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Abstract

The supramolecular self-assembly of a push-pull dye is investigated using scanning tunneling microscopy (STM) at the

liquid–solid interface. The molecule has an indandione head, a bithiophene backbone and a triphenylamine–bithiophene

moiety functionalized with two carboxylic acid groups as a tail. The STM images show that the molecules adopt an “L”

shape on the surface and form chiral Baravelle spiral triangular trimers at low solution concentrations. The assembly of

these triangular chiral trimers on the graphite surface results in the formation of two types of chiral Kagomé

nanoarchitectures. The Kagomé-α structure is composed of only one trimer enantiomer, whereas the Kagomé-β structure

results from the arrangement of two trimer enantiomers in a 1:1 ratio. These Kagomé lattices are stabilized by

intermolecular O-H···O hydrogen bonds between carboxylic acid groups. These observations reveal that the complex

structure of the push-pull dye molecule leads to the formation of sophisticated two-dimensional chiral Kagomé

nanoarchitectures. The subsequent deposition of coronene molecules leads to the disappearance of the Kagomé-β

structure, whereas the Kagomé-α structure acts as the host template to trap the coronene molecules.

Introduction

Engineering novel organic/inorganic interfaces through

the self-assembly of functionalized molecules1–18 is the

focus of intense research interest for developing new

applications in nanotechnology19–21. “Push-pull” dyes are

promising building blocks to fabricate photoactive devi-

ces. These dyes are donor–acceptor single compounds;

i.e., they possess one electron-rich section as well as one

electron-poor section, giving them an intense and tunable

absorption band in the visible spectrum. For example, this

specific molecular structure has been successfully

exploited to enhance the properties of organic solar cells

and precious-metal-free dye-sensitized solar cells22,23. It

has also recently been exploited to develop artificial

photosynthesis devices for low-cost CO2-free hydrogen

photo production24. Recent progress in the development

of more efficient dye-sensitized solar cells and dye-

sensitized photocathodes is reported in review arti-

cles25,26. The electronic properties of an organic layer can

be drastically modified by the local arrangement of the

molecules. It is therefore essential to control molecular

assembly to tailor the electronic properties. Hydrogen

bonding is an attractive noncovalent interaction that can

be used to drive molecular packing. The strength, high

selectivity, and directionality of this type of bonding have

been successfully exploited to engineer specific organic

nanoarchitectures27–34. For example, double hydrogen

bonds (O-H···O) are expected to appear between neigh-

boring molecules possessing carboxylic groups. This

strategy has been successfully used to stabilize the for-

mation of porous and compact nanoarchitectures in a

highly predictable fashion35–41. However, “push-pull” dyes

usually have a complex structure with low symmetry.

They can also often adopt various conformations. This
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means that adding specific molecular substituents to drive

molecular assembly does not necessarily imply the for-

mation of ordered and crystalline nanoarchitectures

through molecular self-assembly. It is therefore essential

to assess molecular arrangements at the atomic scale to

elucidate the influence of molecular substituents and

molecular conformation on the molecular arrangement.

Numerous organic structures can be engineered using

molecular self-assembly. The most sophisticated two-

dimensional (2D) nanoarchitectures are composed of

several building blocks, which are themselves composed

of several molecules. Archimedean tilings are thus com-

plex structures combining different polygons placed edge-

to-edge around a vertex. Stepanenko et al. recently engi-

neered rhombitrihexagonal Archimedean tiling patterns

composed of triangles, rhombuses, and hexagons through

molecular self-assembly3. Trihexagonal tilings, called the

Kagomé structure, composed of two hexagons and two

triangles sequentially connected to the vertex have also

been created42,43. To date, noncovalent self-assembled 2D

organic Archimedean tilings have been engineered using

highly symmetrical molecules with alkyl chains at the

liquid–solid interface3,44. Engineering sophisticated por-

ous 2D Kagomé and Archimedean tiling nanoarchi-

tectures at the liquid–solid interface using complex

unsymmetrical conjugated molecules without alkyl chains

remains a challenge. It is also unclear whether these

structures can be used as host structures to immobilize

guest molecules in a long-range ordered arrangement.

The guest molecule should be accepted by the host

structure and should not induce a drastic structural

transformation of the primary organic template45,46.

In this paper, we investigated the self-assembly of a

push-pull dye at the 1-octanoic acid/graphite interface.

Scanning tunneling microscopy (STM) shows that the

molecules adopt an arc conformation and self-assemble

into chiral triangular trimers adopting a Baravelle spiral

triangle arrangement. These trimers are the building

blocks of two 2D chiral Kagomé nanoarchitectures com-

posed of one or two chiral trimers. The addition of cor-

onene molecules leads to the disappearance of one of the

Kagomé nanoarchitectures, whereas the second

nanoarchitecture acts as a host template.

Methods

The molecule was synthesized according to the proce-

dure described in ref. 47. Solutions of the push-pull dye

molecule (Fig. 1) in 1-octanoic acid were prepared (con-

centration: 1 × 10−5 to 1 × 10−6mol L−1). Droplet of these

solutions were then deposited on a highly oriented pyr-

olytic graphite substrate (HOPG). STM imaging of the

samples was performed at the liquid/solid interface using

a Nanoscope IIIa Multimode SPM (Bruker, USA) scan-

ning tunneling microscope. Cut Pt/Ir tips were used to

obtain constant-current images at room temperature

with a bias voltage applied to the sample. STM images

were processed and analyzed using the application

FabViewer48.

A scheme of the N,N-di(4-benzoic acid)-4-(5′-[(indan-

1,3-dion-2-ylidene)methyl]-2,2′-bithien-5-yl)-phenyla-

mine molecule is presented in Fig. 1. This molecule is

composed of an indandione head, a bithiophene back-

bone, and a triphenylamine tail. Two carboxylic groups

have been added to the triphenylamine group to promote

intermolecular hydrogen bonding.

The molecule can adopt different conformations. Den-

sity functional theory (DFT) was used to assess the energy

of two molecular conformations induced by rotation

around C–C bond between the thiophene groups. DFT

calculations were performed using the Gaussian 09 soft-

ware package. The full-geometry optimization of the

molecule was conducted using the hybrid M06-2X method

together with the split-valence polarized 6-31+g(d) basis

set. The results are presented in Fig. 2. When the mole-

cule adopts a curved configuration, sulfur atoms of the

thiophene groups are adjacent. This curved conformation

has a higher conformation energy than the straight con-

formation, in which one of the thiophene groups is

N

O

OH

OH

SS
O

O

O

Fig. 1 Scheme of the N,N-di(4-benzoic acid)-4-(5′-[(indan-1,3-dion-2-

ylidene)methyl]-2,2′-bithien-5-yl)-phenylamine molecule

(C38H23NO6S2).
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E = -7255895 kJ / mol E = -7255891 kJ / mol

CurvedStraight

Fig. 2 Scheme of the molecular conformation and corresponding

energy. Left: straight conformation. Right: curved conformation. The

top and side views of the two molecular conformations are presented.
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rotated by ~180°. The energy difference between the two

conformations is Δ= 4 kJ mol−1.

Results

Kagomé-α nanoarchitecture

The STM image in Fig. 3 shows the molecular layer

adsorbed on the graphite surface after deposition of a dro-

plet of the molecule in 1-octanoic acid (1 × 10−6mol L−1).

These molecules self-assemble into a large-scale 2D organic

porous hexagonal nanoarchitecture.

A high-resolution STM image of the molecular self-

assembly is presented in Fig. 4a. This image reveals that

the molecules form a Kagomé-α arrangement. A Kagomé

star (white lines) is superimposed onto the porous organic

network as a visual guide in Fig. 4a. A high-resolution

STM image of a network cavity is presented in Fig. 4b.

The STM image shows that the cavities of the Kagomé-α

nanoarchitecture are composed of molecular trimers

adopting a triangular shape (dashed triangles in Fig. 4b).

These trimers are composed of blue-, red-, and green-

colored molecules in Fig. 4b. These three molecules form

a Baravelle spiral triangle. The model of the molecular

arrangement observed in Fig. 4b is presented in Fig. 4d.

The molecules adopt an “L” conformation in the trimers.

The molecular triphenylamine tails face the center of the

network cavities, whereas the molecular indandione heads

are located in the center of the triangular trimers.

Neighboring trimers appear to be bonded through two

pairs of double O-H···O hydrogen bonds between the

carboxylic groups of neighboring molecules (blue–blue

and red–green molecules in Fig. 4d). Neighboring

Fig. 3 Self-assembled Kagomé-α nanoarchitecture on graphite.

Large-scale STM image, 80 × 80 nm2 scan area; Vs = 0.6 V, It = 400 pA.

a

b

f

c

d e

Dong et al. NPG Asia Materials (2020) 12:20 Page 3 of 9



molecules are rotated by 180° and are arranged side-by-

side at the trimer boundary (blue and green molecules in

Fig. 4d). STM shows that the internal structure of the

triangular trimers is chiral and that the arrangement of

these trimers is also chiral. The chiral enantiomer of the

molecular arrangement observed in Fig. 4b is presented in

Fig. 4c. The model of the second enantiomer of the

Kagomé-α structure is presented in Fig. 4e. The elemen-

tary network unit cell of the Kagomé-α structure is a

hexagon (represented by dashed black lines in Fig. 4f) with

unit cell constants of 4.3 ± 0.1 nm, and it contains

18 molecules. As a visual guide, superimposed light blue

triangles highlight the position of the triangular trimers,

whereas the Kagomé-α pattern is represented by pink

lines in Fig. 4f. Each enantiomeric Kagomé-α unit cell is

only composed of one molecular trimer enantiomer (the

distinct trimer enantiomers are highlighted by blue tri-

angles in Fig. 4d and pink triangles in Fig. 4e). The cavities

of the Kagomé-α structure have a round shape with a

diameter of 2.3 nm.

Kagomé-β nanoarchitecture

STM reveals that a second 2D porous organic

nanoarchitecture is observed at the graphite–solvent

interface (Fig. 5). The network unit cell of this structure is

now a rectangle (dashed white rectangle superimposed

onto the STM image in Fig. 5).

A high-resolution STM image of this second molecular

self-assembly is presented in Fig. 6a. This 2D nanoarchi-

tecture is also a Kagomé arrangement (Kagomé-β). A

Kagomé star (white lines) is superimposed onto the

organic network as a visual guide in Fig. 6a. In contrast to

the previous Kagomé-α structure in Fig. 4, the Kagomé-β

arrangement possesses two cavity shapes. These cavities

are highlighted by yellow and pink dashed ellipses in

Fig. 6a. High-resolution STM images of these cavities are

presented in Fig. 6b (corresponding to the cavity sur-

rounded by a pink dashed ellipse in Fig. 6a) and in Fig. 6c

(corresponding to the cavity surrounded by a yellow

dashed ellipse in Fig. 6a). The molecules are colored blue,

red, and green as a visual guide. The two cavity shapes are

formed by the arrangement of six triangular chiral tri-

mers. The trimer shape is identical to that observed in

the Kagomé-α structure in Fig. 4a–c. STM reveals that the

Kagomé-α cavities in Fig. 4b, c are composed of only one

trimer enantiomer, whereas the Kagomé-β cavities are

composed of the two trimer enantiomers (highlighted by

blue and pink triangles superimposed onto the STM

images in Fig. 6b, c). Two Baravelle spiral triangle enan-

tiomers coexist in the Kagomé-β arrangement. Models of

the Kagomé-β cavities are presented in Fig. 6d, e. Blue and

pink triangles have been placed underneath the different

trimer enantiomers as a visual guide. The ratio of the two

enantiomers observed in the cavity is 4:2 (four pink and

two blue triangles in Fig. 6b, d and four blue and two pink

triangles in Fig. 6c, e). The side-by-side arrangements of

the trimers in the two Kagomé nanoarchitectures are also

different. In the cavity of the Kagomé-α arrangement

(Fig. 4b, d), molecular triphenylamine tails systematically

face the empty center of the cavities. In contrast, only four

molecules (blue molecules in the pink triangles) adopt this

position in the cavity of the Kagomé-β arrangement

(Fig. 6b, d) and two molecules (blue molecules in the pink

triangles) in the neighboring cavity, as presented in

Fig. 6c, e. The triphenylamine tail of the other blue

molecules faces the bithiophene backbone of the neigh-

boring molecules. The elementary network unit cell of the

Kagomé-β nanoarchitecture is a rectangle (represented by

dashed gray lines in Fig. 6f) with 7.6 ± 0.1 nm and 4.9 ±

0.1 nm unit cell constants and contains 12 molecules. As a

visual guide, superimposed light blue and pink triangles

highlight the position of triangular trimer enantiomers,

and the Kagomé star is represented by pink lines in Fig. 6f.

Fig. 4 Structure of the chiral Kagomé-α nanoarchitecture. STM

images, a 20 × 20 nm2; b 9 × 9 nm2 and the enantiomeric equivalent

of the structure in c, 9 × 9 nm2; Vs= 0.6 V, It= 400 pA. The Kagomé

star (white lines) and the hexagonal unit cell (white dashed lines) have

been superimposed onto the STM image in a. As a visual guide,

dashed yellow triangles highlight the position of triangular trimers,

and the three molecules composing them have been colored blue,

green, and red in b and c. d, e Models of molecular arrangement

observed in b and c, respectively. Light blue triangles highlight the

position of triangular trimers composed of blue, red, and green

molecules. f Model of the Kagomé-α nanoarchitecture observed in

a and b. The Baravelle spiral triangles (red, blue, and green) have been

superimposed on the model.

Fig. 5 Self-assembled Kagomé-β nanoarchitecture on graphite.

Large scale STM image, 40 × 40 nm2 scan area; Vs = 0.6 V, It = 400 pA.
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The Kagomé-β unit cell is composed of four trimers of the

two triangular enantiomers (blue and pink triangles in

Fig. 6f). The trimer enantiomer ratio is 1:1. The cavities of

the Kagomé-β structure have capsule shapes with 1.9 nm

and 3.0 nm axes.

The large-scale STM image presented in Fig. 7 shows

that the two porous Kagomé-α and Kagomé-β nanoarch-

itectures described in Figs. 4 and 6 coexist on the surface.

Molecular concentration can strongly influence mole-

cular self-assembly3,49, and molecules without alkyl chains

can adopt different packing arrangements50,51. The large-

scale STM image presented in Fig. 8 shows the molecular

arrangement on the graphite surface after deposition of a

saturated solution of molecules (1 × 10−5mol L−1). The

molecules appear to be randomly distributed and ran-

domly arranged on the surface to form a compact layer.

Guest–host nanoarchitecture

A droplet of solution containing coronene molecules is

then deposited on the surface. A nanoarchitecture

a

c

f

e

b

d

Fig. 6 Structure of the chiral Kagomé-β nanoarchitecture. STM

images, a 20 × 20 nm2; b 8 × 8 nm2; c 8 × 7 nm2; Vs= 0.6 V, It= 400 pA.

As a visual guide, pink and blue triangles highlight the position of

triangular trimer enantiomers, and the three molecules composing

them have been colored in blue, green, and red colors in b and c. d, e

Models of molecular arrangement observed in b and c, respectively.

Light blue triangles highlight the position of triangular trimers

composed of blue, red, and green molecules. f Model of the Kagomé-

β nanoarchitecture observed in a–c. The Baravelle spiral triangles (red,

blue, and green) have been superimposed on the model.

Fig. 7 Coexistence of the two Kagomé nanoarchitectures on

graphite. Large-scale STM image, 60 × 40 nm2; Vs= 0.6 V, It= 400 pA.

The Kagomé-α structure is colored in green as a visual guide. The

green rectangular and white hexagonal unit cells of the two Kagomé

nanoarchitectures have been superimposed on the STM image.
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featuring bright round spots hexagonally arranged in an

organic network is now observed in the large-scale STM

image in Fig. 9a. This organic layer is composed of dif-

ferent domains. An STM image of a molecular domain

boundary is presented in Fig. 9b. This domain boundary

separates two chiral enantiomeric domains (domains of

opposite chiral orientation). The chiral enantiomer of

each domain is presented in the inset of Fig. 9b-top, left

and Fig. 9b-bottom, right. In contrast to the results shown

in Fig. 7, only one chiral nanoarchitecture is now observed

on the surface.

The high-resolution STM image shown in Fig. 10

reveals that the host structure trapping the coronene

molecule is the Kagomé-α nanoarchitecture (the host

structure has the same structure and dimensions as the

Kagomé-α nanoarchitecture). Only a single guest cor-

onene molecule is hosted inside each cavity of the

Kagomé-α network.

Discussion

STM reveals that the N,N-di(4-benzoic acid)-4-(5′-

[(indan-1,3-dion-2-ylidene)methyl]-2,2′-bithien-5-yl)-

phenylamine molecule self-assembles into two chiral

Kagomé networks on graphite at the solid–liquid interface

at low concentrations (~1 × 10−6mol L−1), whereas these

molecules do not organize at higher concentrations (~1 ×

10−5 mol L−1). Two Kagomé nanoarchitectures coexist on

the surface (Fig. 7). These structures share the same

building block. This building block has a triangular shape,

and it is composed of three molecules adopting a Bar-

avelle spiral triangular arrangement. Each molecule

adopts an “L” conformation in the triangular trimer. It has

been previously observed that molecular thiophene chains

can adopt a straight conformation52–56 or a twisted con-

formation57. The molecular trimer is chiral. The two

Fig. 8 Molecular assembly at high concentrations. Large-scale STM images, a 100 × 100 nm2; b 40 × 40 nm2; Vs= 0.6 V, It= 400 pA.

a

b

Fig. 9 Molecular coadsorption on graphite. Large-scale STM

images, a 200 × 200 nm2; b 87 × 87 nm2; Vs= 0.6 V, It= 400 pA.

Dong et al. NPG Asia Materials (2020) 12:20 Page 6 of 9



enantiomers of the trimer have been experimentally

observed, as shown in Figs. 4b, c and 6b, c. The Kagomé-α

nanoarchitecture is composed of only one trimer enan-

tiomer, as shown in Fig. 4a, f. The second enantiomer is

thus only observed in a 2D arrangement having a mirror

symmetric unit cell (compare Fig. 4b with Fig. 4c). In

contrast, the two enantiomers coexist in the Kagomé-β

nanoarchitecture (Fig. 6b–f). The enantiomer ratio is 1:1;

i.e., the trimer enantiomers are equally distributed in the

structure. The successful formation of such chiral

Kagomé nanoarchitectures depends on fulfilling several

molecular conformations and intermolecular interactions:

the flexibility and steric arrangement of the backbone, the

correct length of the molecules and the carboxylic groups

governing the intermolecular arrangement. Interestingly,

our results show that all the molecular carboxylic groups

form double hydrogen bonds in the Kagomé-α structure,

but this is not the case for the Kagomé-β structure (see

electronic supplementary information, ESI). This suggests

that the energy of the Kagomé-β structure should be

higher than that of the Kagomé-α structure. The fact that

the density of the Kagomé-α network (2.7 nm2 per

molecule) is slightly lower than that of the Kagomé-β

network (3.1 nm2 per molecule) also suggests that the

Kagomé-α network has the lowest-energy structure.

The subsequent deposition of coronene molecules on

the surface has a drastic effect on the existence of the two

porous Kagomé arrangements. Cavity size and shape can

drastically influence the number of species trapped in the

porous host structure58. The Kagomé-β structure dis-

appears, and only the Kagomé-α structure remains on the

surface when coronene molecules are also present in the

solution. The STM images reveal that the Kagomé-α

nanoarchitecture acts as a host structure to trap coronene

molecules. All the cavities of the two enantiomeric

Kagomé-α nanoarchitectures are filled with guest cor-

onene molecules. This reveals the high efficiency of the

two Kagomé-α arrangements to capture coronene mole-

cules (Fig. 9). Figures 5 and 7 show that the cavities of the

Kagomé-β arrangement are not hexagonal, in contrast to

the cavities of the Kagomé-α arrangement. The Kagomé-β

cavities adopt instead an elliptic shape. It thus appears

that the cavity shape of Kagomé-β is not adapted to trap

coronene molecules. The presence of coronene instead

leads to the reorganization of the molecules composing

the Kagomé-β structure. These molecules will only form

the Kagomé-α network, whose cavity shape matches the

size and geometry of the coronene molecules (Fig. 10).

Conclusion

In this paper, we investigated the self-assembly of a

push-pull dye on a graphite surface. We showed that the

molecule adopts a specific conformation to form chiral

Baravelle spiral triangular trimers. These triangular tri-

mers are the building blocks of two complex 2D Kagomé

nanoarchitectures that are based on one or two trimer

enantiomers. The subsequent deposition of coronene

molecules leads to the disappearance of one Kagomé

structure, whereas the second structure acts as a host

network to trap the coronene molecules inside its cavities.

The conformational flexibility of this push-pull dye opens

up new opportunities for tailoring molecular self-

assembly and then engineering novel organic nanoarchi-

tectures for applications in organic electronic and mole-

cular sensing59–61.
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