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d surfaces to investigate the
formation of self-assembled molecular networks†

Li-Hua Yu, a Zhen-Feng Cai, d Lander Verstraete, ae Yuanzhi Xia, a

Yuan Fang, cf Louis Cuccia,g Oleksandr Ivasenko *abc and Steven De Feyter *a

Herein we report the impact of covalent modification (grafting), inducing lateral nanoconfinement

conditions, on the self-assembly of a quinonoid zwitterion derivative into self-assembled molecular

networks at the liquid/solid interface. At low concentrations where the compound does not show self-

assembly behaviour on bare highly oriented pyrolytic graphite (HOPG), close-packed self-assembled

structures are visualized by scanning tunneling microscopy on covalently modified HOPG. The size of

the self-assembled domains decreases with increasing the density of grafted molecules, i.e. the

molecules covalently bound to the surface. The dynamics of domains are captured with molecular

resolution, revealing not only time-dependent growth and shrinkage processes but also the orientation

conversion of assembled domains. Grafted pins play a key role in initiating the formation of on-surface

molecular self-assembly and their stabilization, providing an elegant route to study various aspects of

nucleation and growth processes of self-assembled molecular networks.
Introduction

Supramolecular self-assembly on surfaces is a fascinating
research topic, which can lead to the formation of functional
two-dimensional (2D) architectures with potential nanotech-
nology applications.1,2 Achieving mechanistic understanding
and precise control over the formation of self-assembled
molecular networks (SAMNs) allows the modulation of interfa-
cial properties in a predictable manner. This is oen a prereq-
uisite for technological applications.3 Scanning tunneling
microscopy (STM) has been demonstrated as a powerful tool for
visualizing the structural details and dynamic processes of
organic molecular assembly on solid conductive surfaces at the
molecular level.4 However, because of the oen fast kinetics of
the self-assembly process, most studies only focused on the
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morphology and properties of the as-obtained structures, not
on the actual mechanism of their formation.5–8

Nevertheless, there are several strategies to impact the
growth kinetics of self-assembly. For instance, it is known that
solute concentration directly affects the rates of nucleation and
growth of 2D crystals, dening the outcome of self-assembly
processes.9–12 The underlying substrate is also an important
factor in achieving control of and stabilizing the monolayer
structure.13–16 Several groups have revealed the role of defects or
foreign bodies in the nucleation and growth processes of 2D
molecular assemblies.17,18 Different stabilization mechanisms
may come into play when molecules self-assemble on surfaces
with such topological defects at the initial stage.19 For instance,
Beebe and co-workers used at-bottomed pits, with controllable
depth, diameter, and articial step edges, to isolate and study
the assembly of liquid crystals. They were able to determine the
nucleation rate constant, as molecules nucleated independently
inside each pit or on the surrounding terraces.20–23 Apart from
high-temperature etched pits that were introduced intentionally
on the HOPG surface, solid surfaces can also be articially
modied with covalently graed molecules with desired density
by using electrochemical, photochemical, or chemical activa-
tion approaches.24–26 A strategy developed in our group is the
use of intentionally introduced graed molecules that serve as
defects on the substrate. It was shown that the nucleation rate
on such rough surfaces is increased.27–32 On the other hand,
these gras have an impact on the subsequent growth processes
as well.33–36 Given that both solute concentration and the pres-
ence of defects have an impact on self-assembly, thus, it is
possible to create experimental conditions that facilitate the
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc04599k&domain=pdf&date_stamp=2022-11-12
http://orcid.org/0000-0001-6632-7557
http://orcid.org/0000-0002-1659-4291
http://orcid.org/0000-0002-3679-811X
http://orcid.org/0000-0001-8318-915X
http://orcid.org/0000-0002-4846-1725
http://orcid.org/0000-0001-9182-3974
http://orcid.org/0000-0002-0909-9292
https://doi.org/10.1039/d2sc04599k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04599k
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013044


Scheme 1 (a) Molecular structure and model of QZ-C16. (b) Schematic illustration of the electrochemical grafting procedure. (c–e) Schematic
representation of the self-assembly of QZ-C16 at concentration 10−6 M on bare HOPG, CM-HOPG with low and high grafting density,
respectively.
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investigation of the early stages of self-assembly on solid
surfaces by combining both effects.

The present work is an exploratory study into the application
of covalently modied substrates for the advanced physico-
chemical characterization of interfacial processes at the liquid–
solid interface, showcasing the estimation of thermodynamic
(e.g. Langmuir adsorption equilibrium constant) and kinetic
characteristics (e.g. estimation of critical nuclei size, nucleation
and growth rates ratio) as well as enhanced in situ dynamics of
supramolecular self-assembly. Here, continuing our interest in
the unusual class of quinoid zwitterions,37,38 we studied the self-
assembly of QZ-C16 (Scheme 1a) from its 1-phenyloctane solu-
tions on pristine as well as chemically modied HOPG (CM-
HOPG) surfaces. CM-HOPG surfaces are prepared via an elec-
trochemical method, by which 3,5-bis-tert-butylaniline (3,5-
TBA) molecules are converted to aryl radicals which then attack
and bind to the HOPG surface (Scheme 1b). For a straightfor-
ward analysis, it is helpful to nd experimental conditions (i.e.
nature of the solvent, concentration, temperature, etc.) when
self-assembly on pristine and chemically modied substrates
differs qualitatively.39–41 No QZ-C16 self-assembly was observed
on bare HOPG at or below 10−6 M (Scheme 1c), while close-
packed domains of QZ-C16 could be visualized on CM-HOPG
even at 5 × 10−7 M (Scheme 1d and e). Fully controlling the
surface density of such covalently bound aryl pins empowers
advanced investigation and control of various interfacial
processes.
Materials and methods
Covalent modication of HOPG

2.00 mg 3,5-bis-tert-butylaniline (3,5-TBA, >98%, TCI-Tokyo
Chemical Industry Co., Ltd.) was dissolved in 5 mL aqueous
hydrochloric acid (50 mM), and then 100 mL of aqueous NaNO2

(0.1 M, 99.999%, purchased from Sigma-Aldrich and dissolve in
water without further purication) was added to initiate the
diazotization reaction. The solution was shaken gently for 90 s
before injecting into a lab-built single-compartment three-
electrode cell (HOPG as working electrode, Pt wire as counter
electrode, Ag/AgCl/3.0 M NaCl as reference electrode).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Chronoamperometry (CA) was conducted using an Autolab
PGSTAT101 potentiostat (Metrohm_Autolab BV, The Nether-
lands). Aer modication, the CM-HOPG surface was sequen-
tially rinsed with high purity water (Milli-Q, Millipore, 18.2
MU cm, TOC < 3 ppb) and acetone (with purity 99%) to remove
any physisorbed material. Milli-Q water was also used for the
preparation of the aqueous solutions. All the HOPG (ZYB grade,
Advanced Ceramics Inc., Cleveland, USA) used during the
experiments were freshly cleaved using Scotch™ tape.

The graing density of the surface could be well controlled
by carefully adjusting the parameters involved in the CA
experiments, including the amount of 3,5-TBA (the weight var-
ies from 0.04 to 2.00 mg), the applied xed potential on the
sample (varies from +0.02 to +0.10 V) and the reaction period
(varies from 5 to 15 s). In general, the more reactant, the higher
the applied voltage or the longer the reaction period, the higher
the density of the graed monolayer. The number of graed
pins (or clusters of graed molecules) varies from 250 to more
than 2050 per 0.01 mm2. These were calculated by Scanning
Probe Imaging Processor (SPIP) soware, where the features
with high contrast are recognized automatically (Fig. S3†).
STM experiments

A saturated solution of QZ-C16 (synthesized as reported in ref.
37) was prepared by adding 0.35 mg of solid to 300 mL 1-phe-
nyloctane (1-PO, 99%, purchased in Sigma-Aldrich then rotary
evaporated to further purication), followed by repeated heat-
ing at 70 °C and sonication cycles before diluting. Subsequently,
the saturated solution was diluted to 1 × 10−3 M, 1 × 10−4 M, 1
× 10−5 M, 1 × 10−6 M and 5 × 10−7 M. STM experiments were
performed by drop-casting the solution on bare HOPG or CM-
HOPG at room temperature (20–22 °C), followed by imaging
using a PicoLE (Agilent) STM system operating in constant
current mode. STM tips were cut manually from a Pt/Ir wire
(80%/20%, Advent Research Materials, diameter 0.25 mm).
Imaging parameters Vs (for sample bias) and It (for tunneling
current) are indicated in the gure captions. All images were
processed using the SPIP soware. The unit cell parameters of
QZ-C16 on bare HOPG are averaged values deduced from high-
resolution STM images that have been corrected for dri using
Chem. Sci., 2022, 13, 13212–13219 | 13213
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a reference image of the underlying graphite lattice, with
imaging parameters: Vs = −0.001 V, It = 0.6 nA.

Results and discussion
Self-assembly of QZ-C16 at the 1-PO/HOPG interface

A droplet of 1-PO solution containing QZ-C16 was added onto
the freshly cleaved HOPG surface. Subsequent STM imaging at
the liquid/solid interface yielded a lamellar self-assembly of QZ-
C16 (Fig. 1a, a tentative model is proposed in Fig. 1b). The
bright spots of the lamellae are attributed to the charge-assisted
hydrogen bonded quinonoid zwitterion units and the relatively
low-contrast stripes are attributed to the alkyl chains packed
into a unique double-decker fashion.37,38 More specically, the
charge-assisted hydrogen bonding is so strong that it locked the
distance between quinonoid zwitterion head units (1.48 � 0.02
nm). This distance is so small that not all alkyl chains can
adsorb on the surface, thus periodically some alkyl chains are
popped out and adsorbed on the second layer (e.g. Fig. S1 and
Table S1†). A detailed investigation of this subtle poly-
morphism, its mechanism and rational control over the kinetic/
thermodynamic factors governing the formation and stability of
different phases on bare and modied HOPG will be reported
elsewhere. In the scope of the present work, all analyses and
interpretations concern the adsorption, desorption and self-
assembly process of QZ-C16 disregarding all ne differences
between the closely-related polymorphs. On HOPG, large
domains (>104 nm2) of QZ-C16 are routinely observed for room
temperature depositions (Fig. 1c). At 10−5 M, the surface
coverage becomes incomplete (sub-monolayer, Fig. 1d), while at
and below 10−6 M, QZ-C16 self-assembly was never observed
(Fig. 1e and S2†). Thus, 10−6 M is referred to as the threshold
concentration at and below which no stable SAMNs can be
detected by room temperature STM imaging on pristine HOPG.
Fig. 1 (a) High-resolution STM image of QZ-C16 monolayer formation
symmetry axes of HOPG. (b) A zoom-in STM image of QZ-C16 SAMN
showing the concentration dependence of QZ-C16 assembly/non-assem
× 10−6 M. Imaging conditions: Vs = −0.8 V, It = 0.08 nA.

13214 | Chem. Sci., 2022, 13, 13212–13219
Similar to other molecular systems, the observed self-
assembly behavior of QZ-C16 is a cooperative process where
the nal outcome is the result of a complex interplay between
molecular adsorption, diffusion, intermolecular interactions,
and desorption during nucleation, growth and ripening of 2D
assemblies.42,43 Not only are such experiments hard to model
and analyze, but even the proper design of experiments (DOE)
allowing reliable, statistically sound acquisition of the required
data (e.g. domain size, domain orientation, surface coverage) is
currently underdeveloped.44–46 For example, large scale STM
images (e.g. Fig. 1c and d) are simultaneously too large to
determine the supramolecular structure of self-assembly
(simply not enough data points for (sub)molecular resolu-
tion), yet too small to be used for any kind of statistical domain
size analysis. Indeed, we cannot use Fig. 1c and d in the esti-
mation of fundamental physicochemical characteristics such as
the molecular surface coverage, the average size or surface
density of domains since all of the imaged domains are
incomplete (i.e. parts are outside of the image frame). On the
other hand, a proper DOE dening requirements for image
resolution, image size, maximum observed dri, etc. is always
labor intensive and potentially can become impractical or even
impossible due to technical limitations of the selected tech-
nique and instrument. Instead, we promote the use of modied
substrates (e.g. CM-HOPG) on which the compartmentalization
of individual self-assembly events allows advanced, reliable and
convenient investigation of complex interfacial phenomena.
Self-assembly of QZ-C16 on CM-HOPG surface

As a comparison, the investigation of concentration-dependent
QZ-C16 self-assembly was also carried out on CM-HOPG
substrates. CM-HOPG surface with a moderate density of graf-
ted molecules (450–650 pins/0.01 mm2) was prepared via
at the 1-PO/HOPG interface, three black lines indicated three main
s with the proposed structural model. (c–e) Large-scale STM images
bly. Concentration: (a) 1 × 10−3 M; (c) 1 × 10−4 M; (d) 1 × 10−5 M; (e) 1

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Typical STM images showing the self-assembly of QZ-C16 on CM-HOPG (with a grafting density of 450–650 pins/0.01 mm2) at various
concentrations (a) 1× 10−3 M, (b) 1 × 10−4 M, (c) 1 × 10−5 M, (d) 1 × 10−6 M, (e) 5 × 10−7 M. Scale bars: 20 nm. Imaging conditions: Vs = −0.8 V, It
= 0.08 nA. (f) Langmuir isotherm fitting curve of QZ-C16 assembly on the CM-HOPG surface. Keq represents the equilibrium constant for
adsorption, which is estimated to be 1.1 × 105 M−1.
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chronoamperometry (see Materials and methods section).
When a concentrated QZ-C16 solution (10−3 M) was applied to
the CM-HOPG surface, smaller domains are formed compared
to the large domains obtained on bare HOPG (Fig. 2a). We
attribute this to the barriers created by these randomly
distributed graed molecules, which appear as bright pins
(dots) in the image. These pins serve as defects and play a key
role in limiting the free growth of domains, as discussed
previously by our group.27–29 When the concentration was
diluted to 10−4 or 10−5 M, both SAMN domains and empty
regions co-exist on the surface (Fig. 2b and c). When the solu-
tion was further diluted to the threshold concentration for the
self-assembly of QZ-C16 on bare HOPG (10−6 M and below, ca. 5
× 10−7 M), domains of QZ-C16 self-assembly were still routinely
detected, thus demonstrating a stabilizing effect of covalent
gras for on-surface localization of supramolecular agglomer-
ates (Fig. 2d and e). Furthermore, the variation of surface
coverage over a wide range of concentrations (>3 orders of
magnitude) follows a simple Langmuir isotherm model (equi-
librium constant reaching 1.1× 105 M−1, Fig. 2f and Table S2†),
implying that spontaneous corrals dotted with randomly graf-
ted molecules can be regarded as independent adsorption sites
for individual 2D crystals. Effectively, the self-assembly
compartmentalization on CM-HOPG substrates allows for
a signicant reduction in the minimum image size sufficient to
represent the global surface composition. We believe this is an
important starting point for the improved DOE of interfacial
studies that should be applicable to other supramolecular
assemblies at the liquid–solid interfaces.

The previous section illustrates the use of CM-HOPG in the
investigation and thermodynamic analysis of adsorption–
desorption equilibrium at the liquid–solid interface. It is also
possible to get insight into the nucleation and growth processes
by designing self-assembly experiments at xed solute
© 2022 The Author(s). Published by the Royal Society of Chemistry
concentration but with varied graing densities. Thus, 688 STM
images (containing 3295 domains) were collected for the
systematic analysis of the self-assembly behavior of QZ-C16 (at
concentration 10−6 M) on CM-HOPG with controlled graing
densities (from 250 to >2050 pins/0.01 mm2, Fig. 3a–h and S4†
and discussion of manually determining the QZ-C16 domains
in ESI, Table S3†). The histograms inserted in the respective
STM images show the domain size distribution. When the
graing density ranges from 250–450 pins/0.01 mm2, the
domain size varies from 38.5 nm2 to ∼5598 nm2, showing
a broad size distribution in the histogram. The existence of such
large domains (2.8% of domains are larger than 3000 nm2) is
attributed to the relatively large distance between graed pins,
which offers enough space for QZ-C16 to grow around them.
When the graing density increases to between 450–650 pins/
0.01 mm2, the size distribution of domains shis to smaller
values, i.e. 83% of domains are smaller than 500 nm2. A further
increase in graing density scales down the observed domain
size to a point that, when the graing density is over 2050 pins/
0.01 mm2, all domains are smaller than 100 nm2, with 72% of
domains sized around 40.0 � 10.0 nm2.

Complementary to the histograms, the box plot in Fig. 3i
shows intuitively the locality, spread and skewness of QZ-C16
domain size collected on a modied substrate with various
graing densities. The sample size of each group is around 320
domains, but the box shapes vary. First, the box gets shorter as
the graing density increases, indicating a decrease in domain
size dispersion. The median size of the domain, indicated by
the blue crossbar, is not in the middle of the box, but is posi-
tively skewed. The average domain size, indicated by the orange
line plot, decreases and gets close to the median size as the
graing density increases. Clearly, the increase of graing
density reduces the effective size of corrals formed by the
randomly graed pins and, in turn, limits the growth of the QZ-
Chem. Sci., 2022, 13, 13212–13219 | 13215
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Fig. 3 STM images showing the self-assembly of QZ-C16 (at concentration 10−6 M) on CM-HOPG surface with various grafting densities. The
grafting density (the number of pins per 0.01 mm2) is shown on top of each image (a) 250–450, (b) 450–650, (c) 650–850, (d) 850–1050, (e)
1050–1250, (f) 1250–1650, (g) 1650–2050, (h) >2050. The histograms of the domain size distribution are shown at the bottom of the STM
images. Red lines inside STM images mark out well-ordered QZ-C16 domains. Image size: (a) 150 × 150 nm, (b–f) 100 × 100 nm, (g and h) 70 ×

70 nm. Imaging conditions: Vs = −0.8 V, It = 0.08 nA. (i) Box plot shows the distribution of domain size in 10 groups of various grafting densities.
The upper-right insert shows the zoom-in box plot. The x-axis of box plot shows the grafting density range, the y-axis shows the domain size
distribution. The first quartile and third quartile of the domain size are indicated as the upper border and lower border of the box. The maximum
and minimum domain sizes are indicated by the red horizontal lines at the end of the whiskers and indicated partially with exact values. The
outliers indicated by blue diamonds are observations that represent 1% of the data. The orange line plot shows the average domain size at each
grafting density.
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C16 domains. Also, the decrease in domain size gets compen-
sated by the increase in the surface density of domains (Fig.
S5†), thus maintaining the QZ-C16 molecular surface coverage
constant.

The smallest QZ-C16 domain we have ever observed in this
set of experiments is ∼10.4 nm2 (Fig. 3i, S6, S8 and Tables S3–
S5†) which can be taken as an experimental estimate of the
critical nucleus size for the QZ-C16 self-assembly at room
13216 | Chem. Sci., 2022, 13, 13212–13219
temperature (at concentration 10−6 M). A conservative upper
estimate of the critical nucleus size under these conditions is
around 93 nm2, since this is the smallest domain size experi-
mentally observed at the lowest graing density (<416 pins/0.01
mm2, Table S5†). Two factors should be considered when
deciding between these two estimates: (1) the possibility of
strong intermolecular interactions between graed molecules
and QZ-C16 that results in the stabilization of nuclei smaller
© 2022 The Author(s). Published by the Royal Society of Chemistry
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than the critical nucleus size in the absence of the graed
molecules and (2) the growth of the domains beyond the critical
nuclei size inside larger corrals. Considering the chemical
structures of graed molecule and QZ-C16, there are no specic
or directional interactions expected between them, only weak
CH/HC and CH/p van der Waals interactions. As such, the
examination of the smallest recorded domains, the corrals in
which they have nucleated and interacting pins (Fig. S6 and
Table S5†), allows lowering the upper estimate of the critical
nucleus from ∼93 nm2 down to ∼10.4 nm2 (row #4 in Table S5
and corresponding discussion in ESI†). Of course, one should
remember that critical nucleus size is just a useful over-
simplication developed within the framework of classical
nucleation theory. In practice, the size of the smallest observed
“stable” nucleus should also depend on the specic molecular
arrangement due to the strong asymmetry in the type, energy
and directionality of the QZ-C16 intermolecular interactions.
Another important aspect of nucleation that should be
considered is its intrinsic stochastic nature: the observation of
molecular assembly inside specic corrals is not guaranteed.
Among other dependencies, the probability of nucleation
depends on the corral size and can be increased by external
stimuli. For example, we have recorded QZ-C16 self-assembly
when the already existing empty corrals were in situ enlarged
Fig. 4 (a) Size distribution of domains which show dissolution–renuclea
of domains during the dissolution–renucleation process. The orientation
orientation of domain I and II in (e) is −40 deg and 20 deg respectively
domains under lateral confinement conditions over a period of 88 minu
arrow indicates the orientation of the domain. Scale bars: 10 nm. Imagin

© 2022 The Author(s). Published by the Royal Society of Chemistry
by STM lithography (Fig. S7,† see also the dynamics section
below).

Once a nucleus reaches the critical size, within the classical
nucleation theory the probability for such a nucleus growing is
higher than the probability of its dissolution. This is considered
the beginning of the growth step, which can end when the
further growth of one domain is only possible at the expense of
the dissolution of another domain (i.e. ripening step). In our
experiments at the concentration of 10−6 M, the QZ-C16 surface
coverage is incomplete (#9%, Table S2†) and the growth step
terminates either when the corral is completely lled (e.g.
Fig. 3d) or when the adsorption–desorption equilibrium is
reached, and there is a depletion of adsorbed QZ-C16 available
for further growth. The largest domain observed on the CM-
HOPG with low graing density (∼5598 nm2, Fig. 3i) suggests
that under these experimental conditions the growth rate is at
least 500 times larger than the rate of nucleation.
Dynamic process of assemblies under connement space

Self-assembly processes are not static: borders of gras prevent
domain growth beyond a certain size, but continuous desorp-
tion–adsorption processes can result in partial/complete
dissolution and nucleation of new 2D crystals. The measure-
ment of growth and dissolution rates gives a wide range of
tion dynamics during continuous scanning. (b) Orientation distribution
of domain is measured with respect to the horizontal direction, i.e. the
. (c–j) Sequential STM images showing the dynamic processes of two
tes. The blue and red dashed lines highlight domain I and II, the green
g parameters: Vs = −0.8 V, It = 0.08 nA.
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estimations because of the stochastic nature and strong
dependence on the scanning conditions of STM. Analysis of
hundreds of short instances shows that domains larger than the
estimated critical nucleus size (10.0 nm2) can still be destabi-
lized under continuous scanning (Fig. 4a). In some cases, only
minor uctuations (∼2–4 nm2) are recorded at the domain
periphery, while in other cases, i.e. in session 3 (marked by
a lavender line in Fig. S8h, i and Table S6†), 90 seconds between
consecutive images is long enough to completely dissolve a 260
nm2 domain and to grow in its place a differently oriented 120
nm2 2D crystal.

An examination of the orientation distribution histogram
(Fig. 4b) did not reveal any preference for the dissolution–
nucleation of domains with certain orientations in short scan-
ning sessions (<10 min). Yet we oen noticed that within the
same area there are domains of similar size that vary in their
stability. Longer imaging sessions allow showcasing this differ-
ence (Fig. 4c–j). In the rst 20 min, domains are partially des-
orbed and adsorbed during the continuous scan at a large scale.
Domain I (blurred structure with a size of 117 nm2) and domain
II (containing packed rows with a size of 172 nm2) were marked
with the blue dashed line and red dashed line in the zoomed-in
image at 20 minutes (Fig. 4d). In the time span between minute
22 and minute 27, domain I shows a transition between a well-
ordered structure and a metastable structure; later on (from
minute 27 tominute 88), domain I remains blurred, whichmight
result from the translational movement of the adsorbed mole-
cules. The likelihood of observing similarly blurred domains
increases on surfaces with very high graing densities (>2050
pins/0.01 mm2). This could be explained as follows: on the one
hand, these small domains are metastable phases whose
molecular packing is difficult to distinguish; on the other hand,
small domains might be more sensitive to STM tip scanning,
resulting in increased mobility of the molecules in such areas.

Domain II shrank between minutes 20 to 27 and subse-
quently vanished completely at minute 29. Interestingly, a new
domain with a different orientation formed immediately at the
same location in the next scan. At minute 51, the orientation of
the newly formed domain II changed again, adopting the same
orientation as domain I, and remained unchanged until the end
of experiment (another 36 minutes of continuous scanning).
Effectively, here we have a case of self-organization47 where,
because of continuous energy input (STM scanning), there is
a selection between otherwise energetically degenerate assem-
blies. Finally, we would like to mention that the specic
conguration of graed pins may be responsible for playing an
important role not only in stabilizing domains but also to
visualize dynamics. With the help of the laterally conned
spaces realized by the engineered CM-HOPG surfaces, small
metastable structures could be trapped and stabilized on the
surface, and their dynamics could be followed.

Conclusions

In conclusion, we have applied ambient STM to investigate the
early-stage self-assembly of QZ-C16 on defect-engineered HOPG.
Metastable QZ-C16 domains could be stabilized on the CM-
13218 | Chem. Sci., 2022, 13, 13212–13219
HOPG, even at very low concentration (<10−6 M), under condi-
tions where essentially no stable structures are detected on bare
HOPG. Our studies reveal that the compartmentalization of
domains within randomly shaped “graed molecular fences”
signicantly simplies self-assembly behavior which, in this
case, can be described by a Langmuir isotherm. By varying
graing density we found the critical nucleus size (∼10.4 nm2 for
self-assembly at a xed concentration, 10−6 M) and a lower
boundary estimate of the growth rate/nucleation rate ratio (>500
for self-assembly at 10−6 M). The use of the STM probe for
continuous perturbation ofmolecular self-assembly allowed us to
observe multiple dissolution–nucleation cycles of domains that
are several times larger than the critical size. Interestingly, the
degree of destabilization depends on the orientation of domains
with respect to the scanning direction and probably on the
specic conguration of covalent gras surrounding the crys-
tallization area. This work demonstrates our latest results in the
use of engineered graed substrates for the investigation of
nucleation and growth of 2D crystals. Further investigation of the
use of STM probes for directed self-organization of 2D crystals as
well as the investigation of gras that can chemo-selectively bind
to molecular adsorbates are currently underway.
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and S. De Feyter, J. Am. Chem. Soc., 2021, 143, 11080–11087.

33 L. Verstraete, B. E. Hirsch, J. Greenwood and S. De Feyter,
Chem. Commun., 2017, 53, 4207–4210.

34 Y. Hu, A. M. Bragança, L. Verstraete, O. Ivasenko,
B. E. Hirsch, K. Tahara, Y. Tobe and S. De Feyter, Chem.
Commun., 2019, 55, 2226–2229.

35 L. Verstraete, J. Greenwood, B. E. Hirsch and S. De Feyter,
ACS Nano, 2016, 10, 10706–10715.

36 J. Seibel, L. Verstraete, B. E. Hirsch, A. M. Braganca and S. De
Feyter, J. Am. Chem. Soc., 2018, 140, 11565–11568.

37 Y. Fang, M. Cibian, G. S. Hanan, D. F. Perepichka, S. De
Feyter, L. A. Cuccia and O. Ivasenko, Nanoscale, 2018, 10,
14993–15002.

38 Y. Fang, P. Nguyen, O. Ivasenko, M. P. Aviles, E. Kebede,
M. S. Askari, X. Ottenwaelder, U. Ziener, O. Siri and
L. A. Cuccia, Chem. Commun., 2011, 47, 11255–11257.

39 H. Malik, P. Saha, K. Patra, J. K. Bera and T. G. Gopakumar,
Chem.–Asian J., 2021, 16, 1430–1437.

40 A. Della Pia, D. Luo, R. Blackwell, G. Costantini and
N. Martsinovich, Faraday Discuss., 2017, 204, 191–213.

41 J. Hou, P. Lei, T. Meng, F. Zhao, H. Xu, X. Li, K. Deng and
Q. Zeng, Langmuir, 2020, 36, 9810–9817.

42 L. K. S. von Krbek, C. A. Schalley and P. Thordarson, Chem.
Soc. Rev., 2017, 46, 2622–2637.

43 A. S. Mahadevi and G. N. Sastry, Chem. Rev., 2016, 116, 2775–
2825.

44 S. Yokoyama, T. Hirose and K. Matsuda, Chem. Commun.,
2014, 50, 5964–5966.

45 O. Ochs, N. Martsinovich, W. M. Heckl and M. Lackinger, J.
Phys. Chem. Lett., 2020, 11, 7320–7326.

46 K. V. Korpany, B. Chilukuri, K. W. Hipps and U. Mazur, J.
Phys. Chem. C, 2020, 124, 18639–18649.

47 J. D. Halley and D. A. Winkler, Complexity, 2008, 14, 10–17.
Chem. Sci., 2022, 13, 13212–13219 | 13219

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04599k

	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k
	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k
	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k
	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k
	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k

	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k
	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k
	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k
	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k

	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k
	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k
	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k
	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k
	Defect-engineered surfaces to investigate the formation of self-assembled molecular networksElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sc04599k


