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Abstract

Surface-confined synthesis is a promising approach to build complex molecular nanostructures including 

macrocycles. However, despite the recent advances in on-surface macrocyclization under ultra-high vacuum, 

selective synthesis of monodisperse and multicomponent macrocycles remains a challenge. Here we report 

on an on-surface formation of [6+6] Schiff-base macrocycles via dynamic covalent chemistry. The 

macrocycles form 2D crystalline domains on the micrometer scale, enabled by dynamic conversion of open 

chain oligomers into well-defined ~3.0 nm hexagonal macrocycles. We further show that by tailoring the 

length of the alkyl substituents, it is possible to control which of three possible products -oligomers, 

macrocycles or polymers- will form at the surface. In situ scanning tunneling microscopy imaging combined 

with density functional theory calculations and molecular dynamics simulations unravel the synergistic 

effect of surface confinement and solvent in leading to preferential on-surface macrocyclization.

Keywords: dynamic covalent chemistry, on-surface synthesis, macrocycle, scanning tunneling microscopy, 
density functional theory, molecular dynamics simulation
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Since the discovery of crown ethers in the mid-1960s,1 the intriguing structure of macrocycles and 

their host-guest interactions2 had tantalized several generation of scientists, and gave birth to an entirely new 

discipline, supramolecular chemistry.3 Many macrocycles have found applications in medicinal chemistry,4,5 

catalysis,6,7 sensing8,9 and optoelectronics.10,11  However, chemical synthesis of macrocycles is often 

challenging and low-yielding, fundamentally limited by the unfavorable entropy of the head-to-tail 

cyclization of the linear oligomeric intermediates. Solution synthesis of such macrocycles usually requires 

highly diluted reaction conditions10,12 to suppress intermolecular propagation reactions, as well as metal-

templated preorganization13,14 to thermodynamically favor intramolecular cyclization versus the 

intermolecular polymerization. 

Recently, the on-surface chemistry was shown to provide a promising alternative for synthesis of 

well-defined macrocyclic molecules.15 The surface confinement restricts the conformational and rotational 

freedom of the molecular precursors.16 Moreover, solid surfaces can function as a template to guide 

hierarchical coupling of reaction intermediates into atomically precise nanostructures.17-20 This approach has 

recently been applied to synthesize oligophenylene,21-24 oligothiophene,25,26 heterotriangulene27,28 and 

graphdiyne29 macrocycles via Ullmann coupling on transition metal surfaces under ultrahigh vacuum (UHV) 

conditions. However, since the used reactions (most commonly, Ullmann coupling) are kinetically 

controlled,15,19,30 they inevitably introduce structural defects and often lead to polydisperse nanorings of 

various shapes and sizes.21-24,26,29 Besides, the UHV conditions required for such surface-catalyzed synthesis 

limit the versatility of this approach and multicomponent on-surface reactions have been seldom reported.31

Dynamic covalent chemistry (DCC) offers a potential solution to both aforementioned issues, by 

allowing the system to achieve (the pre-programmed) thermodynamic minimum and by enabling the reaction 

at ambient condition at the solid-liquid interface.32,33 These features have been well demonstrated in an 

increasing number of reports on surface-supported synthesis of DCC-linked covalent organic frameworks, 

that are characterized by a small amount of defects and high surface coverage.34-38 Hitherto, DCC has not 

yet been successfully implemented in on-surface synthesis of macrocycles, except for the attempted 

synthesis of cyclic sexiphenylenes via olefin metathesis,39 and [3+3] macrocycles via Schiff-base 

condensation on graphite surfaces.40 However, these endeavours resulted in the predominant formation of 

linear oligomers and only negligible amounts of cyclic compounds, across different reaction conditions (i.e. 

temperature, pressure, concentration, and pH). Interestingly, the authors suggested that surface adsorption 

and solvent effects significantly alter the product distribution of DCC at the solid-liquid interface. In 

conclusion, the limited current understanding of the DCC at the solid-liquid interface precludes its use for 

efficient macrocyclic formation.
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Here we make a step forward by reporting the successful [6+6] macrocyclization at the liquid-

graphite interface, based on Schiff-base condensation between six dialkoxylated isophthalaldehyde (IPAn) 

and six p-phenylenediamine (pP) molecules in 1,2,4-trichlorobenzene (TCB) solution. These macrocycles 

count 66-atoms rings of ca. 3 nm in diameter and consist of 12 imine bonds and 12 n-octadecyl sidechains 

pointing outwards. Synthesis of such structures in solution would be especially challenging (if not impossible) 

due to the floppiness/conformational disorder of the imine-linked phenylene backbones. We use scanning 

tunneling microscopy (STM) to characterize in situ macrocyclization with a submolecular resolution and 

confirm the formation of 2D arrays of monodisperse [6+6] Schiff-base macrocycles as the main product. 

Furthermore, by varying the length of alkoxy side chains on IPAn precursor (Scheme 1), we were able to 

control the surface products between macrocycles, linear oligomers or extended polymers. Molecular 

modeling using density functional theory (DFT) calculations explains the role of alkyl chain length as a 

‘knob’ to tweak the molecular surface packing density. Molecular dynamics (MD) simulations reveals the 

role of the competitive adsorption between solvent, monomer precursors and intermediates in determining 

the onset of surface reactions, which promotes different products on surface.

Scheme 1. Chemical structures of p-phenylenediamine (pP) and dialkoxylated isophthalaldehyde (IPAn) 
monomers and the corresponding products at the TCB/HOPG interface.
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Results and Discussion

On-surface [6+6] cyclization. STM was used to image the assemblies resulting from in situ Schiff-base 

condensation between IPA18 and pP at the liquid/HOPG interface. By drop-casting a 1:1 molar ratio mixture 

of IPA18 and pP (0.1 mM each) in 1,2,4-trichlorobenzene (TCB) and octanoic acid (2.5 % v/v as an acid 

catalyst) onto HOPG substrate, cyclic hexagonal features emerged at the TCB/HOPG interface after 5 min 

(Figure 1a). The external diameter of the resolved hexagons measures 3.0 ± 0.1 nm, which is comparable to 

imine-linked cyclododecaphenylene macrocycles. UV-Vis absorption spectra acquired on the same reaction 

mixture revealed a redshifted band which is indicative of increased conjugation length, i.e. C=N bond formed 

between phenyl rings (Figure S1.1). The periodic spacing of the hexagonal unit cell (5.3 ± 0.1 nm) is defined 

by 12 alkyl chains that intedigitate with the ones of the neighbouring macrocycles (Figure 1a). While 

macrocyclic backbones are more clearly resolved at high tunneling current, this measurement requires 

positioning of the STM tip very close to the surface, which consequently disrupts the monolayer after 

repeated scans (Figure S2.1). Low-current STM imaging revealed a honeycomb structure on the surface, as 

depicted in Figure 1b and S2.2. Interestingly, the conversion of open-chain oligomers into macrocycles was 

occasionally captured at 20 Hz scanning rate and within a typical STM time frame (Figures S2.4, S2.5). The 

observed dynamic and reversible process at the solid-liquid interface would explain the formation of 

macrocycle arrays extending over hundred nanometers (Figure 1c) and can reach 500 × 500 nm2 in size 

(Figure S2.3). 

Figure 1 STM images of (IPA18-pP)6 macrocycles formed at TCB/HOPG interface with monomer 
concentration of 0.1mM and scanned at (a) high and (b)-(c) low tunneling current. The black dotted circle 
on (a) indicates possible co-adsorbed TCB solvent inside the macrocycle. The inset on (c) shows the 2D-
FFT of a 130×130 nm2 single domain. Tunneling parameters: (a) Vbias = 800 mV, Iset = 160 pA; (b) (c): Vbias 
= 900 mV, Iset = 5-10 pA. 
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The [6+6] imine-linked macrocycle has rarely been reported in solution synthesis, as they usually 

suffer from low yield even recurring to supramolecular preorganization and metal templated synthesis.41-43 

Our observation of the high-yield [6+6] macrocyclization on a surface is also far from trivial, as the ditopic 

monomers of such symmetry usually favor open-chain polymerization. In fact, unsubstituted 

isophthalaldehyde reacts with pP to form exclusively linear zigzag oligomers/polymers on graphite 

surface.44,45 Moreover, the gas-phase DFT calculations of this macrocycle suggests destabilization by 3.9 

kcal‧mol-1 compared to the open-chain polymer due to intramolecular strain (sterically hindered hydrogens 

at the ring periphery, see Figure S6.2). We therefore inferred that the alkyl side-chains on the IPA monomer 

play a key role in driving the on-surface macrocyclization. 

Tuning the reaction with alkyl chains. To investigate the effect of alkyl chains on the probed reaction, we 

surveyed the on-surface condensation between pP and O-alkylated IPA bearing chains of different lengths 

(Figure 2). Similar experimental conditions were applied except that concentrations were varied due to 

different solubility and graphite surface affinity of each IPAn monomer. In fact, optimizing monomer 

concentration is crucial for achieving monolayer formation on the surface, as high concentrations led to 

massive oligomer/polymer aggregates and multilayers (Figures S2.6-S2.11).
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Figure 2 Schiff bases produced by condensation pP and O-alkylated IPAs of increasing chain length at the 
TCB/HOPG interface. STM images of the close-packed (a) IPA1-pP-IPA1 trimers with monomer 
concentration of 0.25 mM, (c) IPA4-pP-IPA4 trimers with monomer concentration of 0.21 mM, and (d) IPA8-
pP-IPA8 trimers with monomer concentration of 0.3 mM. (b) Molecular model of the close-packed trimers 
observed in (a), (c), (d), and alkyl chains are simplified to methyl groups for clarity. (e) An STM image of 
(IPA12-pP)6 macrocycle assembly with monomer concentration of 0.2 mM and (f) the corresponding 
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molecular model. (g) STM image of (IPA22-pP)n polymers with monomer concentration of 0.05 mM and (h) 
the corresponding molecular model of the polymers in ordered regions. Tunneling parameters: (a), (c), (d) 
Vbias = 800 mV, Iset = 120 pA; (e) Vbias = 900 mV, Iset = 5-10 pA; (g) Vbias = 900 mV, Iset = 200 pA. 

The STM shows that IPA bearing short alkyl chains (i.e. C1, C4 and C8) forms exclusively close-packed 

lamellar structures at the TCB/HOPG interface (Figures 2a, c, d). The linear submolecular feature of the 

lamellae is inconsistent with the zigzag profile of the 1D-polymer backbones, but compatible with a tiling 

of close-packed trimers condensed from 2 IPA1 and 1 pP monomers (see dotted lines in Figures 2a-d). The 

molecular model of the proposed structure optimized by molecular mechanics yields unit cell with a = 0.9 

nm, b = 2.1 nm and α = 86°, in agreement with those obtained from STM measurement (a = 0.9 ± 0.1 nm, b 

= 2.0 ± 0.1 nm and α = 86 ± 1°). The lamellar spacing remains the same in the case of IPA1, IPA4 and IPA8 

(Table 1 and Figures 2a, c, d) which suggests that these short alkyl chains stick out from the (substrate) 

surface and, hence, do not affect the geometry of the lamellar network. The formation of 2D structures with 

alkyl groups detached from surface may occur to facilitate close-packing of the attached (hetero)aromatic 

cores on graphite surface.46-48 

The reaction of IPA12 with pP leads to the formation of a honeycomb network (a = b = 4.6 nm and α 

= 120°) similar to that of the IPA18 previously discussed, suggesting formation of (IPA12-pP)6 macrocycle 

arrays at the TCB/HOPG interface (Figures 2e, 2f). However, a further elongation of IPA alkyl chains from 

C18 to C22 produces upon reaction open-chain polymers (Figure 2g). Their appearance is characterized by 

linear features connected by curves, similar to those reported for other ‘rigid-rod’ conjugated polymers that 

possess long alkyl chains. Those curved regions are a fingerprint of folded polymer backbones, stabilized 

via intramolecular alkyl chains interdigitation.49-51 The interlamellar spacing of the locally ordered regions 

is measured as L = 4.0 ± 0.2 nm, a value that implies a partial interdigitation of tilted docosyl (C22) chain of 

the neighboring lamellae (3.0 nm × cos 30° = 2.6 nm), since the width of the zigzag polymer backbones is 

approximately 1.4 nm (Figure 2h). Although the polymer terminals cannot be precisely defined on the STM 

image, the locally ordered regions can only be attributed to the self-assembly of the covalently linked 

polymer strands. Based on the statistic length distribution of the straight lines (6 – 18 nm) in those regions, 

it can be inferred that phenylene-bis-imine chains of 5-16 repeat units have formed on HOPG.
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Table 1. Summary of on-surface Schiff-base formation from IPAn and pP monomers and unit cell parameters 
of the corresponding supramolecular structures.

Network Unit Cell (UC) Area Packing DensityOligomer/
Polymer

R-
chain

Plane
group a/nm           b/nm           α/deg nm2/UC n(IPAn), n(pP)/nm2

C1 lamella P2 0.9 ± 0.1     2.0 ± 0.1     86 ± 1     1.8        1.1,   0.56
C4 lamella P2 0.9 ± 0.1     2.1 ± 0.1     86 ± 1     1.8        1.1,   0.56

IPAn-pP-IPAn 
trimer

C8 lamella P2 0.9 ± 0.1     2.1 ± 0.1     86 ± 1     1.8        1.1,   0.56

C12
macrocycle
network P6 4.6 ± 0.1     4.6 ± 0.1     120     18.3        0.49, 0.49(IPAn-pP)6 

macrocycle C18
macrocycle
network P6 5.3 ± 0.1     5.3 ± 0.1     120

 
    24.3        0.37, 0.37

[IPA22-pP]n 
polymera C22 lamella P2 2.2               4.1              88

  
    9.0        0.22, 0.22

a.The unit cell was deduced from molecular modeling, assuming extended polymer backbones. 

Insights into surface product formation and self-assembly. The substitution of isophthalaldehyde groups 

with alkyl chains of various lengths led to various products and supramolecular assemblies on surface 

(Figure 2). The energy balance between macrocycles, open-chain oligomers and polymers can be evaluated 

from the molecular strain induced by the surface confinement and optimal 2D-supramolecular packing upon 

varying the alkyl chain length. To investigate the feasibility of different oligomer/polymer chain 

conformations and the corresponding supramolecular structures, molecular mechanics and DFT cluster 

calculations were performed on all observed supramolecular systems by considering the full range of alkyl 

chain lengths (C1-C22, Figure 3). 
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Figure 3. Packing enthalpy as a function of IPA alkyl-chain length, showing the progressive transition 
through three alkyl chain regimes. 

Molecular mechanics modelling of two-dimensional clusters in gas phase suggests that short chains 

(from C1 to C8) are not sufficient to stabilize the periodic open-pore macrocyclic tiling. Instead, both trimers 

and zigzag polymers achieve a denser packing since in both structures lateral alkyl chains are desorbed from 

the surface, and, consequently, the packing enthalpy is independent from the chain length (see molecular 

models in Figure 2). The calculated packing density (number of atoms per unit area) indicates that the trimers 

have the tendency to pack more tightly than zigzag polymers (Figure S7.1). The alkyl chains tethered at each 

kink of the polymers’ zigzag disrupt the efficient packing. In contrast, with alkyl chains at the two IPA-

terminals, trimers adopt a C2 symmetry that allows close packing on surface (Figure 2b). The unreacted 

aldehyde groups on the trimers should disfavor this product with respect to infinite polymer by 9.6 kcal/mol 

· per unit cell, i.e. the enthalpy gain of imine bond formation derived from the experimental values of bond 

dissociation energies at room temperature.52 Such loss of formation enthalpy could be largely compensated 

by van der Waals interaction between the close-packed aromatic backbones (4.9 kcal/mol · per unit cell) and 

higher surface adsorption energy than that of zigzag polymers (8.5 kcal/mol · per unit cell), hence resulting 

in the exclusive formation of trimers on surface in the short alkyl chain regime.
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When extending the alkyl chains from C10 to C18, the enthalpy balance is tipped towards macrocycle 

assembly, in which the alkyl chains interactions and adsorption energy continue to increase and thus 

effectively stabilize the porous network on surface (blue line, Figure 3). On the other hand, for the hexadecyl 

and longer alkyl chains, zigzag polymers with interdigitated alkyl chains adsorbed on the surface (dark 

orange line) become stable enough to overwhelm the polymer packing of alkyl chains projecting from the 

surface (light orange line) and the close-packed trimers (green line, Figure 3). However, the proposed 

polymer lamellae are still insufficient to compete with the macrocycle networks. In order to interdigitate 

efficiently, half of the alkyl chains at the kinks of the zigzag polymers must bend through four methylene 

units in eclipsed conformation (Figure 2h). The intramolecular strain due to the alkyl chain bending (2 × 5.2 

kcal/mol · per unit cell, as ascertained by DFT calculations53) is much higher than that released from 

converting the macrocycles to open-chain polymers (1.3 kcal/mol · per unit cell). Therefore, in the 

intermediate alkyl chain regime (blue shaded area in Figure 3), the macrocycle arrays with alkyl chains fully 

extended are dominant on surface.

Further extending the alkyl chains from C20 to C22 leads to the open pores B larger than the macrocyclic 

pores A in the arrays (Figure S7.2), which eventually decreases the adsorption energy density, and thus 

destabilizes the macrocycle structures with respect to the zigzag polymer lamellae. Overall, each of the three 

experimentally observed supramolecular systems predominates in certain regime of the chain length “phase 

diagram” (Figure 3), and the most stable product predicted by calculations is consistent with experimental 

observations (Figures 1, 2).  The entropy loss of the above-mentioned molecular aggregates on surface has 

not been discussed so far. The Schiff bases of similar structurally flexible polyimine backbones could be 

thought of featuring comparable conformational entropy loss when confined on surface, except for trimers 

that would have an additional entropy contribution from the alkyl chains desorbed from the surface. The 

translational entropy, on the contrary, would favor formation of large species like macrocycles and polymers, 

as they take more space on the surface thus allowing small species to leave the surface and return in solution. 

However, to accurately estimate entropy of this reactive, multicomponent and structurally flexible/large 

molecular system, as compared to the current studies,54,55 is still at an early stage and thus is beyond the 

scope of our work.

Furthermore, the planar aromatic solvent molecule, TCB, has been observed to co-adsorb in cyclic 

supramolecular clusters and hence to stabilize porous polymorphic structures on surface.56 Likewise, a small 

dotted feature, indicated with a circled bright spot, could be seen in Figure 1a. Modeling of TCB co-

adsorption inside the macrocycle cavities (pores A and/or B) shows a slight increase (0.2 - 0.6 kcal/mol/nm2, 

see Table S8.1) in stabilization energy (blue dotted line in Figure 3), which does not alter the overall trend 
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of the relative stability of the supramolecular systems (see Supporting Information section 8 for detailed 

calculations).

Role of the solvent on graphite surface. So far, we discussed the relative stability of the different packing 

motifs observed on HOPG without considering the interference of solvent on surface product formation. To 

unravel the solvent role in selecting particular reactive species on graphite surface, classical MD simulations 

were applied to investigate the adsorption free energy of reaction precursors in both vacuum and TCB 

(Figure 4a), the details of which are provided in the Experimental Methods and Supporting Information 

section 9. 

Figure 4. MD simulations of the target molecule at the interface with graphite. (a) Snapshot of the (60 × 60 
×102 Å3) simulation box containing 1500 TCB solvent molecules and a single IPA4-pP dimer adsorbed on 
the slab of 4 graphene layers with periodic boundary conditions. Atom color coding: carbon (gray), nitrogen 
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(blue), oxygen (red), hydrogen (white), chlorine (yellow). (b) Snapshots of a cross-section of the simulated 
sample showing the TCB molecules composing the first (left, graphite depicted in black) and second (right, 
with first layer molecules shaded) adsorbed layers on graphite surface. (c) The TCB density profile along 
the direction normal to the surface shows three strongly structured layers at distances between 2 and 12 Å 
(top). The local average orientational order parameter  of TCB molecules quantifies the alignment of 𝑆
molecular aromatic planes within the layers with respect to the surface (bottom). (d) Free energy profiles in 
TCB as a function of the distance between the center of mass of target molecules and the atoms of a graphite 
sheet, showing the effect of increasing IPA chain length (top) and oligomer size (bottom).

To provide insights into adsorption free energies in TCB, and also in light of recent experimental 

findings on structured solvent layers at solid-liquid (water) interfaces,57,58 we performed a detailed 

investigation of the organization of TCB molecules in proximity of the graphite surface. TCB molecules 

were found to form organized solvation structures on the solid surface, unambiguously identified by the 

density peaks centered at 3.3, 6.8 and 10.3 Å from the graphite surface (Figure 4b, 4c).  Meanwhile, their 

liquid like nature is maintained as the measured retention time of TCB molecules is longer near the surface 

but still compatible with a liquid phase (see Figure S9.1 for details and MD simulations movies showing the 

diffusion of solvent molecules). The existence of structured yet mobile solvation layers is consistent with 

that of MD simulated methanol in a water mixture on graphite.57 Furthermore, the solvation layers not only 

possess positional order, but also adopts preferential molecular orientation with respect to the surface, 

measured through the local average of the orientational order parameter59:

𝑆= 〈32cos2 (𝑛 ∙ 𝑢𝑖)〉
𝑖

, where  is the normal to the graphite surface,  is the normal to the TCB molecular plane for molecule i, 𝑛 𝑢𝑖

and the angular brackets indicate an ensemble average over all molecules populating a certain distance value 

from the surface. The oscillations of  profile are shown strictly correlated with density variation, and that 𝑆

the amplitude decreases with increasing the distance from the surface, as presented in the bottom panel of 

Figure 4c. In particular,  assumes high positive values corresponding to the density maxima, revealing 𝑆

parallel alignment of TCB molecules to graphite, also captured as the snapshots in Figure 4b. The order 

parameter approaches zero at about 15 Å from the surface, indicating that an isotropic distribution of 

molecular orientations is achieved when moving towards the bulk of the liquid TCB phase.

We conjecture that besides the good solvent nature of TCB, the solvation layers on HOPG could 

interfere with the adsorption of other species, affecting the types of reactants available on the surface. When 

simulated in vacuum, the adsorption free energies of all target molecules are all large (10-60 kcal/mol, Figure 

S9.2) and proportional to the size of either molecular backbones or alkyl side chains. On the contrary, in the 
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presence of TCB, one main reactant, pP, does not show any affinity for the graphite surface (Figure S9.3), 

and short chain IPAn reactants (n ~ 1─8) exhibit negligible or rather small adsorption energies as compared 

to that of TCB (Figure 4d, top panel). Moreover, the simulated free adsorption profiles would exhibit local 

minima at the distances corresponding to the density maxima of the 2nd and 3rd solvation layers (Figures 4d, 

shaded areas). Therefore, small sized reaction precursors would experience these local energy barriers (1-2 

kcal/mol at 300 K) slowing down the process of their adsorption and desorption, with possible relevant 

consequences on the reaction kinetics and selective product formation on surface. Only when the 

condensation reaction proceeds to yield trimers (IPAn-pP-IPAn, n ≤ 8, Figure 4d, bottom panel), these new 

products become significantly attracted to the surface (~10 kcal/mol of free energy gain), and are expected 

to reside there for relatively long times (see the calculated surface retention times in Table S9.1). 

Alternatively, the elongation of alkyl side chains also leads to reactive species, such as IPA12 (Figure 4d, 

top) and IPA18 (Table S9.1), increasingly stable on surface.

Conclusions

We successfully prepared a series of different phenylene-bis-imines via in situ Schiff-base condensation in 

1,2,4-trichlorobenzene at the interface with a graphite surface. Elongation of the alkyl chains on 

isophthalaldehyde monomers resulted a progressive transition of on-surface products from trimers to 

macrocycles to linear polymers as confirmed by STM imaging. Furthermore, the mechanisms of the on-

surface polycondensation can be inferred from combined DFT and MM/MD simulations as follows (Scheme 

2). For IPAn with short alkyl chains (n ≤ 8), trimers with respect to the monomers and dimers, are 

preferentially absorbed on graphite. They eventually form the densest-packed supramolecular structures, 

where the head-to-head aligned aldehyde groups are hindered from further reactions. Elongating alkyl side 

chains of IPAn leads to attenuation of the solvent effect. Reactive species, such as IPAn (n > 8), become 

increasingly stable on surface, and so do the pP-IPAn dimers. As pP alone has no affinity to graphite in TCB, 

the on-surface polycondensation is very unlikely to start with the monomers but at least the pP-IPAn dimers. 

Their adsorption free energies become rather large (tens of kcal/mol), enabling a high number of dimers to 

remain at the surface vicinity and sufficient time (surface retention time is almost infinite) to diffuse on the 

surface. Consequently, the self-assembly of dimers can reactively self-assemble into thermodynamically 

favored proto-macrocyclic networks, which, compared to randomly deposited monomers, significantly 

increases the chance of forming covalently linked macrocycles. Further lengthening alkyl chains (i.e. C22) 

of IPAn results in mostly disordered open-chain polymers on graphite surface, as now the surface adsorption 

energy disfavors macrocycle assembly possessing large open pores, and disorder flexible polymer chains 
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are entropically more favored. Overall, this complex behavior is a manifestation of a delicate balance 

between intramolecular strain, imine bond formation, intermolecular and molecular-substrate interactions. 

In addition, solvent interference selectively drives specific reactants and oligomers onto the surface, 

promoting the reactions towards the corresponding thermodynamically stable products on surface.

Scheme 2. Proposed mechanisms of on-surface polycondensation of IPAn and pP at the TCB/HOPG 
interface.

Our study represents the primary case of on-surface synthesized macrocycles under ambient 

conditions. Compared to the macrocyclization under ultra-high vacuum, our approach does not require harsh 

conditions (i.e. elevated temperature for molecular evaporation) and, as such, allows different organic 

precursors to be deposited in any molar ratio. The key role of the solvent must be the object of future research, 

as it would allow the control of on-surface DCC products via solvents of different properties such as polarity, 

aromaticity and viscosity. Furthermore, thanks to solid-liquid interface and reversible DCC bond formation, 

metastable products (open-chain oligomers) can be efficiently converted into macrocycles, yielding a full 

surface coverage of monodisperse [6+6] macrocycles. Our combined DCC and on-surface synthesis can be 

potentially applied to realize a variety of macrocyclic periodic patterns featuring multiple components (i.e. 

building blocks, guest molecules), pore sizes and functional groups attached to the periphery of the cavities 

(i.e. metal coordination sites), thus paving the way towards nano-patterning of multifunctional surface.
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Experimental Methods

Materials. P-phenylenediamine (pP) was purchased from Sigma-Aldrich and used without further 

purification. 2,4-Bis(octadecyloxy)-isophtalaldehyde (IPA18), 2,4-Bis(dodecyloxy)-isophtalaldehyde 

(IPA12), 2,4-Bis(octyloxy)-isophtalaldehyde (IPA8), 2,4-Bis(butoxy)-isophtalaldehyde (IPA4), 2,4-

Bis(methoxy)-isophtalaldehyde (IPA1) and 2,4-Bis(docosyloxy)-isophtalaldehyde (IPA22) were synthesized 

according to reported procedures.60 All synthesis details and full characterization of the desired molecules 

are provided in the Supporting Information section 10.

Sample preparation. The reaction mixture for in situ IPA18 + pP macrocyclization on graphite surface was 

prepared by premixing IPA18 and pP solution (0.2 mL and 1mM each in TCB; 0.1% v/v DMF was applied 

in pP solution to ensure its solubilisation in TCB), followed by dilution up to 2 mL total volume in TCB, 

and then addition of 50µL octanoic acid. To avoid the formation of oligomers/polymers in the reaction 

mixture and their aggregation on the surface over a period of time (>1 hour, see Figure S2.12), the freshly 

prepared reaction mixture was immediately drop-casted onto the HOPG for STM scanning. The same 

experimental procedure was repeated on the other IPAn monomers except that concentrations were adjusted 

to obtain a molecular monolayer coverage. More experimental data are presented in the Supporting 

Information section 2.

STM characterization. 1,2,4-Trichlorobenzene (98%) and octanoic acid (99%) were purchased from 

Sigma-Aldrich and used without further purification. STM experiments were carried out on a Nanoscope 

Multimode 8 with A-scanner and standard STM scanning head at room temperature using a mechanically 

cut Pt/Ir tip. All solution samples (6 μL) were applied onto the basal (0001) plane of freshly cleaved HOPG. 

The self-assembled molecular network (SAMN) was visualized by STM using constant current mode at the 

solid/liquid interface. Molecular resolution was achieved at positive tip biases with the sample grounded. 

Image analysis and calibration was performed using WSxM software.61

Molecular modeling and DFT calculations. All DFT calculations were carried out using the Gaussian 16 

program package.62 The macrocycle and oligomer structures were geometry optimized by B3LYP functional 

with the 6-31G(d) basis set, and the TCB solvent co-adsorption was calculated by M06-2X functional with 

the 6-31G(d) basis set. The supramolecular structures were built as molecular clusters using experimentally 

observed unit cell and optimized by MM+ calculations in HyperChem 8.0. More calculation details are 

provided in the Supporting Information sections 4-6, 8.

Molecular Dynamics Simulations. All simulations were performed using the NAMD software,63 

employing the GAFF force field,64 with PBE0//cc-pVTZ atomic charges for TCB, monomers, dimers and 
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trimers, and a Lennard-Jones parameterization of graphite.65 Adsorption energies were obtained from NVT 

simulations at 300 K of a graphite/TCB slab containing one target molecules, in which an adaptive biasing 

force66 was applied to the center of mass of a reactant or product in order to explore its free energy profile 

as a function of the distance from the graphite surface. Full simulations details and further results are given 

in the Supporting Information section 9.

Supporting Information

Supporting Information is available free of charge via the Internet at http://pubs.acs.org.

Figures S1.1, S2.1-12, S3.1-2, S4.1-4, S5.1-2, S6.1-4, S7.1-2, S8.1-4, S9.1-2, Tables S8.1, S9.1, references, 

and movies. UV-Vis absorption spectra of reaction mixtures; additional STM images of in situ 

polymerization; molecular modeling of the self-assembly of monomers and oligomers; MM+ optimization 

of supramolecular structures; DFT calculations of molecular strain; additional plots of packing density and 

pore size versus alkyl chain length; combined DFT and MM+ simulations of TCB solvent co-adsorption in 

macrocycle networks; MD simulations of molecular adsorption at the solvent/graphite interface; synthesis 

of IPAn compounds and their precursors;  MD simulations movies of the diffusion of solvent molecules.
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