, trans-TDBT

molecules (orange sticks) and 900 C3PC molecules (gray sticks)

coadsorbed with 1200 Fe atoms (red circles) in 3:3:4 ratio. In com-

parison with the monomolecular TDBT fractal structure (Fig. 2), the

introduction of C3PC molecules significantly diminishes the degree

of orderliness of the heterogeneous nitrogen-doped fractal struc-

ture. In fact, the number of possible nodal motifs increased from 4

to 16 (Fig. 3b). Each node was formed of homomolecular (3 C3PC

or 3 trans, trans-TDBT) or heteromolecular (2 C3PC+ trans, trans-

TDBT or C3PC+2 trans, trans-TDBT) composition. Among them,

only eight types of heterotactic nodes can attach another molecule

(C3PC or trans, trans-TDBT) to form closed triangles for larger STs.

The homotactic nodes prevented fractals from growing larger and

were accountable for the formation of erroneous structures. Inter-

estingly, both individual C3PC-Fe-ST-n and trans, trans-TDBT-Fe-ST-

n (n represents the order of the STs, and varies between 0 and 4

in this work) have never been observed in the theoretically stud-

ied systems. It implied that the entropy of mixing played a sig-

nificant role in directing the assembly of three components. The

above descriptions suggest that nitrogen-doped self-similar archi-

tectures can be predicted ab initio by means of the simplified

coarse-grained approach.

To demonstrate the accurate predictive capabilities of the model

proposed in this work, we conducted the relevant STM experi-

ments on the Au(111) surface under ultra-high vacuum (UHV) con-

ditions. The corresponding results are shown in Figs. 4 and 5. In

the experiments, the trans, trans-TDBT dominated in molecular as-

semblies (Fig. S15 in Supporting information), which highlighted

the energetic preference of the molecular bipyridine fragment on

Au(111). This is in good agreement with the DFT-calculated results

shown in Figs. S6-S10. This delicate free-energy bias of TDBT con-

figurations results in the growth of nitrogen-doped STs in simula-

tions and experiments.

After thermally sublimating Fe atoms onto a trans, trans-TDBT-

precovered Au(111) surface held at 200 K, a mixture of different

Fig. 3. (a) Snapshot of the simulated system comprising 900 trans, trans-TDBT

molecules (orange sticks), 900 C3PC molecules (gray sticks) and 1200 Fe atoms (red

circles) taken at temperature T=0.001. The defect-free mixed ST-3 fractal aggre-

gates are marked in deep yellow color, one of which is magnified in the right inset.

(b) Survey of 16 possible three-fold coordination nodes (containing homomolecular

and heteromolecular composition), and the dashed line represents the mirror plane.

The green checks in the left plane indicate nodes that could form STs.

Fig. 4. STM images of trans, trans-TDBT-Fe-ST-n with n equals 1, 2, 3, 4, respectively.

Imaging conditions: (a) Vbias = -1000 mV, It =20 pA; (b) Vbias =10 mV, It =100 pA;

(c) Vbias =10 mV, It =100 pA; (d) Vbias =30 mV, It =100 pA; (e) Vbias = -300 mV,

It =100 pA.

generations of nitrogen-doped metal organic STs can be formed

at a relatively low coverage (∼0.5 ML). These STs have markedly

different morphologies from the self-assembly of the trans, trans-

TDBT molecule (Fig. S15), thus confirming formation of coordi-

nation bonds between -CN and Fe atoms. From the large-scale

images, we observed that the Au(111) surface was covered by

nitrogen-doped STs (Fig. 4a). The details of the successive gener-

ations of ST-n are presented in Figs. 4b-e. The geometric fidelity of

STs is fundamentally governed by the conformational properties of

their elementary motifs. Two distinct nodal configurations emerge

upon Fe coordination: heterotactic and homotactic nodes (Fig. S16

in Supporting information). STs are exclusively composed of het-
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Fig. 5. STM images of C3PC-trans, trans-TDBT-Fe-ST-n with n equals 0, 1,

2, 3, respectively. Imaging conditions: (a) Vbias = -1000 mV, It =20 pA;

(b) Vbias = -100 mV, It =20 pA; (c) Vbias = -100 mV, It =20 pA; (d) Vbias =
-100 mV, It =20 pA; (e) Vbias = -500 mV, It =15 pA. The C3PC and trans, trans-TDBT

molecules are marked by black and red circles, respectively.

erotactic nodes at every vertex. The formation of homotactic nodes

acted as a defect and was harmful to further ST growth. However,

it was also experimentally unavoidable. As the two kinds of nodes

are energetically equivalent, the formation of the STs originates

mainly from the entropic stabilization of the heterotactic nodes

which have a larger number of in-plane orientations compared to

the homotactic nodes; 6 vs. 2, respectively [16]. The remarkable

stability of STs is mainly attributed to the synergistic effect of in-

termolecular interactions (-CN-Fe) and adsorbate-substrate interac-

tions. From the topological point of view, the V-shaped trans, trans-

TDBT molecules with openings pointing outward led to a smaller

pore of ST-1 than that comprised of rigid C3PC molecules. The to-

tal number of empty voids ranged from 0 to 40, with these two

values corresponding to ST-0 and ST-4, respectively. In an ST-n, the

numbers of Fe atoms and trans, trans-TDBT were determined as 3n

and (3n +1 +3)/2, respectively. For example, in ST-0 and ST-4, there

are 1 and 81 Fe atoms, and 3 and 123 trans, trans-TDBT molecules,

respectively.

After introducing C3PC into trans, trans-TDBT-Fe ST, a whole se-

ries of mixed, disordered C3PC-trans, trans-TDBT-Fe-ST-n sponta-

neously formed. Experimentally, we have not observed any mutu-

ally independently existing of C3PC-Fe-ST-n and trans, trans-TDBT-

Fe-ST-n fragments, and this was in good accordance with the MC

simulation (Fig. 3). There are two ways to experimentally distin-

guish C3PC from trans, trans-TDBT molecules. First, depending on

the position of -CN on the molecular backbone, C3PC molecules

appear longer than trans, trans-TDBT molecules. Fig. 5b presents a

high-resolution STM image of a ST-1, with one small trans, trans-

TDBT and two large C3PC being marked by red and black circles

respectively. When some trans, trans-TDBT molecules in the trans,

trans-TDBT-Fe-ST-n system were replaced by C3PC molecules, the

other TDBT molecules were required to change their positions rel-

ative to the Fe atoms. This might lead to wavy edges and het-

erologous triangular pores of C3PC-trans, trans-TDBT-Fe-ST-n (Fig.

5e). Such heterologous pores may function as molecular sieves,

which are capable of selectively capturing or immobilization of

guest molecules of different sizes.

In summary, this study successfully demonstrates the construc-

tion of nitrogen-doped STs through an integrated approach com-

bining coarse-grained Monte Carlo simulations, DFT calculations

and STM fabrication and characterization. The strategic substitution

of benzene groups with pyridine moieties significantly facilitates

the formation of defect-free nitrogen-doped ST systems, primar-

ily attributed to the thermodynamic preference for stable molec-

ular configurations. Furthermore, the incorporation of rigid 4,4′′-
dicyano-1,1′:3′,1′′-terphenyl (CP3C) molecular building blocks en-

ables the fabrication of ST heterostructures. These findings estab-

lish a robust methodology for doping other elements in molecular

ST systems and potentially promote the development of advanced

functional materials with tailored electronic and magnetic charac-

teristics.
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