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S
urfaces that respond to external stimuli
in a well-defined manner are crucial in
the development of functional supra-

molecular systems. As a consequence, stimuli-
responsive behavior of molecular materials
on surfaces has become an integral part of
design concepts in material science and
supramolecular chemistry. This theme of
research is largely inspired by efficient bio-
molecular processes such as protein assem-
blies operating at dynamic interfaces like cell
membranes. The past decade haswitnessed
significantly increased research activity in
the field of smart surfaces, where the funda-
mental objective is to induce reversible
structural changes in supramolecular sur-
faces by application of an external trigger

with an intent to achieve reversible changes
in function. The combined efforts of the
molecular synthesis, supramolecular chem-
istry, and surface science community have
led to exciting opportunities in the devel-
opment of dynamic, reversibly switchable
surfaces with potential applications inmole-
cular switches and motors, biological sen-
sors, tunable filtration membranes, and drug
delivery vehicles.1�4

Chemisorbed self-assembledmonolayers
(SAMs), bilayers, polymers, and semicon-
ductor metal oxide thin films have been
employed as active components in the
design of switchable surfaces. For organic
surfaces, the molecular or macromolecular
entities are covalently attached onto a solid
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ABSTRACT Dynamically switchable supramolecular systems

offer exciting possibilities in building smart surfaces, the structure

and thus the function of which can be controlled by using external

stimuli. Here we demonstrate an elegant approach where the guest

binding ability of a supramolecular surface can be controlled by

inducing structural transitions in it. A physisorbed self-assembled

network of a simple hydrogen bonding building block is used as a

switching platform. We illustrate that the reversible transition between porous and nonporous networks can be accomplished using an electric field or

applying a thermal stimulus. These transitions are used to achieve controlled guest release or capture at the solution�solid interface. The electric field and

the temperature-mediated methods of guest release are operative at different length scales. While the former triggers the transition and thus guest

release at the nanometer scale, the latter is effective over a much larger scale. The flexibility associated with physisorbed self-assembled networks renders

this approach an attractive alternative to conventional switchable systems.

KEYWORDS: stimuli-responsive systems . controlled guest release . self-assembly . scanning tunneling microscopy .
liquid�solid interface
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surface, and their response to external stimuli, such as
light, heat, pH, surface potential, etc., is examined.
Light-driven photochromism of azobenzene units, for
example, is a spectacular strategy that involves rever-
sible photoisomerization leading to changes in surface
properties.5,6 A valuable approach in this context is the
use of low-density ionizable alkanethiol monolayers,
which allow conformational transitions using electric
potential.7 A critical bottleneck, however, is the com-
plexity involved in the design of low-density mono-
layers with sufficient space between chemisorbed
molecules, allowing efficient conformational transition.8

Physisorbed monolayers of organic molecules pro-
vide a convenient alternative to chemisorbed systems
in two aspects. Since the intermolecular and interfacial
interactions are relatively weak, dynamic reconstitu-
tion of noncovalent bonds involved in the assembly
process is possible so that better control over structure
formation as well as reversible switching becomes
possible.9,10 Second, the density of physisorbed net-
works can be readily manipulated by simply changing
the concentration of building blocks in solution.11,12

Similar to the switchable systems listed above, revers-
ible transitions in physisorbed single molecules as
well as self-assembled monolayers have been studied
both under ultrahigh vacuum (UHV) conditions and at
the more practical solution�solid interface. Switching
between different states has been achieved by using
additives,13�16 temperature,17�20 light,21�24 pH,25 surface
potential,26,27 electricfield,28�32 aswell as ion triggers.33,34

A large number of switchable physisorbed monolayers
studied so far involved a single component adsorbed
onto the solid surface, while reversible switching in
multicomponent supramolecular networks has been
rarely studied.21,22,31

In this contribution, we demonstrate a unique com-
bination of a switchable surface with host�guest
chemistry. A low-density supramolecular network
made up of 1,3,5-tris(4-carboxyphenyl)benzene (BTB,
Scheme 1) is used as a switchable platform in a scan-
ning tunnelingmicroscopy (STM) setup. Here, STM acts
both as a visualization and as a nanomanipulation tool.
The transition from the low- to the high-density net-
work (and vice versa) of BTB can be accomplished using
an electric field applied between the STM tip and the
substrate.35 The compression and expansion of the
host network is used to “squeeze” out and reaccom-
modate the guest molecules, respectively, thereby
enabling their controlled release and capture at the
solution�solid interface. We demonstrate that the
two-component host�guest systems involving this
switchable platform can be reversibly interchanged
locally at the nanometer scale using an electric field
and also globally using a thermal stimulus. Most
importantly, the local and global methods of switching
introduced here represent complementary approaches
of guest release. This strategy not only enriches the

realm of switchable systems but also opens up poten-
tial applications in controlled guest release.

RESULTS AND DISCUSSION

Scheme 1 shows the chemical structures of mole-
cules used in this study. BTB forms the host net-
work, whereas COR and NG are used as guest species.
Figure 1 summarizes the electric-field-induced revers-
ible transition between low-density (open) and com-
pact (closed) structures of BTB realized at the 1-octa-
noic acid/highly oriented pyrolytic graphite (HOPG)
interface. Six R22(8) dimers exist per hexagon in the
honeycomb structure, whereas possibly no R22(8)
dimer exists in the compact structure. This assembly
may be sustained by weak aromatic C�H 3 3 3Od inter-
actions. BTB is known to show rich assembly behavior
when adsorbed at the organic solution/HOPG inter-
face. At relatively higher concentrations, it is known to
form up to three types of densely packed networks,
whereas lower concentrations yield a low-density
porous structure.18,36 The low-density porous network
has been found to be stable in a number of solvents
ranging from different alkanoic acids to relatively
nonpolar solvents such as 1-phenyloctane and
dodecane.37 It must be noted that the compact struc-
ture presented in Figure 1b is only accessible at
positive values of substrate bias. The STM image
provided in Figure 1c demonstrates the ease of struc-
tural transition between the densely packed and open
porous network of BTB by simply switching the polarity
of the voltage applied to the substrate. The transition is
fast and fully reversible. The reversibility does not
depend on the history of the applied bias (i.e., the
initial substrate bias).31 Cometto et al. have proposed a
conformation-dependent charge transfer mechanism
to explain the phase transitions observed in BTB
networks.35 Their experimental results demonstrate
that, barring the voltage window between �0.35 and
þ0.40 V, the BTB networks could be switched between
the two states by changing the polarity of the sample
bias within the experimentally sampled voltage range
of �1.0 to þ1.0 V.
COR38 and NG39 were chosen as model guest sys-

tems as they have been successfully used in host�
guest experiments in the past. While COR does not
form a stable self-assembledmonolayer without a host

Scheme1. Molecular structuresof 1,3,5-tris(4-carboxyphenyl)-
benzene (BTB), coronene (COR), and nanographene (NG).
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network at the solution�HOPG interface, NG gives rise
to an extended network that is stable to STM scanning
at room temperature. The NG network, however, does
not reveal a dependence on the polarity of the sub-
strate bias (Figure S1 in the Supporting Information).
Panels (a) and (b) in Figure 2 provide large- and small-
scale STM images of the BTB�COR host�guest system,
respectively. The cavities of the BTB network appear
bright, indicating COR adsorption. No individual guest
molecules could be resolved, possibly in view of their
lateral mobility in the BTB cavities. Eder et al. have
proposed the presence of three coronene molecules
per BTB cavity based on molecular dynamics (MD)
simulations (Figure 2c).38

For the BTB�NG system, however, capture of only
one NG molecule per BTB cavity is anticipated based
on the size of the host cavity (∼2.8 nm) and the guest
(∼2.1 nm). Due to the disparity in the size and shape of
the BTB cavity and NG, the NG molecules can rotate in
the cavity. This is indicated by the appearance of NG in
STM images, where they appear disc-like instead of
triangular in shape. Another peculiar feature of the
BTB�NG system is the variation in the STM contrast of
NG guests as evident from STM images provided in
Figure 2d,e. Some NG guests appear brighter than
others, and we ascribe these bright features to
π-stacked dimers of NG (Figure 2f and Figure S2 in
the Supporting Information). The tendency to form

Figure 1. Substrate-bias-induced structural transition in the monolayers of BTB at the 1-octanoic acid/HOPG interface.
(a) Low-density structure of BTB formed at negative substrate bias. The unit cell parameters are a = 3.2 ( 0.2 nm, b = 3.1 (
0.2 nm, R = 59( 2�. (b) Compact structure of BTB obtained at positive substrate bias. The unit cell parameters are a = 2.5(
0.3 nm, b=1.6( 0.2 nm,R=78( 3�. Molecularmodels depicting the transitionbetween the two structures are superimposed
on the STM images. (c) STM image showing the ease of structural transition upon switching the polarity of substrate bias
within a single scan. ([BTB] = 10% froma saturated solution). Thewhite arrow in panel (c) indicates the scan direction. Imaging
conditions: Vbias = (900 mV, Iset = 100 pA.

Figure 2. Host�guest systems based on the low-density open structure of BTB at the 1-octanoic acid/HOPG interface.
(a,b) Large- and small-scale STM images of the BTB�COR host�guest system, respectively. (c) Molecular model depicting the
plausible host�guest structure formed on the surface. (d,e) Large- and small-scale STM images of the BTB�NG host�guest
system, respectively. The green and yellow circles indicate single and stacked NG molecules in the pore, respectively.
(f) Molecular model depicting the BTB�NG network. The stacked structures are represented by an additional NG molecule
(yellow) in the pore. The insets in the molecular model show the tilted and side view of the stacked NG molecules. Imaging
conditions: Vbias = �800 mV, Iset = 100 pA (also see Figure S4 in the Supporting Information).
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π-stacked structures can be significantly reduced by
ultrasonication of the sample solution prior to deposi-
tion onto the HOPG surface (Figure S3). For both
BTB�COR as well as BTB�NG systems, guest occupa-
tion does not change the unit cell parameters of the
BTB open porous structure. The host�guest systems
displayed in Figure 2 could be realized both via

deposition of a premixed solution containing the host
and the guest molecules or by deposition of a solution
containing host followed by that of guests, indicating
that the two-component networks are thermodyn-
amically stable structures. In fact, compact structures
obtained via deposition of relatively concentrated
solutions also transformed into hexagonal host�guest
networks upon addition of COR, thus hinting toward
the thermodynamic preference of the system in the
presence of guest species (Figure S5).
The host�guest systems described above allowed

exciting observations when subjected to polarity-
induced switching. Figure 3 shows STM images for
both BTB�COR and BTB�NG systems, where the
polarity of the substrate bias was switched from nega-
tive to positive and then back to negative again during
an STM scan. The data indicate that when the substrate

polarity is switched from negative to positive, in both
cases, the host�guest network with hexagonal sym-
metry switches to a densely packed linear network
of BTB, thus “squeezing out” the guest molecules.
The reverse transition is also possible where the linear
network transforms into the hexagonal network, there-
by recapturing the guest molecules. As evident from
the STM images, both transformations are nearly in-
stantaneous and the networks change from one scan
line to the other.
We examined the time dependence of switching for

the two systems by triggering the switch a number of
times and monitoring the time lapse between the
appearance of the other phase. Our observations are
presented in the histograms displayed in Figure 4e,f.
The “delay time” plotted on the X-axis is defined as the
time in seconds between the change in polarity and
the appearance of the other phase. The histograms
clearly indicate that the transition tends to occur more
often at early times than at later times. A long delay
between a change in the substrate polarity and the
appearance of the other phase is a rather rare event,
and one of such sequences of STM scans is shown
in Figure 4a�d for the BTB�COR system. Even after

Figure 3. Voltage-induced reversible phase transition in two-component networks observed in real time. (a,b) STM images
obtained by switching the polarity of sample bias for the BTB�COR system. (c,d) Similar exercise carried out for the BTB�NG
system. Thewhite dashed lines represent an approximate point at which the polaritywas switched. The polarity of the sample
bias is indicated on the STM images. The white arrows indicate the STM scan direction. Imaging conditions: Vbias =( 900mV,
Iset = 100 pA (also see Figures S6 and S7).

A
RTIC

LE



LEE ET AL. VOL. 9 ’ NO. 12 ’ 11608–11617 ’ 2015

www.acsnano.org

11612

the substrate polarity is switched from negative to
positive, the hexagonal structure continues to be on
the surface, and only after around 90 s does the linear
structure start to appear. In general, the speed of
the bidirectional switching for the two host�guest
systems is usually as fast as that of the BTB network
alone (delay time less than 10 s).35 This observation
implies that once the BTB porous network is formed,
the guest molecules occupy the cavities almost
instantaneously. These conclusions are in line with
previous results of Eder et al., where an occupation
time of less than 1 s was estimated for the BTB�COR
system.38

In switching experiments involving light, pH, ions, or
heat as triggers, the surface often responds to the
trigger in a rather uniform manner. However, the local
nature of an STM measurement implies that the influ-
ence of the electric field and, in turn, the switching
is also localized within the nanometer-scale region
underneath the STM tip. While this holds true, in
principle, capturing the local changes caused by the
electric field directly underneath the tip is not straight-
forward using STM because “reading” (using an STM
tip) cannot be decoupled from “writing” (also using an
STM tip). Furthermore, the time scale of phase switch-
ing (few seconds) is usually faster than the typical time
required to capture a relatively large-scale STM image
(up to a minute). Decreasing the temperature could
reduce the dynamics at the solution�solid interface,
but technical problems arise due to the high melting
point of the solvents (i.e., OA). Thus, it is not straightfor-
ward to arrive at experimental conditions where the

switching can be slowed down or the locally switched
phase can be “frozen”.
The intrinsic problems described above can be

circumvented when working under almost solvent-
free conditions in a “thin-layer” configuration. Thus,
the dynamics of the bidirectional phase transition can
be significantly reduced when working with host�
guest monolayers where most of the solvent has
evaporated. Such “semidry” monolayers can be ob-
tained by allowing the solvent to evaporate gradually
from the surface over a period of 5�6 h after drop-
casting. Alternatively, contacting a tissue paper to the
sample surface produces an almost-dry sample surface
immediately via absorption of solution into the tissue.
It must be noted however that, for tissue-paper-
assisted drying, one has to use small volumes of
sample solution since a large volume may generate
strong capillary effects at the solution�solid interface
that are known to affect molecular self-assembly.40,41

In the following, we describe the outcome of switching
experiments carried out on such semidry surfaces.
STM images provided in Figure 5 demonstrate the

local control over switching and guest release in a
semidry BTB�NG monolayer. A porous to linear transi-
tion was triggered by changing the polarity of the
substrate bias fromnegative to positive while scanning
a 50� 50 nm2 area. The phase changewas followed by
subsequent STM imaging of the same area over a few
scans at positive substrate bias. As evident from the
sequence of STM images, the area of the low-density
BTB networkwithout guestmolecules (lower right) was
transformed into the compact network faster than the

Figure 4. Time dependence of phase transition and guest release. (a�d) Consecutive STM images showing a delay in phase
transition upon switching the polarity of substrate bias. It is evident from these STM images that the hexagonal structure
prevalent at negative substrate bias does not change immediately upon switching the polarity of the substrate bias to
positive. The linear structure appears only after a delay of ca. 100 s as seen in (c). (e,f) Histograms of the time dependence of
switching for the two systems. The data were obtained in several experimental sessions using different tips.
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area where the BTB cavities were occupied with NG
guests. It took ca. 10 min for the scanned area (50 �
50 nm2) to completely convert into the compact
structure of BTB (Figure S8). This observation suggests
that guest adsorption slows down the transition via

stabilization of the host network; however, this effect is
minimal (and not observed) at the solution�solid
interface, possibly in view of faster dynamics. A rela-
tively large area (145� 145 nm2, Figure 5f) STM image
recorded after the sequence of STM images provided
in Figure 5a�e showed the initially switched area
(high-density BTB phase, white square) surrounded
by the hexagonal BTB�NG network. This indicates that
the surrounding BTB�NG network is lagging in transi-
tion despite being imaged at positive substrate bias.
Further consecutive scans at positive sample bias in
this larger area converted the scanned surface to the
compact structure of BTB (Figure S9). When the sample
bias was switched from positive to negative, the
BTB�NG structures were gradually formed again, in-
dicating that the process remained reversible for the
semidried surface (Figure S10). The surface morpholo-
gies became insensitive to the change in voltage
polarity upon complete removal of the solvent, indi-
cating that the presence of a fluid medium is essential
for the switching behavior.
In contrast to the local control exerted by the STM

tip, one can also induce the switching globally over the
entire surface by using heat as the stimulus. Gutzler
et al. have reported a reversible transition between
open and closed networks of BTB by varying the
substrate temperature.18 It must be noted here that
the high-density BTB network obtained at higher
temperatures is different from the compact structure
discussed so far in this work. The fundamental differ-
ence in the two networks is in the alignment of BTB

molecules with respect to the HOPG surface. STM
images indicate that the compact structure consists
of BTBmolecules lying nearly flat on the HOPG surface,
whereas the high-density network reported by Gutzler
et al. comprises densely packed rows where the BTB
molecules are stacked face to face and are almost
standing upright. The structure is stabilized by inter-
molecular van der Waals and π�π interactions.18

We explored this transition in the context of host�
guest system as follows.
A fast change in the temperature was achieved

by in situ addition of a droplet of warm 1-octanoic acid
(∼70 �C, 10 μL) on top of a preformed BTB�NG net-
work held at room temperature (Figure 6a). The ther-
mal stimulus effectively triggered the phase switching
of BTB from the low- to the high-density packing.
This transition is gradual and can be captured in
sequential STM images displayed in panels (b�e) of
Figure 6. As the sample spontaneously cooled down,
the reverse phase transformation was observed
(Figure 6g,h). Isolated domains of NG adsorbed directly
onto the surface (Figure 6f) were also detectable as
long as the surface remained hot. These NG domains,
however, disappeared upon gradual cooling of the
sample, which is probably related to the resultant
expansion of the BTB network and subsequent of
formation of BTB�NG host�guest network.
It must be noted that phase-separated domains of

NG were not observed for bias-induced switching in
the BTB�NG system. This contrasting result can be
explained on the basis of two aspects. The first relates
to the nature of switching. The bias-triggered transition
is effective only at the local level (around a few
hundred square nanometers), and thus the NG guests
released from the host network either dissolve back in
the supernatant solution or are readsorbed elsewhere

Figure 5. Demonstration of local control over switching and guest release at the 1-octanoic acid/HOPG interface. This figure
shows the sequence of STM images obtained on a semidry surface for the BTB�NG system. The polarity of the sample bias is
indicated on the STM images. (a) STM image of an area showing a porous BTB network containing NG guests. Not all of the
cavities of the network are occupied with NG. (b�e) Sequential STM images of the same area as in (a) recorded at positive
sample bias. The porous network gradually disappears, squeezing out the guest molecules, and the linear network appears.
(f) Large-area STM image immediately captured after recording the small-area STM image provided in panel (e). This small
area is indicated by awhite square. Due to the lag in the structural transition, it is possible to capture the porous phase, which
contains a small area in the middle that has been switched to the densely packed linear structure. (g) Schematic showing
bias-induced local phase transition. The star-shaped green features represent the NG guest molecules. Imaging conditions:
Vbias = (900 mV, Iset = 100 pA.
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in vacant cavities of the BTB network. In the heat-
triggered transition, however, since the change hap-
pens on a global scale, the guest molecules are re-
leased from all over the surface. This increases the
probability of their readsorption onto the surface.
Second, the level of compression for the porous to
the densely packed upright structure is much higher
(80%) than that for the porous to compact transition
(54%). This means that when the BTB network changes
from the host�guest to the densely packed upright
structure, a large area on the surface is made free for
adsorption of other molecular species such as NG.
Since the thermal stimulus is expected to be some-

what homogeneous throughout the surface, switching
of the whole surface is expected. To verify this hypoth-
esis, an ex situ heating experiment was carried out.
We heated the sample until the whole surface was
dried (∼70 �C, 3 h). The patterns formed at high
temperature on the dried surface did not undergo
significant changes when the substrate was gradually
cooled to room temperature. STM revealed that on
such surfaces the densely packed row structure of BTB
was the dominant phase (∼41%), and the BTB�NG,

NG phases, as well as the empty surface contribute
ca. 13, 15, and 31%, respectively, confirming the global
nature of the transition in the supramolecular network
(Figure S11).
The two methods of guest release and capture

discussed above differ not only in terms of the nature
of the trigger and the extent to which the surface is
affected but also in the mechanism of switching.
Cometto et al. have recently discussed themechanistic
aspects of the electric-field-assisted switching in BTB
monolayers formed at the 1-nonanoic acid/HOPG
interface.35 They suggested that the alignment of the
molecular dipole with respect to electric field upon
switching of voltage polarity is responsible for the
observed structural changes. They noted that this
mechanism is also compatible with the formation of
partially deprotonated BTB species at positive values of
substrate bias that can only be assisted bywater traces.
The typical organic solvents used for STM experiments
often contain several parts per million of water. The
water molecules may act as proton acceptors at posi-
tive values of substrate bias and thus drive the transi-
tion to the compact structure. Ruben et al. invoked the

Figure 6. Heat-triggered reversible transition in the BTB�NG host�guest system. (a) STM image showing the BTB�NG
network equilibrated at room temperature. (b�e) STM images of the BTB�NGmonolayer obtained after addition of a droplet
of warm 1-octanoic acid. The gradual transition from the hexagonal host�guest to the high-density network is clearly
evident. (f) STM image showing phase-separated domains of NG adsorbed onto the HOPG surface without the host network.
(g,h) STM images of the reverse phase transformation upon gradual spontaneous cooling. To avoid the impact from STM
polarity, all STM images were recorded at negative substrate bias. (i) Molecular models depicting the temperature-assisted
guest release and capture. Imaging conditions: Vbias = �900 mV, Iset = 100 pA.
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deprotonation hypothesis to explain temperature-
induced porous to compact transition in BTB mono-
layers.42 This collective information indicates that the
electric field alignment of the molecular dipole may
not be sufficient to explain the observed structural
transitions, and partial deprotonation of the BTB spe-
cies at positive substrate bias cannot be ruled out.
In the heat-assisted switchingmethod, the transition

may or may not involve deprotonation. Temperature-
dependent studies carried out on BTB monolayers at
the UHV�solid interface revealed transition of the
open porous network to compact structure, and this
transition has been explained using partial deprotona-
tion of BTB at higher temperatures (47 �C). The com-
pact structure, however, consists of BTB molecules
lying flat on the solid surface. The densely packed
upright structure observed at higher temperatures at
the solution�solid interface is also observed as a stable
phase at high concentrations of BTB. Gutzler et al. have
studied the temperature-induced reversible transition
between the porous and the densely packed structures
of BTB from a thermodynamic point of view. Based on
the estimates of the entropic cost and enthalpic gain,
they suggested that the stability of the porous network
at room temperature can only be explained by con-
sidering the stabilizing contributions from solvent
molecules coadsorbed in the BTB cavities. At elevated
temperatures, however, desorption of these weakly
bound solvent molecules causes destabilization of
the open porous structure, leading to the emergence
of the densely packed network.18

We note that the adsorption of guest molecules in
the BTB cavities occurs at the cost of expulsion of the
dynamically coadsorbed solvent molecules. The guest
molecules stabilize the host network so that it is
sustained even upon removal of solvent molecules
from the cavities at room temperature. Although they
are not expected to interact strongly with the BTB
network, both NG and COR possibly have sufficient
dispersive interactions with the host network needed
for its stabilization. Both the triggers employed here,
namely, electric field aswell as increase in temperature,
bring about the structural change despite the presence
of guest molecules. This indicates that the guest
stabilization is not sufficient to block or slow down
the transition at room temperature at the solution�
solid interface. Since the guest molecules are expected

to show relatively weak dependence on the polarity of
the substrate (see data for NG, Figure S1 in Supporting
Information), we believe that the guest release essen-
tially occurs due to compression of the host network,
which displaces the guests from the surface. It remains
to be seen whether strongly interacting guests can
alter the conditions over which the phase transition
can be affected.

CONCLUSION AND OUTLOOK

Supramolecular nanostructures that can be exter-
nally triggered to contract or expand in a controlled
manner are highly desirable in the rapidly developing
field of stimuli-responsive materials. In the work de-
scribed above, we have exploited dynamic reversible
switching in a physisorbed self-assembled network to
demonstrate controlled release and capture of guest
molecules at the solution�solid interface. This unique
approach exploits the changes in the individual build-
ing blocks of the network that are additive and thus
produce a coherent response to either an electric or a
thermal stimulus. This general method of guest release
is based on the compression of the host network that
results in the release of the guest molecules from the
supramolecular network. The system exhibits excellent
response efficiency, reversibility, and stability.
Our approach offers an alternative to the conven-

tional systems based on chemisorbed SAMs and
polymer-based systems. While polymeric systems pro-
videa robustplatform, they lack thedesiredhighdegree
of internal order. Chemisorbed SAMs, while providing
excellent order and robustness, need elaborate syn-
thetic design of building blocks. The physisorbed self-
assembled monolayers based on small molecules em-
ployed here are easy to fabricate and offer greater
flexibility in terms of their design and function. While
the novel strategy presented here bodes well for the
development of alternative stimuli-responsive sys-
tems, some challenges remain. Coupling the micro-
scopic response to the real-life macroscopic level is a
major challenge, and scaling-up of the process may
take this strategy a step further toward real applica-
tions. The release and capture of molecular guests in a
selective fashion is also highly desirable. The integration
of switchable physisorbed networks with host�guest
chemistry nevertheless will confer the field of switch-
able systems with numerous potential applications.

EXPERIMENTAL SECTION

All STM experiments were performed at room temperature
(24�25 �C) using a Nanoscope IIIa (Bruker) machine operating
in constant-current mode. STM tips were prepared by mechani-
cal cutting from a Pt/Ir wire (80%/20%, diameter 0.25 mm).
1-Octanoic acid (OA) and 1-nonanoic acid (NA) (Sigma-Aldrich,
g99%) were used as the solvent without further purification.
Prior to imaging, solid 1,3,5-tris(4-carboxyphenyl)benzene

(BTB), coronene (COR), and nanographene (NG)(1) were dis-
solved in OA or NA in an appropriate amount, and a droplet
of the sample solution was applied by a pipet onto a freshly
cleaved surface of highly oriented pyrolytic graphite (HOPG,
grade ZYB, Advanced Ceramics Inc., Cleveland, USA). The
experiments were repeated in several sessions using different
tips to check for reproducibility and to avoid experimental
artifacts, if any. For analysis purposes, recording of a molecular
imagewas followed by imaging the graphite lattice underneath
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it under the same experimental conditions, except for lower-
ing the bias. The images were corrected for drift via a scanning
probe image processor software (Image Metrology ApS), using
the recorded graphite images for calibration purposes, allow-
ing a more accurate unit-cell determination. The unit-cell param-
eters were determined by examining at least five images, and
only the average values are reported. After the determination of
the unit cell from drift-corrected STM images, a molecular
model of the observed monolayer was constructed using
HyperChem Professional 7.5 program. First, a molecular model
for a single molecule was built, and then this model was
geometry-optimized in vacuum using molecular mechanics
optimization (Fletcher-Reeves algorithm with rms gradient of
0.1 kcal/Å mol). Following this, a 2D crystal based on unit cell
parameters obtained from calibrated STM images was built by
duplicating and translating the molecules at the lattice sites.
The imaging parameters are indicated in figure captions:
sample bias (Vbias) and tunneling current (Iset). Histograms of
the delayed time of phase switching in Figure 3 were obtained
by at least 20 switching counts for each case. The data used
were obtained from several experimental sessions using dif-
ferent tips.
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