
Nanoscale
 Advances

rsc.li/nanoscale-advances

ISSN 2516-0230

Volume 4
Number 17
7 September 2022
Pages 3409–3650

PAPER
Shern-Long Lee et al.
Flow-induced-crystallization: tailoring host–guest 
supramolecular co-assemblies at the liquid–solid interface



Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
1:

28
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Flow-induced-cr
Institute for Advanced Study, Shenzhen Uni

sllee@szu.edu.cn

† Electronic supplementary infor
https://doi.org/10.1039/d2na00160h

‡ These authors contributed equally to th

Cite this: Nanoscale Adv., 2022, 4,
3524

Received 15th March 2022
Accepted 8th June 2022

DOI: 10.1039/d2na00160h

rsc.li/nanoscale-advances

3524 | Nanoscale Adv., 2022, 4, 352
ystallization: tailoring host–guest
supramolecular co-assemblies at the liquid–solid
interface†

Yi Hu, ‡ Xingming Zeng,‡ Sanjay Sahare, Rong-Bin Xie and Shern-Long Lee *

Here, we report that using the method of simply contacting a sample solution droplet with a piece of tissue

paper can create a solvent flow (capillary force). During this process, the dynamics and solvent removal can

promote the formation and stabilization of a meta-stable linear quasi-crystal composed of p-terphenyl-

3,5,30,50-tetracarboxylic acid (TPTC) molecules, which would otherwise pack into thermodynamically

favored random tiling. The tailored quasi-crystal (linear) template allows atop it higher-efficiency

accommodation of fullerene molecules (C60) from 40.1% to 97.5%, compared with that obtained in the

random-tiling (porous) case. Overall, the result of this study presents an unusual yet remarkably simple

strategy for tailoring complex host–guest supramolecular systems at the liquid–solid interface.
Introduction

Host–guest supramolecular interactions occur ubiquitously in
nature, which underpins most processes and decisions in the
bio-system, such as the synthesis of functional proteins and
protein complexes.1 Inspired by nature, chemists have devoted
themselves to developing supramolecular methods for yielding
complicated complexes with desired functions, aimed at con-
structing molecule-based devices including organic photovol-
taics (OPVs), eld-effect transistors (OFETs), and light-emitting
diodes (OLEDs).2–4 To achieve highly efficient device perfor-
mances, it requires precise ordering over organic materials on
a solid surface at the nanoscale level.5 The advantages of
molecular-based electronics include uniformity in molecular
size; however, an overwhelming diversity arises due to the
occurrence of polymorphism dened as the existence of more
than one type of structure for a given molecule.6 This can occur
not only for intrinsic molecular frameworks but also for their
two-dimensional (2D) self-assembled structures, both of which
can affect largely the device performance. Usually, a scanning
tunneling microscope (STM) is used to explore materials and
their self-assembled motifs physisorbed on a solid surface,
amenable to in situ STMmonitoring, from which one can obtain
information about kinetics and thermodynamics.7 The molec-
ular assemblies formed from building blocks can also change
locally and globally in response to external stimuli, so-called
versity, Shenzhen 518060, China. E-mail:
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4–3530
stimuli-responsive systems, receiving perpetual interest from
a broad range of research elds.8–13

In the host–guest supramolecular system, templating is
a well-received strategy for ordering functional guest mole-
cules.14,15 For example, a fullerene (e.g., C60) has been widely
used as the electron acceptor in organic solar-cell devices. Due
to its high mobility and the lack of substitutes, C60 self-
assemblies are hardly formed unless in low-temperature/ultra-
vacuum (LT-UHV) environments and on metal surfaces such
as Au(111), Ag(111), and Cu(111),3,7 as well as other solid
substrates like SrTiO3(100).16 Alternatively, using organic
molecular assemblies has been a signicant method to
template C60 molecules under ambient conditions. In this
regard, organic chemists have focused on rational design for
producing molecular tectonics according to targeted guest
molecules, although the synthesis difficulty of these templates
remains a challenge. Besides van der Waals interaction, for
energy material systems (e.g., including C60), it generally
involves the conceptual design of charge transfer between the
host and guest molecules to stabilize the donor–acceptor
congurations. Examples of rationally synthesized templates
include conjugated p-expanded macrocyclic oligothio-
phenes17,18 and other molecules that can constitute cavities in
their assemblies.19,20

A signicant topic in this research area is that the guest
molecules can adsorb into a specic polymorph or one type of
molecular network by preference, associated with selective co-
assembly and phase separation science in the mixture.15,21 In
the literature related to surface host–guest assembly, an inter-
esting report is that 3D guest molecules can induce the
formation of bilayer templates. Specically, it was previously
demonstrated that C60 can assist in the yielding of random-
tiling bilayer templates composed of p-terphenyl-3,5,30,50-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Chemical structure of TPTC and C60. (b) The schematic
diagram for the flow method. When the tissue paper “touches” a small
liquid area of the sample droplet, the solution is attracted to the paper
quickly, generating a solvent flow, as indicated by the yellow arrows.
This approach involves a simple contact with the droplet of a sample
solution on the HOPG surface by a piece of tissue paper to create
a solvent flow (capillary force).
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tetracarboxylic acidmolecules (TPTC, Fig. 1a) at the liquid–solid
interface.22 The present work aims to further explore this
system.

Highly efficient performance in the aforementioned related
devices necessitates high-density molecular packing. However,
for the TPTC–C60 system, despite a saturated C60 concentration
being used, it turns out unsuccessful for high-density accom-
modation in the random-tiling TPTC template. This may result
from the position preference of C60 adsorption within the glass-
like assemblies of TPTC as well as TPTC molecules rearrange
frequently in the network.23 Here, using it as a model system, we
show for the rst time that the tailoring of the molecular
template from random-tiling to crystals could yield close-
packing C60 arrays to atop it. Note that the “close-packing” is
relatively close if compared with the scenario of the random-
tiling template where C60 molecules are adsorbed in a low-
density fashion; the C60 molecules were separated by the
template, meaning that they did not “touch” each other. This
idea is based on stimuli-responsive manipulation and ow-
induced crystallization, thereby steering the molecules and
thus triggering the phase transition from disordered to well-
ordered templates.24 In our procedure, a simple contact of the
sample droplet with a piece of tissue paper was utilized to create
a solvent ow (Fig. 1b and S1 in the ESI†)25 during which the
dynamics and solvent removal took place, which was proposed
to promote the formation and stabilization of a meta-stable
linear (quasi)-crystal. The as-regulated template was able to
trap C60 molecules in the desired close-packing fashion.
Fig. 2 (a) Five types of TPTC porous networks with guest C60 inserted:
A[triangle], B[parallelogram], C[arrow], D[semicircle] and E[star]. (b and
c) Large-scale STM images of TPTC at the OA-HOPG interface. The
TPTC self-assembly that contains different kinds of pores can be
discerned. Scanning parameters: Vs ¼ �0.9 V for (b) and �0.7 V for (c),
It ¼ 75 pA. In panel (b), the bright circular dots refer to the guest C60

accommodated in the TPTC templates. A blue arrow at the lower right
corner indicates the type-B template. In panel (c), the two blue arrows
represent the linear domains constructed by the impurities of QPTC
and QQPTC.
Experimental

All the STM experiments were conducted on a HOPG (quality
ZYB, Bruker, USA) surface under ambient conditions (temper-
ature: 20–25 �C; humidity: 45–50%), in constant current mode,
using either a Keysight 5500 or a Bruker nanoscope IIIa system.
Solvents: OA (1-octanoic acid, $99%). Target molecules: TPTC
($95%); C60 ($98%). These three molecules were commercially
purchased and used without further purication. The STM tips
were mechanically cut from Pt/Ir wires (80/20, diameter: 0.25
© 2022 The Author(s). Published by the Royal Society of Chemistry
mm). The scanning parameters were described in the gure
captions. The STM images were captured line-by-line via the
STM tip. The scanning speed of the STM is constant, which was
set as 0.602 mm s�1 in this work. The STM images were analyzed
by using either WSxM or SPIP soware. The proposed structural
models were built based on the high-resolution STM images,
using Materials Studio 7.0 soware.

Results and discussion

Fig. 2 shows the TPTC assembly and the TPTC–C60 complex. It
has been previously reported that the TPTC molecules at the
liquid–solid interface constitute a random-tilling network,
whose formations rely on directional hydrogen bonds.23 The
glass-like motifs present ve types of voids including a different
number of molecular networks, namely, A[triangle], B[parallel-
ogram], C[arrow], D[semicircle], and E[star] at the OA-highly
oriented pyrolytic graphite (HOPG) interface. For the TPTC
packing and the TPTC–C60 complex, our simulations suggest
that the C60 molecules are located in these cavities with
different stability (Fig. 2a, Table S1† in the ESI†). Specically,
the force eld simulations of the adsorption energies for the ve
pores on the HOPG surface were calculated to be �227.5,
�227.7, �225.2, �228.4, and �228.7 kJ mol�1, respectively.
According to the data, the ve kinds of pores appear with
similar energy from a theoretical viewpoint, consistent with
STM investigations where diverse packing occurs.26,27 The
adsorption energies of C60 inserted into the A–E pores were
calculated to be �186.5, �181.1, �190.2, �153.7, and
�152.0 kJ mol�1, respectively (Fig. 2a, Table S2† in the ESI†).
The simulations suggest that C60 may stay in the A, B, or C pore
ideally. Consistently, C60 molecules based on STM observations
Nanoscale Adv., 2022, 4, 3524–3530 | 3525
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Fig. 3 Large-scale STM images of TPTC at the OA-HOPG interface (a)
before and (b) after flow treatment. The yellow arrow represents the
flow direction and the blue arrows represent the HOPG directions. (c)
High-resolution STM image of the TPTC linear self-assembly structure
constructed by type B pores. The blue arrows represent the axes of the
underlying HOPG lattice. (d) Proposed structural model. Scanning
parameters: Vs ¼ �0.7 V and It ¼ 75 pA. Unit-cell parameters of a, b,
and a: 2.1 (�0.1) nm, 2.1 (�0.1) nm, and 48� (�3�).
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were located in these cavities by preference. This explains why
the majority of the surface is low-density C60 packing (Fig. 2b).

Intriguingly, a small percentage (�10%) of this surface
features close packing arrays of C60. This may be associated with
the linear type B template underneath, as indicated by a blue
arrow at the lower right corner in Fig. 2b. On the other hand, for
TPTC assembly, the impurity exists as indicated by two arrows
in Fig. 2c. They were referred to as structurally similar mole-
cules of p-quaterphenyl-3,3000,5,5000-tetracarboxylic acid (QPTC)
and p-quinquephenyl-3,3000,5,5000-tetracarboxylic acid (QQPTC).
The twomolecules show similar chemical structures with TPTC,
differing from each other with the number of phenyl rings in
their p-conjugated skeletons (Fig. S2†). QPTC and QQPTC could
be the side-products during TPTC synthesis and have been
proposed to induce linear packing and random-tiling bilayers of
TPTC.28

To form close packing C60, one can envisage that the
formation of a linear type B template is required. However, it is
impractical to generate such a polymorph over the whole
surface through impurity induction. Although temperature-
modulation can be a strategy to select polymorphic forms,29,30

thermal treatments may fail to generate the linear type B
template as the thermodynamically favored random tiling is the
nal state in the system.23 To this end, we use a ow method
described in Fig. 1 to generate the desired linear networks. Thus
far, the ow effect on host–guest systems has not been
attempted yet.25,31,32 Signicantly, this work nicely demonstrates
how macroscopic force can affect microscopic supramolecular
behavior and host–guest assembly, especially at molecular level
precision.

First of all, we discuss the template behavior in response to
the ow treatment. To form monolayers, the sample solution
concentration of TPTC was diluted to 10% from saturation.
Fig. 3a and b show the typical surfaces of TPTC assembly
prepared without and with the ow treatment. Fig. 3c and
d exhibit the high-resolution STM image and the corresponding
type B model. Note that the molecular network includes type B
pores but impurities come into play.28 We thus name this
a “quasi” crystal because the impurities are involved in/between
the type B packing, resulting in a non-periodic network when
considering the whole assembly. Aer about 6 hours, around
5% of the quasi-crystal was transformed into random tiling,
indicating that the linear packing is kinetically stabilized,
whereas the random tiling is thermodynamically preferred.
Moreover, compared to the linear, the less ordered random
tiling is favored for the entropy reason.23 Slower dynamics
occur, ascribed to the almost dried surface compared with that
in the case of a normal liquid–solid interface. For the common
scenario, the random tiling is dominant at a low sample
concentration.

Note that although it is well known that concentration vari-
ation can drastically affect molecular self-assembly at
surfaces,33 here the ow method led to the yielding of the
kinetic form of the linear TPTC template. We used the ow to
tailor the host polymorph. Such a meta-stable polymorphic
form was not simply formed by increasing the TPTC concen-
tration as a saturated sample solution in general results in
3526 | Nanoscale Adv., 2022, 4, 3524–3530
random-tiling packing and even vertical stacking. Our ow
induced the formation and stabilization of the linear TPTC
template.

On the other hand, for a saturation concentration and
without ow, linear packing with multiple small domains can
appear spontaneously (Fig. S3†), which may result from abun-
dant seeds and subsequent crystal growth simultaneously.27,28

Being a kinetic form, they can entirely transition to glass-like
structures aer a long time of STM running (e.g., 6 hours,
Fig. S3†). Meanwhile, some random-tiling bilayers can appear
when the saturated sample solution includes TPTC solids or
powders (e.g., super-saturation).34 The presence of these impu-
rities has also been proposed to cause bilayer formation in the
literature.28 Despite being a perplexing system, aer being
subjected to the ow treatment, they can readily transfer to
linear packing as repeated by our experiments. The phase
transformations are prompt (e.g., 3–5 seconds) aer applying
the ow. Fig. S4† shows more STM images of the phase tran-
sition triggered by the ow method.

As shown in Fig. 3, STM revealed that the molecular long axis
is along one of the normal axes of the HOPG lattice, and the
lamellae of the TPTC monolayer are orthogonal to the ow. To
form a uniform and large domain of linear packing, the ow
was deliberately applied to the normal direction. To explain this
comprehensively, Fig. 4 illustrates the relationship between the
ow, molecular patterning, and substrate. The HOPG lattice
axes can be determined by the STM tool. Fig. 4a denes the
direction and relationship of the TPTC axes and the substrate.
Fig. 4b and c show the scenario where the ow is applied to the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The relationship of the molecular orientation, the patterning behavior, and the flow direction on the HOPG surface. (a) The relationship of
the molecular orientation on the HOPG surface. (b and c) The flow applied direction and the resulting patterning behavior. A uniform patterning
takes place for (b), while mirror packing occurs for (c).

Fig. 5 (a and b) Large- and small-scale STM images of TPTC–tem-
plated C60 prepared by flow treatment. Scanning parameters: Vs ¼
�0.9 V and It ¼ 75 pA. (c and d) Top and side views of the models for
the TPTC–C60 host–guest networks. For ease of distinguishing, the
top and bottom layers of TPTC templates, and the C60molecules are in
light blue, dark blue, and red colors, respectively.
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normal and one of the axes of HOPG, respectively. It can be
envisaged that a uniform patterning can take place for the
former whereas mirror packing can occur for the latter. The
results were ascribed to the possibilities of molecular adsorp-
tion and thus their assembly over the surface aer the ow
treatment. Based on the analysis, for relatively uniform
patterning, the ow has thus to be applied along the “normal”
direction of HOPG in our experiments.

In addition, from experimental results, we note that the long
axis of TPTC runs along lattice axes and the normal direction for
random-tiling and linear packing, respectively. The former is
consistent with the literature report23 and the latter is reported
for the rst time. It can deviate 6� from the axes such that 12�

rotation between domains of the TPTC networks can be
noticed.23

In short, the ow can induce and is more promising to
generate large area linear packing (the result was examined and
is shown in Fig. S5 in the ESI†). Also, as reported in the litera-
ture, longer impurities cannot self-assemble into random-tiling
packing.28 This may imply that they do not prefer to adsorb
along or near the lattice axes. So, when the impurities are
present on the surfaces, they may inuence the TPTC self-
assemble as well, and this means that although TPTC can
also adsorb along or near the lattice axes, the impurities may
affect/force them to pack along the normal direction. Based on
our experimental observation, the impurities can self-assemble
into their domains (Fig. 2c), but they appear within the TPTC
network aer the ow treatment in general. As a whole, their
inuence could be ignored.

Having established the linear quasi-crystal, we started to
explore a host–guest system involving C60. To produce high-
density packing, saturated sample solutions of TPTC and C60

were prepared and mixed before deposition. The ow was
applied to the droplet of the sample surface upon drop-casting
© 2022 The Author(s). Published by the Royal Society of Chemistry
the mixed sample solution. Fig. 5a and b show the large- and
small-scale STM images of the TPTC–templated C60 co-assembly
prepared by the ow. Fig. 5c and d display the corresponding
top- and side-view models. Due to the height of C60, the STM
tunneling conditions used are difficult to visualize the bottom
layer of TPTC.We have utilized Fig. S6 in the ESI† to conrm the
bilayer TPTC; the bottom layer can be revealed by increasing the
tunneling current. Remarkably, the C60 molecules appear in
Nanoscale Adv., 2022, 4, 3524–3530 | 3527
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a close packing manner and the linear template of TPTC can be
revealed from the STM images. The results are consistent with
our proposal that linear packing can assist the formation of
close packing C60 arrays. Due to the removal of the solvent by
the ow method, the C60 molecules were trapped on the host
template and they do not desorb easily. The almost dried
surface decreases the dynamics including the desorption of C60

molecules from the template.
A unique characteristic of the present system is that the

TPTC molecules in the random-tiling packing are mobile and
thus their rearrangements occur all the time.23 Taking advan-
tage of this, the reversibility can be realized in a controlled
fashion. Specically, the packing density of C60 between low
and high in the complex can be readily switched by drop-casting
neat solvent (OA) onto the surface and applying the ow to the
surface, respectively. Fig. 6a and b show the time-dependent
STM monitoring aer drop-casting a neat solvent (40 �C) onto
a close packing TPTC–C60 surface prepared by the ow. The
warm solvent promotes the occurrence of phase transition for
the TPTC template from linear to random tiling as revealed by
the STM images (within an hour aer solvent deposition). The
fuzzy features surrounding the C60 dots indicate the fast
dynamics of TPTC and C60 at the surface.27,35 Such a character-
istic gradually disappeared for the next one hour and the ther-
modynamically stable packing with low-density C60

accommodated was subsequently obtained (Fig. S7 in the ESI†).
Fig. 6c shows a schematic diagram of the reversibility between
the linear and porous templates for the accommodation of C60.
The conversion between the two types of complexes was
Fig. 6 (a and b) STM images displaying the dynamic process from
a linear template to a porous one upon depositing a droplet of solvent
onto the flow-induced TPTC–C60 network. The linear (panel a) and
porous (panel b) TPTC templates show a relatively dark contrast
compared to the guest C60. The density of C60, related to the template
underneath, decreases immensely. Time interval: 20 minutes between
the two recordings. Scanning parameters: Vs ¼ �0.9 V and It ¼ 75 pA.
(c) A schematic diagram of the conversion between the two types of
complexes controlled by the flow and the solvent drop-casting.

3528 | Nanoscale Adv., 2022, 4, 3524–3530
controlled by the ow and the solvent drop-casting. The trap-
ping density of C60 into the porous and linear templates was
calculated to be 8.7 and 45.5 (these values represent the number
of C60) per 100 nm2. The kinetic ow-induced co-assembly
presents a better efficiency for trapping C60 (ca. 6 times)
compared with that obtained with the entropy-control random-
tiling template.

For comparison, Fig. 7 shows the histogram of the positions
where C60 molecules were trapped for the cases of the wet
surface (the normal liquid–solid interface), the dried surfaces
formed by spontaneous solvent evaporation, and the ow-
treatment surface.

These statistics were obtained from three 120 � 120 nm2

scanning areas (described in detail in Fig. S8, S9, and Table
S3†), showing the trapping positions at the domain boundaries
or inside domains. We dened the percentage of the C60

molecules that are conned inside the domains as “conning
efficiency”. Signicantly, at the normal liquid–solid interface,
the C60 molecules preferred to accommodate themselves inside
the domains, which shows a conning efficiency of 69.4%.
However, aer the solvent evaporated gradually, the majority of
the guest C60 molecules were trapped at the domain bound-
aries, with an unsatisfactory conning efficiency of 40.1%. The
highly mobile guest molecules prefer the adsorption position of
grain boundaries, reminiscent of the C60-TMA (trimesic acid)
case. It has been reported that C60 molecules tend to stay in the
domain boundaries of the chicken-wire networks of TMA and
thus do not prefer to form co-crystals although the TMA pore
size matches very well with that of C60.36 Such a dried surface
cannot be good for use in related devices. Nevertheless, in our
ow-treatment scenario, the C60 molecules were not only trap-
ped in the template with high density but also stabilized inside
the domains, with a great conning efficiency which is up to
97.5%. The arrangement of stabilized C60 has a preferred
direction within the linear network with stripes running along
Fig. 7 Histogram of the C60 trapped positions for the cases of the
normal liquid–solid interface (wet surface), spontaneous solvent
evaporation, and flow treatment. An STM image inseted shows
a fragmented domain where C60 molecules are located inside (red
dots) and at the boundaries (green dots), respectively. After the flow
treatment, the total number of C60 molecules is increased apparently,
and the confining efficiency is largely improved from 69.4% and 40.1%
to 97.5% (inside domains) compared with that of the liquid–solid
interface and spontaneous solvent evaporation cases.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the lamellae direction, which can be ascribed to solvent dew-
etting (slip-stick motion of solvent) that plays a role in deter-
mining the resulting C60 adsorption as well. In a nutshell, C60

molecules tend to stay in the domain boundaries of the
random-tiling template, which however can be circumvented by
the linear template generated via the ow.

Finally, some aspects and notes were discussed to compre-
hend this work. (1) The TPTC–C60 mixing was performed before
being subjected to the ow treatment that enabled the removal
of solvent and thus led to enhanced stability of the hybrid thin
lms. The extremely low adsorption ability of C60 onto HOPG
results in the process where a linear TPTC pattern is formed
followed by the subsequent adsorption of C60. In the present
case, we take advantage of the spontaneous rearrangement of
TPTC molecules in a random-tiling manner. The ow stimula-
tion applied to the surface can easily trigger the phase transition
from glass-like to linear packing and in turn produce close
packing C60 arrays in the host–guest complex. (2) The occur-
rence of close packing C60 arrays only depends on the template
underneath. The efficiency of the close packing of C60 can be
hugely hampered by the glass-like template. Therefore, it is
important to switch as much as possible the surface percentage
from random tiling TPTC to linear packing. Note that the
volume of the sample solution is crucial. A liquid droplet needs
at least 10 mL to afford an efficient ow rate to drive the phase
transformation of TPTC. (3) Also note that the high concentra-
tion of TPTC is important for the present study, which forces
TPTC adsorption onto the surface and thus the formation of
a second layer. Based on STM investigations, the TPTC mono-
layers with either random tiling or linear packing seem to bear
a low ability for trapping C60. Occasionally, STM visualizes the
dynamics where the second layer appears rst followed by C60

adsorption. This suggests that the guest molecules have less
ability to affect the formation of the TPTC bilayer although their
adsorption, to some degree, may contribute stabilizing energy
to the complex. (4) Due to tunneling parameters, the STM tip
which is far away from the surface thus can usually visualize the
upper layer TPTC. The rst layer of TPTC can be revealed by
increasing the tunneling current (Fig. S6†), which conrms
bilayer templates. (5) Regarding stability, when solvent liquid
exists on the surface, the linear template cannot survive for
a long time. They can collapse and transition to random tiling
and thus result in low-density C60 adsorption, which is the
thermodynamically and entropically preferred state in the
system. Therefore, the complete removal of the solvent via the
unique ow method plays a silent yet essential role in the
present study. In other words, less solvent was le on the
surface, and the phase transition took place at a lower speed
and vice versa.37 Such prepared thin lms can be stabilized for at
least 24 hours under ambient conditions. (6) Last but not least,
it is worthwhile to emphasize that the ow can affect the
template with an mm level range and thus produce close
packing C60 over an mm scale; Fig. S5† exhibits such investi-
gations. This may enhance the out-of-plane electron transfer
efficiency in the so-called sandwich devices that are in contrast
to OFETs (e.g., in-plane electron transport).38 In short, the key to
success in enabling closely packed C60 molecule
© 2022 The Author(s). Published by the Royal Society of Chemistry
accommodation is to create and further stabilize the linear
quasi-crystal against the spontaneous occurrence of random
tilling. The ow-based tackle used for the host–guest supra-
molecular system has been unprecedented to date.
Conclusions

In conclusion, we have reported a ow method for tailoring the
template packing of TPTC for yielding close packing guest
accommodation over the HOPG surface with an mm-level scale.
Our STM data unambiguously show that a solvent ow driven by
capillary force can induce the packing transition from a glass-
like assembly to a linear quasi-crystal which can further trap
C60 producing close packing guest arrays. This would otherwise
display low-density adsorption in the TPTC–C60 complex at the
liquid–solid interface. Aer the ow treatment, the total
number of C60 molecules is increased apparently, and the
accommodation efficiency is largely improved compared to that
of the spontaneous solvent evaporation case (from 40.1% to
97.5%). The high-density packing of C60 was stabilized, ascribed
to the removal of the solvent in our method, which may benet
further applications in sensing or molecular-based electronics,
e.g., sandwich optoelectronic devices that need high-density
molecular arrays and out-of-plane electron transport. Such
host-guest complexes can be switched reversibly by the ow and
solvent drop-casting via tailoring the template underneath.
Overall, this study represents a conceptual advance in the
sample-preparation process for tailoring the host–guest supra-
molecular system towards desired surfaces and potential
applications.
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