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ABSTRACT: We report on the detection and stabilization of a
previously unknown two-dimensional (2D) pseudopolymorph of
an alkoxy isophthalic acid using lateral nanoconfinement. The self-
assembled molecular networks formed by the isophthalic acid
derivative were studied at the interface between covalently
modified graphite and an organic solvent. When self-assembled
on graphite with moderate surface coverage of covalently bound
aryl groups, a previously unknown metastable pseudopolymorph
was detected. This pseudopolymorph, which was presumably
“trapped” in between the surface bound aryl groups, underwent a
time-dependent phase transition to the stable polymorph typically
observed on pristine graphite. The stabilization of the pseudopo-
lymorph was then achieved by using an alternative nanoconfine-
ment strategy, where the domains of the pseudopolymorph could be formed and stabilized by restricting the self-assembly in
nanometer-sized shallow compartments produced by STM-based nanolithography carried out on a graphite surface with a high
density of covalently bound aryl groups. These experimental results are supported by molecular mechanics and molecular dynamics
simulations, which not only provide important insight into the relative stabilities of the different structures, but also shed light onto
the mechanism of the formation and stabilization of the pseudopolymorph under nanoscopic lateral confinement.

■ INTRODUCTION

Polymorphism, defined as the ability of a solid material to
adopt two or more crystalline forms, may lead to distinct
physical and/or chemical properties while maintaining the
same chemical composition.1 A rational control over the
formation of polymorphs, and thus their functional properties,
is highly desirable in several technological sectors (pharma-
ceutical, biomineral, food, and explosive).2 Numerous
approaches have been developed to control nucleation and
crystallization pathways. In solution, nonphotochemical light-
induced nucleation3 or crystallization in microemulsions4 was
used to control the formation of different polymorphs of
glycine or mefenamic acid, respectively. In the late 1990s,
Ward and others used engineered nanoporous matrices like
porous glass or block copolymer monoliths to study
crystallization under confinement to control polymorph
formation.5−7 On solid surfaces, thiol-based monolayers on
gold or silane-based self-assembled monolayers (SAMs) have
been used as chemisorbed templates for controlled crystal
nucleation and three-dimensional (3D) growth through
specific interfacial interactions that help regulate polymorph
selection.8

Polymorphism is not exclusive to 3D materials. Structural
polymorphism has also been observed and investigated for
two-dimensional self-assembled molecular networks (2D-
SAMN) physisorbed on atomically flat and conductive solid
substrates. Scanning tunneling microscopy (STM) is an
effective imaging tool to probe structural polymorphism with
submolecular resolution both under ultrahigh-vacuum con-
ditions (UHV) and at the liquid−solid interface.9−12 For some
systems investigated under UHV conditions, different poly-
morphs have been isolated on small terraces confined between
substrate step edges. This was attributed to the effect of
confinement and their impact on the balance between the
different forces governing the self-assembly on surfaces:
molecule−molecule, molecule−substrate, and molecule−step
edge interactions.13−15 One of the early and rather ingenious
attempts to study self-assembly under confinement consisted
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of compartmentalizing self-assembly in flat-bottomed, circular
pits grown on highly oriented pyrolytic graphite
(HOPG).16−18 The pits were made by chemical modification
of HOPG by heating it in the presence of O2 at 650 °C. These
so-called “molecule corrals” were used to study isolated
populations of molecules in corrals and on surrounding
terraces. These early studies revealed that nucleation events
occurring on the terraces are independent of those in the pits
and the nucleation rate depends on the pit size.19 Controlling
the size, shape, and orientation of such pits, however, is not
straightforward and calls for a robust and reproducible method
for creating such nanoconfined spaces. On large terraces,
where the self-assembly occurs without any lateral confine-
ment, a variety of factors such as concentration,20−23

temperature,24−27 solvent,28−30 nature of the substrate,31−33

influence of the bias applied to the substrate,34−38 or the
application of shear-flow39 were shown to influence the
(pseudo)polymorph appearance at the liquid-solid interface.
Polymorphism is also closely related to the formation of

fundamentally different crystalline structures both in 2D and
3D, where the solvent molecules cocrystallize together with the
molecule of interest into a crystalline lattice.29,40,41 Such
systems are referred to as pseudopolymorphs, solvates, or a
subclass of cocrystals, though the precise terminology has been
a subject of debate.42 The existence of such pseudopoly-
morphs, the term we will use in this manuscript, is of particular
importance in pharmaceutical sciences.
Here, we present two strategies to create nanoscale spatial

confinement with the aim to control the assembly process at
the molecular level and to generate and stabilize (select)
polymorphs or pseudopolymorphs (Figure 1c), at the liquid−
solid interface, the solid being HOPG. The first approach

toward nanoconfinement is based on covalently attaching aryl
groups to the basal plane of graphite with controlled surface
coverage (Figure 1a), creating a chemically modified HOPG
surface (CM-HOPG, Figure 1e) with a moderate density of
aryl groups.43,44 In the second approach, shallow nanocompart-
ments with well-defined size and shape were created using
STM-based nanolithography carried out on CM-HOPG with a
high density of aryl groups (Figure 1f).45 Scanning probe
nanolithography has been previously used for nanofabrication
and simultaneous self-assembly of thiols chemisorbed on
Au.46−48 We demonstrate that the aforementioned approaches
could be used for the (plausible) screening, detection, and
stabilization of previously unknown (pseudo)polymorphs for a
physisorbed molecular system (Figure 1d−f) that has been
investigated for more than 20 years, namely 5-octadecyloxy-
isophthalic acid (ISA-OC18). The experimental results have
been aptly supported by molecular mechanics (MM) and
molecular dynamics (MD) simulations, which not only provide
important insight into the relative stabilization energies of the
structures involved but also reveal a plausible pathway that
leads to the formation and the stabilization of the
pseudopolymorph under nanoconfinement.

■ RESULTS AND DISCUSSION

The self-assembly of ISA-OC18 (Figure 1b) at the solid−
liquid interface has been extensively studied in the past.49−53

As displayed in the STM image presented in Figure 2a, ISA-
OC18 commonly assembles into a lamellar structure with the
ISA head groups (bright features) arranged in a head-to-head
orientation, while the alkyl chains (striped dark features) lie flat
along one of the major symmetry axes of the graphite lattice.
The alkyl chains of the molecules in adjacent lamellae

Figure 1. (a) Reaction scheme showing the functionalization protocol used for attaching aryl groups to the surface of graphite to yield covalently
modified graphite (CM-HOPG). (b) Molecular structures and schematic representations of ISA-OC18 (blue) and OA (red). (c) Schematic
representation of the stable, previously known ISA-OC18 polymorph, and a previously unknown pseudopolymorph detected under
nanoconfinement in this work. (d−f) Schematics showing different outcomes of the self-assembly process on pristine (d) and CM-HOPG (e,
f) substrates. When assembled at the 1-octanoic acid−HOPG interface, ISA-OC18 assembles exclusively into the well-known stable polymorph as
depicted in (d). When the assembly takes place on CM-HOPG with an intermediate density of chemisorbed aryl units, both polymorphs are
formed; however, the pseudopolymorph was found to be metastable (e). When compartmentalized into well-defined shallow nanocorrals produced
in the presence of ISA-OC18 solution, the otherwise metastable pseudopolymorph can be obtained almost exclusively and remains stable.
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interdigitate (Figure 2a,c). This close-packed arrangement is
stabilized by van der Waals interactions between the
interdigitated alkyl chains and the tetrameric hydrogen
bonding10 between the ISA head groups (also see Figures S1
and S2 in the Supporting Information). This structure is
referred to as “the stable polymorph” hereon.
When assembled at the interface between octanoic acid

(OA) and CM-HOPG at relatively high solute concentrations
(0.1−0.2 mM), ISA-OC18 was found to assemble into a
completely new structure (Figure 2b) alongside the stable
polymorph. This new structure is referred to as “the
pseudopolymorph” hereon. Similar to our previous
work,43−45 CM-HOPG was obtained by covalently binding
individual 3,5-bis-tert-butylphenyl (3,5-TBP) groups to the
pristine graphite surface (300−475 units per 100 × 100 nm2)
using electrochemical grafting of the corresponding diazonium
salt (see Figure 1a). Here onward, we refer to these covalently
bound 3,5-TBP groups as “the defects”. The number of such
defects per unit area can be readily controlled by careful
adjustment of the experimental conditions (see more details in
the Supporting Information, Section 1).
The high-resolution STM image of the pseudopolymorph

shown in Figure 2b shows alternating bright features that
appear as a collection of three dots. We attribute these features
to the phenyl groups of the ISA units arranged in a zigzag
configuration. In between the zigzag pattern, striped features
with two sets of lengths can be visualized. We assign the longer
features to the octadecyloxy chains of the ISA-OC18 and the
shorter ones to the coadsorbed solvent molecules. Figure 2d
shows a molecular model for the pseudopolymorph which was
built using the experimentally obtained unit cell. As evident
from the model, the network comprises a periodic arrangement
of ISA-OC18 and OA molecules coadsorbed in a 1:2 ratio.

Unlike the stable polymorph, where the ISA-OC18 molecules
assemble via tetrameric hydrogen bonding, the pseudopoly-
morph consists of cyclic homomeric (OA···OA, ISA-OC18···
ISA-OC18) and heteromeric dimers (ISA-OC18···OA) as
confirmed by MM simulations (Figure S3 in the Supporting
Information). The strong directionality of cyclic dimerization
forces the pseudopolymorph to sacrifice close packing to
improve the geometry of these interactions.54

The pseudopolymorph, however, was found only sporadi-
cally on the surface of CM-HOPG which carries randomly
distributed surface defects. Its occurrence was found to depend
on the local distribution of chemisorbed 3,5-TBP units and the
size, shape, and proximity of the stable polymorph (see Figures
S4 and S5 in the Supporting Information). Furthermore, under
typical experimental conditions, the pseudopolymorph was
found to be metastable and slowly transitioned into the stable
polymorph with time. Typically, the pseudopolymorph is
present in the early stages of the experiment, as evident from
sequential STM images recorded immediately after drop
casting ISA-OC18 solution on the surface of CM-HOPG
(Figure S4 in the Supporting Information).
Figure 3 shows a set of sequential STM images where the

gradual transition of the pseudopolymorph into the stable

polymorph was followed over approximately 13 min. It can be
readily noticed that the domains of the pseudopolymorph (red,
Figure 3a) gradually transition into those of the stable
polymorph (blue, Figure 3b−d) with time. In general, it was
observed that the pseudopolymorph survives for a longer
duration only when it is isolated or sits adjacent to a smaller
domain of the stable polymorph (Figure S5 in the Supporting
Information). We note that the pseudopolymorph was never
detected on pristine HOPG within the range of concentration

Figure 2. High-resolution STM images of the stable polymorph (a)
and the pseudopolymorph (b). The stable polymorph forms an
azimuthal angle of ± 18° with respect to the direction perpendicular
to the main symmetry axes, while the pseudopolymorph is defined by
an angle of ± 4°. The unit cells are indicated in yellow. Stable
polymorph: a = 1.0 ± 0.1 nm, b = 3.7 ± 0.1 nm, γ = 98.7 ± 1.1°; and
pseudopolymorph: a = 1.9 ± 0.1 nm, b = 3.2 ± 0.1 nm and γ = 97.5 ±
1.3°. Imaging parameters: (a) Vbias = −0.65 V, Iset = 80 pA; (b) Vbias =
−0.80 V, Iset = 80 pA. (c, d) MM optimized models depicting the
organization of molecules in the stable polymorph (c) and the
pseudopolymorph (d).

Figure 3. Sequential STM images showing a gradual transition from
the metastable pseudopolymorph (in red) to the stable polymorph (in
blue) over a period of 13 min. Imaging parameters: (a−d) Vbias =
−0.70 V, Iset = 80 pA. The bright dots are the chemisorbed 3,5-TBP
units.
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studied here (0.2 mM to 57.5 μM), not even at concentrations
at which only a submonolayer coverage (38 μM) was found
(see Figures S6 and S7 in the Supporting Information). The
pseudopolymorph however could be transiently formed and
observed after disruption of the stable polymorph by
application of several voltage pulses to the STM tip. The
pulsing disrupts the domain of the stable polymorph, and the
pseudopolymorph could be imaged briefly (Figure S8 in the
Supporting Information). These combined observations
indicate that the pseudopolymorph is a kinetic structure that
is plausibly formed first and gets converted into the
thermodynamically more stable polymorph as a function of
time.
A mixed MD/MM approach, called MD/Quench iterative

method (see Experimental Section in the Supporting
Information for details), was used to investigate the most
stable structure for the two networks and to compare their
relative stability. For each structure, three possible conforma-
tions were considered for the ISA-OC18 carboxylic groups,
thus producing three possible monolayers with a different type
of intermolecular hydrogen-bonding network. For the stable
polymorph, the unit cell parameters of all three possible
assemblies match closely with that of the experimentally
measured unit cell (see Table S1); however, for only one
specific conformation (‘Head 3’; see Figure S1 in the
Supporting Information), the orientation of the monolayer
with respect to graphite symmetry axes was found to be in
good agreement with the experimental data.
For the pseudopolymorph, two patterns were examined (see

Figure S3 in the Supporting Information): one involving a
combination of homomeric (OA···OA) and heteromeric (ISA-
OC18···OA) hydrogen-bonding and the other stabilized by
only homomeric hydrogen-bonds (OA···OA, ISA-OC18···ISA-
OC18). In the latter case, the solvent molecules simply fill up

the space in between the ISA-OC18 molecules without
specifically binding to them. The former organization was
found to be more stable than the latter. More importantly, the
potential energies extracted from the theoretical models
associated to the stability of the two different ISA-networks
found in the two polymorphs clearly show that the known
polymorph is systematically more stable than the pseudopo-
lymorph (Table 1).
Even though the use of CM-HOPG with random

distribution of aryl groups provided a way to influence
structural polymorphism, the sporadic occurrence and the
time-dependent transition of the pseudopolymorph made it
difficult to predict its occurrence or characterize its structure in
detail. These experiments essentially suggested that to extend
the lifetime of the pseudopolymorph, it should be spatially
isolated from the stable polymorph to prevent its removal from
the surface.
Thus, an alternative, more calibrated approach that involves

the use of geometrically well-defined, isolated nanometer-sized
compartments to study self-assembly was employed. These
nanocompartments, hereon referred to as corrals, were created
using STM-based nanoshaving of CM-HOPG carrying a high
density of grafted units.45,55 In a typical nanoshaving
experiment, the covalently bound 3,5-TBP units are precisely
detached from the surface by scanning the STM tip close to
the surface at higher tunneling currents. We have previously
demonstrated that such nanoshaving and the subsequent
detachment of the aryl groups proceeds with restoration of the
sp2 hybridization of the graphite lattice.43 This nanoshaving
can be either carried out ex situ in air, in the absence of the self-
assembling molecules, or in situ, at the liquid−solid interface,
in the presence of the solution of the assembling molecules. It
follows that, in the in situ process, the physisorption and the
self-assembly of molecules occur in concert with the nano-

Table 1. Unit Cell Parameters and Stabilization Energies of the (Pseudo)polymorphs of ISA-OC18 Formed at the Solution−
Solid Interfacea

unit cell (experimental) unit cell (calculated)

a (nm) b (nm) γ (°) a (nm) b (nm) γ (°) EISA (kcal/mol)

stable polymorph 1.0 ± 0.1 3.7 ± 0.1 98.7 ± 1.1 0.94 3.8 96.6 1283
pseudopolymorph 1.9 ± 0.1 3.2 ± 0.1 97.5 ± 1.3 1.9 3.2 94.6 1689

aThe details of EISA calculations are provided in the Supporting Information.

Figure 4. STM images showing the assembly of ISA-OC18 (56 μM) in corrals formed ex situ (a) and in situ (b). The size of the nanocorral is
approximately 90 nm × 90 nm. Fast and slow nanoshaving directions are indicated in the image. When corrals are fabricated ex situ, only the stable
polymorph is detected (a−c). However, when corrals are fabricated in situ in the presence of the ISA-OC18 solution, the pseudopolymorph is
detected 91% of the time (d−f).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c04445
J. Am. Chem. Soc. 2021, 143, 11080−11087

11083

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04445/suppl_file/ja1c04445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04445/suppl_file/ja1c04445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04445/suppl_file/ja1c04445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04445/suppl_file/ja1c04445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04445/suppl_file/ja1c04445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04445/suppl_file/ja1c04445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04445/suppl_file/ja1c04445_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04445?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04445?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04445?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04445?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c04445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shaving as the surface of pristine graphite becomes available
with each scanned line (Figure S9 in the Supporting
Information). On the other hand, when the solution of the
assembling molecules is drop casted onto the corrals formed ex
situ on CM-HOPG, the molecules are exposed to pristine
surface at once, akin to that on the surface of pristine
unmodified graphite (see Figure 4).
Figure 4 presents representative STM data showing the

comparison of the outcome of the two types nanoshaving
experiments. When the nanoshaving and the self-assembly are
decoupled from each other (the ex situ process), the corrals
were filled exclusively with the stable polymorph (Figure 4a−
c). However, the result was found to be dramatically different
in the case of the in situ nanoshaving experiment carried out in
the presence of ISA-OC18 solution (0.1−0.2 mM), where the
occurrence of pseudopolymorph inside corrals increased up to
50%. Furthermore, the pseudopolymorph can be formed
predominantly in the in situ fabricated corrals by simply
lowering the concentration of ISA-OC18, in an in situ
nanoshaving experiment. Thus, the pseudopolymorph was
detected in 91% of corrals (total of 53 corrals examined) when
the solution concentration was lowered to 56 μM (Figure 4d−
f). More importantly, the pseudopolymorph remained
unperturbed upon confinement even after continuous scanning
for long periods of time (>1 h, Figure S11 in the Supporting
Information). It remained stable until intentionally perturbed
by a large voltage pulse, in which case the corrals were
gradually filled up by the stable polymorph (Figure S12 in the
Supporting Information).
So, what do the randomly grafted CM-HOPG and in situ

nanoshaved corrals have in common that allows the formation
of the pseudopolymorph? A close inspection of the STM data
obtained on CM-HOPG with randomly grafted defects
revealed that the domains of the pseudopolymorph exhibit a
high aspect ratio with approximately a rectangular shape
containing multiple adjacent lamellae rather than a few long
lamellae (Figure S9a in the Supporting Information). A similar
shape is created during the initial stages of the in situ corral
formation when the molecular self-assembly occurs. Thus, we
reason that the gradual exposure of the pristine HOPG surface
in the presence of the ISA-OC18 solution must play a major
role in the stabilization of the pseudopolymorph. Indeed,
statistical analysis revealed that in 85% of the corrals, the alkyls
chains are aligned with the fast-shaving direction (Figure S13
in the Supporting Information), supporting the idea that the
domain growth occurs while the corral is being formed.
Continuous nanoshaving allows the domain to grow until the
corral is fully filled. If this hypothesis is valid, then one should
observe a preference for the occurrence of the pseudopoly-
morph if the nanocorrals are formed (in situ) in the shape of a
downward facing triangle compared to those shaved in the
form of an upward facing triangle. This is because, for the
downward facing triangle, the nanoshaving starts at the base of
the triangle which creates the same type of high aspect ratio
pristine area as that created in the case of the rectangular or
square corral. On the other hand, for the latter case, the
nanoshaving starts at the apex creating low aspect ratio
triangular areas, thus disfavoring the formation of the
pseudopolymorph. Experimental results presented in Figure
S14 of the Supporting Information indeed suggest that for the
downward facing triangles, the pseudopolymorph was detected
in 89% of the corrals compared to only 56% in the case of the
upward facing triangles. Based on these observations, we

suggest a possible mechanism. The size of the nanocorrals as
such does not have a strong influence on the stabilization of
the pseudopolymorph. Results described in Figure S15 of the
Supporting Information clearly indicate that pseudopoly-
morphs can be stabilized in larger corrals (200 × 120 nm2)
and that the high aspect ratio thin channels created in the
initial stages of nanoshaving are the determining factor for
polymorph selection rather than the actual corral size.
Furthermore, nanoshaving on a domain of the stable
polymorph physisorbed on pristine surface does not yield the
pseudopolymorph (Figure S16), highlighting the importance
of the chemisorbed organic layer for the nanoshaving
experiments performed in this work.
Given that the solvent is always present in large excess in the

solution and also given the fact that OA itself is capable of
forming a stable self-assembled network on the HOPG
surface,56 we reason that, at least locally, the interaction of
solvent molecules with the substrate and their initial on-surface
organization is possibly the first step in the self-assembly
process. MM/MD simulations show that OA physisorbs on
CM-HOPG, with a clear tendency to form hydrogen-bonded
dimers, the alkyl chains orienting parallel to narrow trenches
created by the removal of grafted molecules (in open areas, the
hydrogen-bonded OA dimers are found to take several
orientations). This result strongly supports the view that in
the initial stages of nanoshaving, OA and OA dimers, if not
other alkylated species, hydrogen-bonded or not, align with
their alkyl chains with the fast nanoshaving direction. To
mimic the early stages of self-assembly induced by the
nanoshaving process, a very narrow trench (width is ∼1 nm)
consisting of graphene edges (wall height ∼0.7 nm) was
modeled to prevent diffusion of molecules outside the trench.
Again, the solvent molecules, interacting by hydrogen bonding,
align along the long axis of the trench (Figure 5a,b). ISA-
OC18 then adsorbs preferentially near defects in the
physisorbed OA layer, thereby expelling OA molecules from
the trench and aligning with its alkyl chain parallel to the long
axis of the trench (Figure 5c,d). ISA-OC18 adsorption distorts
and destabilizes the OA self-assembly in the trench, promoting
the desorption of OA molecules and their replacement by

Figure 5. MM/MD modeling of the adsorption of OA and ISA-
OC18 in narrow trenches on the HOPG surface. For the sake of
simplicity, the walls of the trenches simply consist of two graphene
layers. (a) Few OA molecules adsorbed in the trench (top view). (b)
Higher density arrangement of OA molecules in the trench. OA
molecules interact by hydrogen bonding. (c) Adsorption of ISA-
OC18 in a trench filled by OA molecules. (d) Side view of part of (c).
The physisorbed ISA-OC18 molecule is highlighted in red.
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other OA molecules or ISA-OC18. Also, other factors may
contribute to the formation and stabilization of the
pseudopolymorph under confinement. As the cyclic hydrogen
bonds stabilizing the homomeric and the heteromeric dimers
(ISA-OC18···ISA-OC18; OA···OA; ISA-OC18···OA) that
constitute the pseudopolymorph are stronger than the
catemeric hydrogen-bonding motif that stabilizes the ISA-
OC18 molecules in stable polymorphs and involve fewer
interacting species, their formation is probably faster. In
addition, as such cyclic hydrogen bonds are dominant in
solution for carboxylic acids, adsorption in the trenches may
occur from hydrogen-bonded dimers, a favorable situation in
light of the narrow width of the trenches.57 All these factors
favor the fast formation of the pseudopolymorph, and the
confinement protects it from fast reorganization to the more
stable polymorph.
The ability to nucleate and stabilize previously unknown

polymorphs using the nanoshaving approach demonstrated
above is appealing, especially given the fact the pseudopoly-
morph is otherwise unstable and is readily removed from the
surface at the gain of the stable, known polymorph. This relates
to the well-known Ostwald ripening behavior routinely
observed for monolayers formed at the solution−solid
interface, where the domains of a stable polymorph increase
in size at the expense of those of the less stable polymorph.
This, however, is not the case when one considers the
encapsulation of the pseudopolymorph within the nanocorrals.
Once formed during the nanoshaving process, due to the lack
of proximity of the stable polymorph and also possibly due to
the barrier involved in the process of desorption, the
pseudopolymorph remains stable inside the nanocorrals. The
walls of the nanocorrals essentially serve as static boundaries
that merely act as non-interacting container walls.
Another exciting possibility is that the nanoshaving/

confinement approach may allow to verify the existence of
the Ostwald’s rule of stages for monolayers formed at the
solution−solid interface. In fact, one can also hypothesize that
the pseudopolymorph observed in the present case may in fact
be the kinetic structure always formed in the early stages of
self-assembly even on pristine surfaces. However, given the
slow nature of the STM experiment, one often does not
capture these embryonic stages. The voltage pulsing experi-
ment, where the destruction of the stable polymorph formed
on the pristine surface, led to momentary formation of the
pseudopolymorph does indicate this possibility. This hypoth-
esis, as exciting as it is, however, needs to be pursued further
with rigorous experimental and theoretical treatment.

■ CONCLUSIONS
In the results presented above, we have successfully
demonstrated that aryl groups covalently bonded to the basal
plane of graphite act as kinetic barriers to the formation of 2D-
SAMNs and thus affect the kinetics and the outcome of the
self-assembly process. When using randomly grafted aryl units,
this approach enabled the detection of a pseudopolymorph
which was found to be metastable under the given
experimental conditions. This pseudopolymorph is otherwise
inaccessible on pristine surfaces. Knowing that the kinetic
blockade exerted by the covalently bound aryl groups may in
part transiently stabilize the pseudopolymorph, a more
calibrated approach to nanoconfinement, namely scanning
probe nanolithography, on densely grafted surface allowed a
more reliable and predictable detection as well as stabilization

of the otherwise metastable pseudopolymorph. These results
clearly reveal that akin to crystallization under nanoconfine-
ment in bulk, spatial confinement in 2D also has an effect on
the stabilization of polymorphs and might even reveal the
existence of previously unreported ones. Insight into a possible
mechanism for the preferred formation and stabilization under
nanoconfinement conditions was provided by molecular
mechanics and dynamics simulations. The identification and
stabilization of new phases could have practical consequences
in the formation of functional surfaces.
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