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ABSTRACT: Monolayers of two pairs of structural isomers
were deposited on Au(111) and observed via scanning
tunneling microscopy in ultrahigh vacuum. We observe
exclusively cyclic pentamers of isatin (1H-indole-2,3-dione),
whereas its structural isomer, phthalimide (isoindole-1,3-
dione), self-assembles primarily into close-packed arrays, with
alternate structures that include kinetically locked disordered
clusters and tetramer networks. Removal of the phthalimide
NH group and its replacement with a CH2 group produces
1,3-indandione, which, despite the loss of the hydrogen-bond
donor site, self-assembles into similar structures: close-packed
areas and tetramer networks. The equivalent analog for isatin,
1,2-indandione, does not form pentamers and instead forms only close-packed areas and disordered regions. By iteratively
altering the chemical structure, we demonstrate the influence that the chemical structure has on the resulting two-dimensional
self-assembly.

■ INTRODUCTION

In the fields of crystal engineering, supramolecular chemistry,
and molecular self-assembly, the major goal is to demonstrate
the fine control of molecular organization in one, two, and
three dimensions.1 To achieve this goal, a fundamental
understanding of how intermolecular interactions affect crystal
packing is needed; studies of crystal packing in two dimensions
can contribute to this understanding. Given the structure−
function relationship on the nanoscale, tailor-made nanostruc-
tures may result in new materials with desired physical and
chemical properties. Two-dimensional (2D) nanostructures
are of interest for use in molecular electronics,2,3 host−guest
systems,4−6 optoelectronic devices7 such as organic field-effect
transistors and organic light-emitting diodes,8,9 and organic
semiconductors.10

The design of a desired self-assembled monolayer can be
achieved by carefully tuning both the noncovalent molecule−
molecule interactions and the molecule−substrate interac-
tions.11−13 Many novel 2D supramolecular assemblies have
been realized on metal surfaces via both covalent and
noncovalent interactions, including metal−organic frame-
works,14,15 covalent−organic frameworks,16,17 macrocyclic
polymers,18 quasicrystals,19,20 molecular pentagonal stars,21

and Archimedean tilings.22 Scanning tunneling microscopy
(STM) is a useful technique to study the 2D structure of such
supramolecular assemblies because of its molecular and
submolecular resolution. Given that STM is a local technique,
it is useful in determining the structure of monolayers that
exhibit structural polymorphisminformation that may be lost

in ensemble surface characterization techniques. The combi-
nation of STM with density functional theory (DFT)
calculations can be used to determine which noncovalent
intermolecular interactions drive a particular 2D assembly.
There has been great interest in understanding how the

chemical design of molecular building blocks, that is, the
position and type of functional groups23,24 and the molecular
geometry,25,26 affects the resulting 2D supramolecular
assembly. This remains a challenge, as a slight change in
chemical structure may cause a drastic difference in the
resulting 2D morphology.27−29 As a result, the ability to
absolutely predict the 2D self-assembled structure that will
result from a particular molecular building block on a particular
surface has not yet been realized. The ability to predict an
extended structure from the molecular structure would have
implications in the controlled bottom-up design of nanostruc-
tures on surfaces as well as the controlled crystallization of
particular polymorphs of three-dimensional (3D) crystals.
The indole backbone is abundant in many natural and

synthetic products that are biologically active. Indole-
containing compounds have been the basis of pharmaceutical
drugs with a variety of biological activities such as anticancer,
antiviral, and antidepressant.30,31 The ability to predict the
extended structure from molecular structure is of interest in
drug design. Structural polymorphism is of particular interest
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to the pharmaceutical industry, as molecules in different
polymorphs have different physical properties, such as
solubility, and thus different bioavailability. Gaining a
fundamental understanding of the intermolecular interactions
of indole compounds may shed light on the role of
intermolecular interactions in determining the extended
structure in the solid state.
Here, we present an STM and DFT investigation of the 2D

structures of indole diones and structural isomers, indandiones.
We recently reported the observation of the cyclic pentamers
of isatin (1H-indole-2,3-dione) stabilized by both N−H···O
and C−H···O hydrogen bonds on an Au(111) surface.32 In
this manuscript, we describe the surface self-assembly behavior
of phthalimide, an isomer of isatin, on the Au(111) surface. We
also describe the self-assembly of 1,2-indandione and 1,3-
indandione, the analogs of isatin and phthalimide, respectively,
formed by replacing the NH with a CH2 group; all molecules
are shown in Figure 1. Of these, only isatin forms cyclic
pentamers; in contrast, all the other molecules exhibit, among
other structures, a close-packed phase. We show that chemical
structure plays a significant role in 2D self-assembled structures
by systematically altering the chemical structure of the
molecular building blocks.
An essential part of this investigation is the preparation of

samples through exposure to both the gas-phase and solution-
phase molecules. It is typical in ultrahigh vacuum experiments
for adsorbates to be delivered to a surface through vacuum
sublimation, which tends to produce highly ordered mono-
layers that reflect the thermodynamic ground state for the
system. In contrast, pulsed deposition of molecules from

solution can produce both stable and metastable structures.
Metastability is disadvantageous from the standpoint of
engineering a surface monolayer with a single, well-defined
structure; however, the ability to characterize one or more
metastable states along with the ground state of the system can
provide additional insights into how intermolecular inter-
actions develop the structures of clusters and monolayers. The
current study aims to maximize these insights through a
combination of surface preparation techniques and the
comparison of related molecules with similar structures.

■ METHODS

Scanning Tunneling Microscopy. Au(111)-on-mica
substrates (Keysight Technologies) were cleaned in a high-
vacuum chamber by three cycles of Ar+ sputtering (0.55 kV, 15
min) and annealing at 350−400 °C (15 min). The sample was
allowed to cool before it was transferred to a high-vacuum load
lock chamber. Droplets of 20 μM solutions of the molecule of
interest were delivered via a pulsed solenoid valve (Parker
Instruments, Series 9, IOTA ONE Driver, 0.5 mm diameter
nozzle) onto an Au(111) substrate kept at room temperature.
The sample was then transferred to an Omicron LT-STM, kept
at a base pressure of 5 × 10−10 Torr, and cooled to 77 K. All
images were acquired with a Pt/Ir tip in constant current mode
with a tunneling current of 10 pA and a tip−sample bias of
+1.0 V.

Density Functional Theory. All structural optimizations
were performed with the Q-Chem software package. These
structures were optimized with the B3LYP global hybrid
functional, chosen for its parameterization to model small

Figure 1. Chemical structures and 3D models of all molecules included in this study.

Figure 2. (a) STM topography image (250 × 250 Å) of isatin solution deposited in acetonitrile on Au(111) consists almost exclusively of
pentamers (some representative structures highlighted in blue). (b) Optimized geometry of the isatin pentamer, showing that the N−H···O and
C−H···O contacts contribute to stabilizing the pentamer. The calculated contact lengths of the N−H···O and C−H···O hydrogen bonds are shown.
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organic models. The 6-311++G(d,p) basis set was used, along
with Grimme’s D3 dispersion correction. In the generation of
multimolecular structures, the structures were made with Cn

symmetry, where n is the number of molecules in the structure.
The structures were then optimized without any constraint in
the gas phase. All the structures were subjected to the Boys and
Bernardi counterpoise correction to account for the basis set
superposition error.

■ RESULTS AND DISCUSSION

Isatin Pentamers. Five-lobed pentameric structures are
the predominant species of isatin present on the Au(111)
surface (Figure 2a). In addition, bright features are ascribed to
the beginning of the second layer growth, and the blurry
features (where the pentamer structure is less resolved, but still
discernible) are characteristic of the clusters that are mobile on
the surface and that move faster than the STM scan rate. The
pentamers are cyclic, and the axis of each molecule points
toward the center of each cluster.
The isatin pentamers are similar to the cyclic pentamers

observed for indole-2-carboxylic acid33 and ferrocenecarboxylic
acid,19 which are chiral upon adsorption on the Au(111)
surface. In these studies, the molecules were deposited onto
the surface from the droplets of solution pulsed into vacuum,
and there is evidence for metastable cluster formation in
solution as the result of the nonequilibrium rapid droplet
evaporation process.34,35 In contrast, the adsorption of
molecules onto a surface from the gas phase is more likely
to produce a minimum-energy structure. For indole-2-
carboxylic acid, pentamers and other metastable clusters
formed as a result of solution deposition,33 whereas an ordered
catemer structure, representative of the solid-state crystal
structure, formed as a result of vapor deposition of the same
molecule.36 Isatin is distinct in that it forms pentamers both
from solution-based and gas-phase depositions, indicating that
these structures are particularly stable on the gold surface.32

Isatin is the first case where we observed the anomalous
pentamer structure as a result of both solution and vapor
depositions of the same molecule; the pentamers also appear at
both high and low surface coverages (Figure S1).
DFT has produced a bonding model for the isatin pentamer,

as shown in Figure 2b. The pentamer is stabilized by the N−
H···O hydrogen bonds between the nitrogen of the amine and
the 2-position carbonyl oxygen and the C−H···O hydrogen-
bond contact between the aromatic proton at the 7-position
and the carbonyl oxygen at the 3-position. The isatin pentamer
cluster has a per-molecule binding energy of 52.9 kJ mol−1,
which is 16.9 kJ mol−1 more stable than the binding energy of
the isatin dimer. This bonding model was tested experimen-
tally, as substitutions of a methyl group at the 3-position and
fluorine at the 7-position of the aromatic ring precluded the
C−H···O hydrogen bond, thus disrupting the cyclic pentam-
er.32

In the interest of testing our working model that adjacent
hydrogen bonding sites on the five-membered ring of the
indole heterocycle create a preference for cyclic pentamers, we
investigated phthalimide, an isomer of isatin, in which the two
carbonyl groups are no longer adjacent (structure is shown in
Figure 1). The crystal structures of isatin and phthalimide are
strikingly similar, with both the crystal structures based on the
N−H···O dimer contacts supported by the C−H···O
secondary contacts.37−39

The DFT calculations produce an optimized geometry for
the phthalimide cyclic pentamer, which is shown in Figure 3.

There is a N−H···O hydrogen bond (1.86 Å) and C−H···O
interaction (2.19 Å) that are slightly shorter than the contacts
of the isatin pentamer cluster. The H···A (where A is the
hydrogen bond acceptor) distances are typically 1.2−1.5 Å for
strong, 1.5−2.2 Å for moderate, and greater than 2.2 Å for
weak hydrogen bonds;40 thus, the N−H···O and C−H···O
interactions that are calculated could be classified as moderate
and weak hydrogen-bond interactions, respectively.
The binding energy of the phthalimide pentamer is 45.4 kJ

mol−1, which is 15.6 kJ mol−1 more stable than the calculated
phthalimide dimer binding energy. Figure 4 shows a

comparison of per-molecule binding energies for dimers
through the pentamers of isatin and phthalimide. For both
molecules, increasing the cluster size brings the 7-position
aromatic proton closer to the 3-position carbonyl group to
form an energetically favorable C−H···O hydrogen bond;
steric hindrance begins with six-molecule clusters, where the
C−H···O distance becomes too short.

Figure 3. DFT-calculated optimized geometry for a phthalimide
pentamer cluster. N−H···O and C−H···O contacts and their distances
are shown between a pair of molecules.

Figure 4. Plot of binding energy per molecule vs number of molecules
in the cluster for isatin and phthalimide. Both molecules follow the
same trend of decreasing binding energy with increasing cluster size;
however, isatin overall exhibits more favorable (negative) binding
energy than phthalimide for all clusters.
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Monolayers of Phthalimide on Au(111). We expected
to find that phthalimide, like isatin, forms pentamers on the
Au(111) surface. Instead, STM images of solution-deposited
phthalimide reveal close-packed ordered molecules as the
majority species (Figure 5a). The underlying 22 × √3

Au(111) herringbone is responsible for the contrast in the
close-packed areas in Figure 5a. In addition, we observe
disordered molecular clusters (Figure 5b) and some areas of
tetrameric networks of molecules (Figure 6a,b).
A close-packed phase is unlikely to be the result of

intermolecular hydrogen bonding, as a phthalimide molecule
in a hexagonally packed region does not have enough
hydrogen-bonding groups to make equivalent contacts to all

of its nearest neighbors. Instead, the data suggest a reduced
importance of intermolecular interactions and a corresponding
increased importance of molecule−surface interactions. In line
with this, we note that the per-molecule binding energies for
isatin clusters are lower than that for phthalimide across the
range of cluster sizes that were calculated (Figure 4). This
suggests that the hydrogen-bond strength between isatin
molecules is stronger than that of phthalimide molecules.
However, there is also some evidence that the phthalimide−
surface interaction is weaker than the isatin−surface inter-
action. A phthalimide monolayer annealed at room temper-
ature lost significant surface coverage (Figure S2a), which
indicates a weaker molecule−substrate interaction, as the
molecules were able to overcome the barriers to desorption at
room temperature. The isatin monolayer did not lose surface
coverage after thermal annealing at 40 °C (Figure S2b), and
the majority of isatin pentamers remained intact.
The tetramer networks shown in Figure 6 are an interesting

minority species, not only because they exhibit directional
intermolecular interactions, but also because they are observed
in solution-deposited but not vapor-deposited samples (Figure
S3). This indicates that the tetramers are metastable. Our
method of sample preparation involves the direct injection of
the solvated molecule of interest into a vacuum chamber, and it
involves rapidly evaporating and supercooling droplets.41,42

Such a nonequilibrium environment may give rise to structures
that may not be accessible at equilibrium conditions. We have
shown that these nonequilibrium conditions can produce
metastable 2D structures.33−35,43 According to Ostwald’s
rule,44 the least stable species will precipitate out first,
potentially becoming kinetically locked on the surface.
Although there are examples of solvent-controlled 2D
polymorphism at the liquid−solid interface,45−47 neither the
phthalimide tetramer networks nor the isatin pentamers were
solvent-dependent species (Figure S4).
It is important to emphasize that when considering

metastable clusters or monolayer structures on the surface,
there are three distinct states of the system to consider: the
surface adsorbates as they come out of solution, the structures
reached as the sample sits at room temperature for a short
period of time, and the final structures observed in the
experiment after the sample is cooled to 77 K. From the
observation of the tetramer networks of phthalimide, only as
the result of solution-based deposition, it is strongly argued
that these structures are metastable. However, the possibility
cannot be discounted that there could be other metastable
structures that are formed initially and that anneal out at room
temperature or that the formation of tetramer networks (or the
tetramers themselves) occurs through the rearrangement of
some other metastable species while the sample sits at room
temperature or at some point in the cooling cycle. Performing
pulse deposition onto a cooled sample would be one way to
search for additional metastable structures, although the need
to evaporate the solvent places a lower limit on the sample
temperature.
The tetramers that we observe are well-ordered as a part of a

network, similar to those quartet networks of xanthine (whose
chemical structures are also five- and six-membered hetero-
cycles) on Au(111),48 which are stabilized solely by the strong
N−H···O hydrogen bonds within and between the tetramers.
However, it is unlikely that the networks of phthalimide
tetramers are held together by hydrogen bonds because there
are no feasible hydrogen-bond donors or acceptors on the

Figure 5. STM images of solution-deposited phthalimide in acetone
on Au(111). (a) 400 × 400 Å area of close-packed molecules, where
the underlying contrast represents the Au(111) surface reconstruc-
tion. (b) 350 × 350 Å area of disordered clusters of phthalimide
molecules.

Figure 6. STM topography images of phthalimide tetramers. (a) 200
× 200 Å area of a tetramer network at 1 monolayer of surface
coverage. (b) 220 × 220 Å area of lower coverage phthalimide
tetramer networks. Representative tetramers are highlighted in blue.
(c) DFT-optimized geometry of a cyclic tetramer, with the N−H···O
contact distances shown. (d) Composite image of all tetramers shown
in panel (b) (22 × 22 Å). Optimized geometry in panel (c) is
overlaid.
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outside of the molecule (on the six-membered ring) that could
form hydrogen bonds to hold the network together. Each
individual phthalimide tetramer looks similar to the 1-
naphthylmethylamine tetramers observed on Au(111), in
which the amino groups are oriented in the center of each
cluster; however, the 1-naphthylmethylamine tetramers that
Feng et al.49 observe do not exhibit any long-range order. It is
possible that the phthalimide tetramer networks may be
stabilized by weak van der Waals interactions, as there have
been reported examples of such van der Waals-stabilized
ordered networks assembled on surfaces.50 In addition, it could
be possible that molecules within a phthalimide tetramer are
not planar on the surface and could be stabilized by π−π
stacking interactions. Although π−π interactions are weak
interactions, there are 2D assemblies that have been formed by
the π−π stacking interactions.51,52 Although lower in energy
than hydrogen bonding, the π−π stacking interactions have
been shown to compete with the hydrogen bonding
interactions to drive the formation of self-assembled
architectures.53

As seen in Figure 4, there is no local energy minimum for a
cyclic N−H···O-bonded tetramer. In line with this, the DFT-
optimized geometry for the cyclic N−H···O-bonded phthali-
mide tetramer (Figure 6c,d) does not provide a good fit to the
data. In particular, the DFT calculation predicts a structure
that is too small to match the observed features; this is not a
calibration error, as a good fit results when the calculated isatin
pentamer is overlaid on the data (Figure S6).
It is also important to consider that the calculated binding

energies are for planar gas-phase clusters. The measurements
of the clusters’ apparent topography show that the phthalimide
close-packed phase and the tetramer networks appear equal in
height, whereas the phthalimide tetramer appears roughly 50
pm taller than the isatin pentamer in STM images. Thus far, we
have assumed that the isatin pentamer lies flat on the Au(111)
surface; therefore, a taller phthalimide tetramer may indicate
that the molecules in the cluster do not lie parallel to the
surface.
The evidence presented thus far suggests that unlike isatin,

phthalimide forms structures where N−H···O hydrogen
bonding is less important or unimportant, and the structures
formed are not planar. To test this, we study similar molecules
in which N−H is removed and replaced with a CH2 group
(structures shown in Figure 1). These analog molecules no
longer involve a strong hydrogen-bond donor, and thus, would
not be expected to form 2D hydrogen-bonded clusters.
Indandione Derivatives. Monolayers of 1,3-indandione

were prepared by solution deposition in methanol on Au(111).
The STM images reveal that at 1 monolayer surface coverage,

there is a mixture of close-packed ordered molecules and
disordered clustering (Figure 7a) and close-packed tetramer
networks that match those of phthalimide (Figure 7b,c). The
inset of Figure 7c shows a composite image of 108 tetramers
and reveals that the structure of the tetramer involves
molecules that point toward the center of the molecule. This
tetramer network appears identical to the tetramer network
that appears in Figure 6a,b.
Although the structure of 1,3-indandione in Figure 1 has no

strong hydrogen-bond donors, tautomerization to the keto−
enol form of the molecule migrates one of the CH2 hydrogens
to the adjacent CO, forming an OH functional group that
can then participate in hydrogen bonding. It is possible that the
1,3-indandione tetramers are O−H···O hydrogen-bonded
cyclic structures. Furthermore, we extend this to phthalimide
and propose that this molecule also tautomerizes. The
tautomerization of these molecules explains the observation
that N−H···O hydrogen bonding appears less important for
phthalimide and also explains the dramatic differences between
phthalimide and isatin.
β-Diketones commonly exhibit keto−enol tautomerism. The

diketo forms of both phthalimide54 and 1,3-indandione55 are
the prevalent species in the gas phase; however, 1,3-indandione
has been known to exhibit significant tautomerization to the
keto−enol form in dimethyl sulfoxide, a highly polar solvent.55

There is evidence that the gas-phase form of a molecule may
not be the species that adsorbs on a metal surface. Although it
has been well-established that deprotonation of carboxyl
groups can occur upon adsorption on the more reactive
Cu(111) substrate,56−58 anthraquinone-2-carboxylic acid is
known to chemisorb on gold in the carboxylate form.59 In
addition to carboxyl-containing molecules, there has been
some evidence of structural changes of amines upon
interaction with metal surfaces. Uracil, also a 1,3-dione with
an amine group at the 2-position, has been shown to be
energetically unstable in its enol tautomer form in the gas
phase.60 However, uracil has been shown to have strong
molecule−substrate interactions with various surfaces that may
change the structure of the molecule upon surface adsorption:
deprotonation upon adsorption on Cu(111),61 coordination to
the surface with both O atoms and the N atom,62 and
chemisorption on Au(111),63 Au(110),64 Au(100),65 and
Ag(111).66 Upon adsorption on the Au(110) surface, it has
been shown that the enol form of uracil is preferred over the
keto form by as much as 22 kJ mol−1.64 Therefore, the gas-
phase calculated structure may not be the structure that
adsorbs on a surface, as the interaction with metal surfaces may
result in structural changes to the adsorbate.

Figure 7. STM images of 1,3-indandione on Au(111) at 1 monolayer surface coverage. (a) 500 × 500 Å image of close-packed molecules and
disordered clustering. (b) 400 × 400 Å area that contains both close-packed domains and tetramer networks. (c) 200 × 200 Å area composed of an
extended tetramer network. Inset: Composite image of 108 tetramers in the image (c). Representative tetramer structures are highlighted in green.
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The compound 1,3-Indandione exhibits positive solvato-
chromism, that is, the absorption of light is red-shifted with
increasing solvent polarity. A 1,3-indandione solution is orange
when dissolved in toluene, whereas when dissolved in
methanol, the solution is purple. Keto−enol tautomerism,
which involves the shift of a π bond, may alter the π-electronic
structure of a molecule and thus may significantly alter the
chemical and physical properties of the molecule. There are
some examples of molecules that exhibit solvatochromic shifts
in the visible region that occur as a result of keto−enol
tautomerism.67−69 Given that 1,3-indandione is known to
exhibit solvent-dependent tautomerization to the enol form in
polar solvents,55 we infer that the shift in the keto−enol
equilibrium of 1,3-indandione to the enol form is evidenced by
the visible color change in highly polar solvents. To test the
dependence of the solvent on the resulting 2D structure,
monolayers of 1,3-indandione were prepared in toluene. It is
expected that the diketo form of 1,3-indandione would be
favored in toluene. However, the surface-supported structures
do not appear to be solvent-dependent, as the monolayers are
similar when prepared in methanol and toluene (Figure S5).
This result shows that the solvent polarity is not a driving force
for stabilizing the enol form upon adsorption on a surface. It
could be plausible that the interaction with the surface drives
the molecule to its enol form to form a O−H···O tetramer.
As a confirmation of our model for the isatin pentamer, we

elected to prepare monolayers of 1,2-indandione, in which N−
H is removed from isatin and replaced with CH2. The result is
quite different from that of isatin, as the pentamer formation is
completely blocked (Figure 8). Monolayers of 1,2-indandione

consist of disordered clusters and arrays of close-packed
molecules. Given that our DFT model for the isatin pentamer
involves primary N−H···O contacts and secondary C−H···O
contacts (Figure 2b), it is unsurprising that the removal of the
primary hydrogen-bond donor prevents the formation of
pentamers. The results of the 1,2-indandione experiments on
Au(111) confirm the importance of the N−H···O hydrogen
bond in the isatin pentamerwithout this primary hydrogen-
bonded contact, pentamer formation is precluded. For the case
of phthalimide and 1,3-indandione, removal of the N−H···O
contact results in no change in the surface-supported
structures. Thus, we conclude that the phthalimide tetramer
structure is not dependent on the N−H···O hydrogen bond for
formation.

■ CONCLUSIONS

In summary, we have investigated the effect that the hydrogen-
bond donor/acceptor position has on the formation of unique
2D structures of isomers of indole diones and indandiones on
the Au(111) surface. Isatin forms almost exclusively cyclic
pentamers stabilized by N−H···O and C−H···O hydrogen
bonds, whereas its structural isomer, phthalimide, results in a
mixture of close-packed molecules, disordered clusters, and
tetrameric networks. DFT binding energy calculations do not
support the formation of phthalimide tetramers, as there is no
energy well for a four-molecule cluster. The optimized
geometry produced by DFT suggests a cyclic N−H···O
hydrogen-bonded tetramer. We probed the role of N−H as a
hydrogen-bond donor in the formation of both the isatin
pentamer and the phthalimide tetramers. Removal of N−H
from phthalimide and replacing it with CH2 to make 1,3-
indandione results in no drastic change in the structure of the
monolayer, and tetramer formation is preserved. Unsurpris-
ingly, the removal of N−H from isatin completely precludes
pentamer formation, reinforcing the importance of the N−H···
O contact in the stabilization of the isatin pentamer. This study
illustrates the strong influence that the position of hydrogen-
bond donor and acceptor sites has on the resulting assembled
monolayers.
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