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ABSTRACT: Monolayers of methylisatin structural isomers are prepared on
the Au(111) surface and imaged using scanning tunneling microscopy in
ultrahigh vacuum. Monolayer preparation via solution deposition results in
different monolayer structures for these two isomers. 5-Methylisatin forms
rectangular hexamer clusters that are closely packed, while 6-methylisatin forms
cyclic pentamers, dimers, and a close-packed phase. Monolayer preparation via
vapor deposition results in the formation of cyclic pentamers for both 5- and 6-
methylisatin. These results are compared to isatin monolayers, which also form
cyclic pentamers upon both solution and vapor deposition. DFT binding energy
calculations corroborate a stable pentamer, as there is a calculated binding
energy well for 5-molecule clusters for isatin, 5-methylisatin, 6-methylisatin.
The formation of the unusual 5-methylisatin hexamer structure is likely due to
nonequilibrium adsorption kinetics present in the solution (pulse) deposition
preparation technique.

■ INTRODUCTION
Molecular self-assembly is the process by which disordered
molecules spontaneously associate under the influence of
noncovalent interactions into extended, ordered structures.1

There are many fundamental questions of interest in the field
of molecular self-assembly, including how molecules self-
assemble into a particular structural motif, why some
molecules self-assemble into a range of different structures,
and how the formation of these structures can be predicted and
controlled.
The prediction of crystal structures a priori, given only the

structure of the starting molecule, is a difficult task,2,3 especially
when there are multiple hydrogen-bond-capable functional
groups on the starting molecule.4 Current crystal structure
prediction methods often ignore templating or other kinetic
factors, which can result in the formation of various
polymorphs.5,6 To realize control over crystal polymorph
formation and controlled materials design, a greater under-
standing of the noncovalent interactions that drive structure
formation is needed, in addition to the kinetic factors
(temperature, concentration, rate of deposition) that direct
crystallization pathways. Development of this fundamental
understanding will have important implications in crystal
engineering, crystal polymorphism, and organic electronics,
where the changes in structure can lead to changes in
properties of the device/material.7−9

There is great interest in gaining an understanding of how
small changes in molecular structure, including position of
functional groups10−12 and molecular geometry,13−15 lead to
changes in self-assembled structure. Forging this connection

between molecular structure and extended structure is not
trivial, especially since one molecule may form multiple
different 2D morphologies,16,17 and structural isomers may
exhibit vastly different self-assembled structures.10,12,15,18 In
this work, our focus is on self-assembly in two dimensions
(which is essentially a simplified process of crystallization with
reduced dimensionality) at the vacuum−solid interface. We
systematically vary sample preparation conditions as well as
alter the functional groups of the starting molecule to
demonstrate which factors drive the formation of particular
two-dimensional assemblies. In addition, we are interested in
self-assembly of molecules in solution and compare solution-
state behavior to their two-dimensional organization. The self-
aggregation of molecules in solution is of particular interest in
the studies of crystallization mechanisms, as the presence of
stable clusters prior to nucleation of crystal growth
(prenucleation clusters) has challenged the long-standing
classical nucleation theory of crystal formation.19−21

Previous work from our laboratory has demonstrated that
metastable cyclic pentamers of isatin form on the Au(111)
surface; these pentamers are stabilized by NH···O hydrogen
bonds in addition to a secondary weak CH···O hydrogen
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bond.22 The current study is of methylated isatin derivatives
that are functionalized at the 5 and 6 positions, which are
remote from the hydrogen bond contacts that form the isatin
pentamer (structures shown in Figure 1). The substitution of a
methyl group was chosen to test the effect of a non-hydrogen-
bonding functional group on the formation of the cyclic
pentamers. The surprising result is that the 5- and 6-
methylisatin structural isomers form different self-assembled
monolayer morphologies on the Au(111) surface as a result of
solution deposition; however, as a result of vapor deposition,
all three molecules form cyclic pentamers. It is likely that the
adsorption kinetics of the nonequilibrium solution deposition
process play a significant role in the formation of the 5-
methylisatin hexamer. We show that structural isomers 5- and
6-methylisatin have different kinetic pathways to self-assembly.

■ METHODS
Scanning Tunneling Microscopy. Au(111)-on-mica

substrates were cleaned in high vacuum with two cycles of
Ar+ sputtering (0.55 kV for 15 min) and annealing at 350−400
°C. Substrates were allowed to cool before being transfered to
a load-lock chamber for preparation of the monolayer. 6-
Methylisatin (6-methyl isatinic anhydride) and 5-methylisatin
were purchased from Sigma-Aldrich and used without further
purification. For pulsed deposition, solutions with a concen-
tration of 5 mM were prepared in methanol. Droplets of
solutions of the molecule of interest were delivered to the
surface via a pulsed-solenoid valve (Parker Instruments, Series

9, Iota One Driver, 0.5 mm diameter nozzle) onto the cleaned
Au(111) substrate kept at room temperature in a load-lock
chamber. For vapor-deposited samples, the gold substrate was
exposed to vapor pressure of the methylisatin from a quartz
crucible heated to 40−50 °C for 1 min. For either sample
preparation method, the sample was then transferred to an
Omicron LT-STM, kept at a base pressure of 5 × 10−10 Torr,
and was 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, unless otherwise noted.

Electrospray Ionization Mass Spectrometry. Electro-
spray ionization mass spectrometry (ESI−MS) experiments
were done using a Waters Acquity tandem triple quadrupole
equipped with a ZSpray electrospray ionization source.
Solvated analyte solutions were injected into the electrospray
capillary via a syringe pump (Harvard Scientific) at a flow rate
of 10 μL/min. Spectra were collected in positive ion mode.
The electrospray source conditions were chosen to maximize
ion transmission and to minimize the dissociation of molecular
cluster ions. The electrospray parameters were as follows:
capillary voltage = 4.0 kV, cone voltage = 10−20 V, source
temperature = 50 °C, desolvation temperature = 50 °C.
Individual scan time was typically 3 s; spectra were acquired
for 3 min.

Density Functional Theory. All calculations were
performed with the Q-Chem 5.0 software package.23 As in
our previous studies on this class of molecules,22 all structures
were optimized using the B3LYP exchange-correlation func-

Figure 1. Structures of the molecules discussed in this study.

Figure 2. DFT optimized geometry for pentamers of a) isatin b) 6-methylisatin and c) 5-methylisatin. Dashed lines represent the proposed
hydrogen bond contacts and the H···A calculated distances in Ångstroms are included.
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tional, along with the 6-311++G(d,p) basis set and Grimme’s
D3 dispersion correction.24 The initial geometries of the
multimolecular structures were generated to be cyclic n-mers,
where n is the number of molecules in the cluster. All
structures were started in a planar geometry and subjected to
the Boys and Bernardi counterpoise correction to account for
basis set superposition error.25

Geometry optimization of the five-molecule clusters of the
methylated species resulted in a loss of C5 symmetry. To
rectify this, the first optimized structure was used to determine
an average N−H···O bond distance, and a C5-symmetric
structure with this N−H···O bond distance was used as the
starting structure for a second optimization step. This second
step was performed with two atoms on each molecule, the
nitrogen and the 7-position hydrogen, fixed in three
dimensions to ensure the structures would retain C5 symmetry
through the optimization process. The per-molecule binding
energy difference between C5-symmetric and asymmetric
optimized clusters was no more than 0.6 kJ/mol

■ RESULTS AND DISCUSSION
DFT Optimized Geometries and Binding Energies.

Figure 2 shows the optimized DFT-calculated geometries for a
cyclic pentamer of isatin and the methyl-substituted isatins.
The pentamer of isatin is C5 symmetric, while 5- and 6-
methylisatin diverged from C5 symmetry. DFT calculates short
NH···O and CH···O hydrogen bonds for isatin and the
methylisatin derivatives. The H···A distances calculated for the
CH···O hydrogen bonds for these three molecules are
relatively short; weak hydrogen bonds are generally considered
to have an H···A distance of 2.2−3.0 Å.26 Previously, we show
experimentally that pentamer formation is precluded when
chemical susbtitutions to isatin are made which disrupt the
NH···O and CH···O hydrogen bond formation.15,22 Figures
2b, c show that the substitution of a methyl group remote to
these hydrogen bond contacts does not significantly alter the
geometry of the pentamer; that is, the 7-position proton and
the 3-position carbonyl group are still in close enough
proximity to feasibly hydrogen bond.
Optimized minimum-energy structures in the gas-phase of

dimers through pentamers for isatin and 5- and 6-methylisatin
were calculated using density functional theory. The per-
molecule binding energies for the these clusters are plotted as a
function of number of molecules, n, per cluster and are
displayed in Figure 3. The expected trend might be that as the
number of molecules in a cluster increases, the per-molecule
binding energy of the cluster would increase due to
energetically unfavorable steric hindrance associated with
increasing the number of molecules in close proximity.
However, as Figure 3 shows, the binding energy for these
molecular clusters becomes more favorable as n increases from
2 to 5, where the pentamer is 18.5, 16.0, and 16.8 kJ/mol more
favorable than the dimer for 6-methylisatin, 5-methylisatin, and
isatin, respectively. In our previous study of isatin, we had
attributed this decrease in binding energy with increasing
cluster size to the formation of an additional weak CH···O
hydrogen bond, in which the distance between the 7-position
aromatic proton (H-bond donor) and the 3-position carbonyl
group (H-bond acceptor) is decreased with more molecules in
the cluster, up to n = 5.22 The additional weak hydrogen bond
provides stabilization to the cluster that is greater than the
energetically unfavorable steric interactions. It is unsurprising
that the methylated isatins follow the same trend in per-

molecule binding energy vs n as isatin, given that the
methylisatin derivatives would, in principle, still be able to
form the same hydrogen-bonded contacts as isatin.

Scanning Tunneling Microscopy Data. Figure 4 shows a
variety of structural phases of 6-methylisatin that form as a
result of pulse deposition on the Au(111) surface. In Figure 4a,
cyclic pentamers of 6-methylisatin are observed on the surface.
This was the prediction of our model for the cyclic pentamer of
isatin: the methyl group is remote from hydrogen bonding and
thus should not affect pentamer formation. Figures 4b, c show
two additional phases: dimer rows and close packing of
molecules. This is in contrast to the isatin monolayers that we
previously observed that consisted of exclusively cyclic
pentamers.22 The presence of multiple structural phases on
the 6-methylisatin monolayer could potentially arise from
either thermodynamic or kinetic factors. One possibility is that
6-methylisatin pentamers are destabilized on the surface
relative to other packing geometries; alternately, the barriers
to formation of these various structures may be altered by
methylation.
The structural isomer 5-methylisatin, pulse deposited on

Au(111), results in a monolayer structure that is structurally
dissimilar to that of either 6-methylisatin or isatin. Figures 5a, b
show that monolayers of 5-methylisatin consist of close-packed
rectangular hexamers. The fast Fourier transform (Figure 5b
inset) shows that the hexamers on the surface pack with
periodic order. Figure 5a shows that the hexamers arrange
around vacancies, and Figure S1 shows hexamers at an edge of
the ordered area; these observations further confirm that the
hexamers shown are the repeating unit for this monolayer.
Upon thermal annealing, the 5-methylisatin hexamers

reorganize into dimer rows (Figure S2), which indicates that
the hexamer is a metastable intermediate structure. It is a
surprising result that the 5- and 6-methylisatin molecules have

Figure 3. Plot of DFT-calculated per-molecule binding energies as a
function of n, number of clusters in a cluster of isatin, 5-methylisatin,
and 6-methylisatin. All three molecules exhibit the same anomalous
trend in decreasing per-molecule binding energy with increasing
number of molecules in a cluster.
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such different monolayer structures, especially given the
molecules’ similar trends in per-molecule binding energy as a
function of number of molecules in the cluster (Figure 3).
While it has been observed that moving an alkyl group by one
position can result in different 2D morphologies,10,12,27 this is
typically due to the difference in van der Waals forces that
result from interactions between bulky alkyl chains. A methyl
group, the shortest alkyl chain, would not be expected to

engage in any significant van der Waals interactions that would
drive self-assembly.
The monolayer preparation method of pulse deposition is

traditionally used to deliver molecules to the surface that
would not survive the heating required to sublime the molecule
on the surface (which is the typical method of monolayer
preparation in UHV) such as DNA,28 π-conjugated
oligomers,29,30 fullerenes,31 and polymers.32 It has been

Figure 4. STM images of pulse deposited 6-methylisatin on Au(111). (a) A 200 × 200 Å area of pentamer clusters (representative clusters
highlighted in blue). (b) An area of chains of dimers, 109 × 109 Å. (c) Close-packed phase of molecules, 120 × 120 Å.

Figure 5. STM images of 5-methylisatin pulse deposited on Au(111). Representative hexamers are highlighted in light blue. (a) A 180 × 180 Å area
and (b) A 120 × 120 Å area, tunneling current = 0.02 nA, VB = +1.0 V. Inset: fast Fourier transform of the area shown in panel b. (c) Composite
image of 67 hexamers (23 × 23 Å).

Figure 6. STM images of vapor-deposited monolayers on the Au(111) surface. Representative pentamer structures are highlighted in blue. (a)
Isatin (250 × 250 Å), (b) 6-methylisatin (250 × 250 Å), and (c) 5-methylisatin pentamers with intercalated tetramers colored in purple (200 ×
200 Å).
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observed for indole-2-carboxylic acid (a small organic
molecule) that metastable clusters form via pulse deposition,33

whereas a monolayer of the same molecule prepared via vapor
deposition resulted in catemers, a motif reminiscent of the
solid-state crystal structure.34 This vast difference in monolayer
composition for the same molecule was rationalized by the
nonequilibrium adsorption kinetics that are present in the
solution deposition process. According to Ostwald’s rule,
crystallization from a solution or a melt will result in the
formation of the least stable polymorph first.35 Given that the
small organic molecules in this study would likely remain intact
upon heating, we also performed vapor deposition experiments
of isatin and the methyl-substituted derivatives to determine
whether these unusual morphologies are dependent on the
nonequilibrium adsorption kinetics in pulse deposition.
Figure 6 includes STM images of vapor deposited

monolayers of isatin, 5-methylisatin, and 6-methylisatin on
the Au(111) surface. The monolayers of isatin and the
methylisatin derivatives all consist of cyclic pentamers. While
we had expected these three molecules to form pentamers via
pulse deposition, this was the first time that our laboratory has
observed pentamers upon vapor deposition of the same
molecule. While monolayers of 6-methylisatin were mixed with
pentamers and dimer chains (Figure S4), it was unexpected to
observe pentamers of 6-methylisatin at a relatively low surface
coverage (Figure 6b).
Barth and coworkers suggest a model that describes the

kinetics and thermodynamics of surface growth processes that
involve the rate of deposition compared to the rate of diffusion
of molecules on the surface.36 In this model, they propose that
monolayers with a low rate of deposition relative to diffusion
will result in thermodynamic surface growth, whereas a high
rate of deposition relative to diffusion will result in kinetic
trapping of molecules on the surface. Typically, the pulse
deposition process is associated with kinetically controlled
monolayer growth, while vapor deposition often results in
thermodynamic monolayer growth. For the case of indole-2-
carboxylic acid, pentamers, hexamers, and catemers were
present on the pulse-deposited monolayer,33 whereas the
vapor-deposited monolayer consisted of purely catemers,
which is the structural motif reminiscent of the crystal
structure.34 Isatin pentamers reorganized into dimers upon
thermal annealing,22 suggesting that the pentamer config-
uration is a local energy-minimum energy structure, while the
dimer configuration is the global minimum. For all three
molecules to form unusual cyclic pentamers upon vapor
deposition further points to the anomalous stability of a
pentamer.
In addition, the 5-methylisatin monolayer structure that

consists of pentamers (Figure 6c) is different as a result of the
two preparation methods; this molecule formed close-packed
hexamers upon pulse deposition (Figure 5). There are
additional structural phases that were resolved on the
monolayer of vapor-deposited 5-methylisatin (Figure S3).
Nonetheless, 5-methylisatin hexamers were completely absent
from the vapor-deposited monolayer. The absence of the 5-
methylisatin hexamers on the vapor-deposited monolayer
suggests that the nonequilibrium adsorption kinetics of pulse
deposition provides access to unique structures that do not
form closer to equilibrium. While all three molecules have
unusual stability associated with 5-molecules in a cluster, we
observe that 5-methylisatin has a different kinetic pathway to

pentamer formation, with hexamers as a kinetically locked
intermediate structure.
The 5-methylisatin vapor-deposited monolayer is also

notable because of its tight packing of pentamers with what
appear to be intercalated tetramers (shown in purple in Figure
6c). In Figure 7, 5-methylisatin pentamers are outlined with

pentagons with a color that corresponds to the direction of the
pentamer’s orientation. The angular distributions of the
pentamers are peaked around two angles, as illustrated by
the blue and orange pentagons outlining the pentamers. The
pentamers of a given orientational angle are lined up in rows,
and in between neighboring rows there are extra molecules,
which appear to be tetramers. This close packing of pentamers
with two sharp angles of orientation is reminiscent of
ferrocenecarboxylic acid in which there were intercalated
dimers in between pentamers.37 The fast Fourier transform of
this monolayer is shown in the inset of Figure 7, which
corroborates the periodic order of the pentamer orientations.
This ordered angular distribution of pentamers suggests that
there are pentamer−pentamer noncovalent interactions that
drive the close packing of these pentamers. The periodic order
of 5-methylisatin pentamers and intercalated tetramers is in
contrast to the pentamers of isatin, which do not exhibit any
orientational order (Figure S5).
Another interesting feature to note in Figure 7 is that the

direction of the pentamer packing (as visualized with orange
and blue pentagons) is not aligned along the Au(111)
herringbone reconstruction; rather, pentamers appear to be
oriented perpendicular to the Au(111) herringbone recon-
struction. The herringbone reconstruction is a feature of the
Au(111) surface that arises due to the lack of coordination of
the surface layer compared to the bulk layers, resulting in a
contraction of Au atoms on the surface layer38 which is
resolved in our images (Figures 6c and 7) as “herringbone”
rows of periodic change in contrast. Perturbations in the
periodicity of the herringbone reconstruction are a good

Figure 7. STM images of densely packed pentamers of 5-methylisatin
and measured orientational distributions of the pentamers. Pentamers
are outlined in pentagons, and the colors of the pentagons correspond
to the directions of the pentamer’s symmetry axis. The tick marks on
the color wheel show the orientation of each pentamer. The
distribution of angles is peaked around two angles. Inset: fast Fourier
transform of the image.
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indicator of molecule−surface interaction strength.39,40 Caf-
feine, a structurally similar molecule to the molecules in the
present study, was shown to have weak interactions with the
Au(111) surface as demonstrated by no structural changes to
the herringbone reconstruction.41 Here, we suggest that 5-
methylisatin does not strongly interact with the underlying
gold surface, given no structural change to the herringbone
reconstruction. However, the observation that the rows of 5-
methylisatin pentamers pack perpendicular to the herringbone
suggests that the underlying gold surface may influence
orientational packing of the monolayer structure.
Electrospray Ionization Mass Spectrometry Data.

Electrospray ionization (ESI) is a gentle method of ionization
that does not fragment the molecule and maintains non-
covalent interactions upon ionization.42,43 The most common
use of ESI is for the study of large biomolecules, because the
soft ionization technique (and the presence of multiply
charged ions) allows proteins to remain intact, and thus
structural and amino acid sequence information can be
obtained.44 ESI is not limited to the study of proteins,
however. It has been shown to be effective for the study of
small organic molecules45 organometallic compounds,46

metal−organic complexes,47 and in supramolecular chemis-
try.48 Our group has previously exploited ESI−MS of small
organic compounds in conjunction with STM to observe the
noncovalent clustering of these molecules to elucidate the
mechanism of formation of the surface-bound clusters,22,49,50

that is, to answer the question of whether clusters are forming
in solution or if they diffuse and reorganize on the surface into
the clusters that we image via STM.
A mass spectrum of 6-methylisatin is plotted in Figure 8a.

The most intense peak in each family of peaks is the [Mn+Na]
+

peak, which is observed for n = 1−9. In addition, [Mn+2Na]
+2

peaks are observed in the spectrum for odd-numbered clusters
for n = 9−19 (and presumably are also present for even-
number clusters, underneath the [Mn+Na]

+ peaks). An
interesting feature shown in Figure 8 is the anomalous
intensity of the [M5+Na]

+ peak (827 m/z) relative to the

tetramer peak [M4+Na]
+ peak (645 m/z), where the pentamer

peak is roughly 4 times more intense than the tetramer peak.
This observation goes against the expectation of an

exponential decay of signal intensity as a function of the
number of molecules per cluster. A similar n = 4 vs n = 5
anomaly was also observed for isatin.22 One explanation is that
n = 5 is a “magic number”, reflecting an unusual stability
associated with 5-molecule gas-phase ion clusters; this would
be in line with our STM results, where pentamers are a
common feature. Alternately, the data could be interpreted as
showing an “antimagic number” cluster for n = 4, with an
anomalous instability for clusters of this size. This would be an
unusual result, as antimagic clusters are typically observed for
larger clusters that can fragment into magic-number
clusters.51−53

In addition, there are relatively intense [Mn+2Na]
+2 peaks

for n = 9, 11, 13, while we do not observe clusters of this size in
our STM images. One possibility is that these large clusters
could consist of pentameric clusters, with additional 6-
methylisatin molecules attached to the pentamers. It is also
likely that while these high-n oligomer structures may be stable
as gas-phase ions, the surface-supported structures for these
oligomers are not stable in 2D adsorption geometries.
While it is not obvious that gas-phase ionic clusters

produced via ESI are directly comparable to the neutral
surface-adsorbed molecular clusters that we image on a surface,
the greater relative intensity of 6-methylisatin pentamers in a
mass spectrum suggest that a surface is not critical for the
stabilization of 5-molecule clusters. Rather, these unusual 5-
molecule clusters can form as gas-phase ions (and possibly in
solution) in addition to on a surface. Alternative to the clusters
forming in solution, the clusters may form due to the
nonequilibrium conditions that the solution is exposed to
upon electrospray ionization. Upon solvent evaporation, the
volume of the droplet decreases, which results in a super-
concentrated droplet54 which may result in anomalous
intensities of higher-n oligomer gas-phase ions. Other factors
such as temperature changes in the droplets54,55 are kinetic
factors that occur in electrospray ionization that may cause the

Figure 8. (a) A positive ion mode mass spectrum of 6-methylisatin 5 mM in acetonitrile. Capillary voltage = 4.25 kV and cone voltage = 30 V.
[Mn+2Na]

+2 peaks for odd numbered n for n = 9−19 are indicated in the spectrum with a green circle. [Mn+Na]
+ peaks for n = 1−10 are indicated

by a red triangle. (b) Log plot of integrated peak intensity as a function number of molecules per cluster, n, for all singly charged clusters.
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formation of gas-phase ions that may not be representative of
the solution chemistry. Our monolayer preparation technique
(pulsed deposition) is also a process that involves the rapid
evaporation of solvent in vacuum, so potentially electrospray
ionization and pulsed deposition result in analogous non-
equilibrium processes.
A typical ESI mass spectrum for a 5 mM solution of 5-

methylisatin in acetonitrile is plotted in Figure 9a. In this
spectrum, the [M1+H]

+ (protonated monomer) peak is the
most intense peak and [Mn+Na]

+ peaks for n = 1−10. Doubly
charged larger oligomer peaks ([Mn+2Na]+2) for odd-
numbered n where n = 9−19 are also present in the spectrum
in between the singly charged peaks. The log plot shown in
Figure 9b displays the nonlinear trend of signal intensity with
increasing n. While the log plot of 5-methylisatin is more linear
than the log plot of 6-methylisatin (Figure 8b), the n = 5 peak
positively deviates from the linear fit, and n = 4 negatively
deviates from the linear fit (Figure S5). Given these intensities
of n = 4 and n = 5 peaks for 5-methylisatin, it is difficult to
make a statement if the tetramer is anomalously unstable or if
the pentamer is anomalously stable (or both), as discussed
previously for 6-methylisatin. Regardless, in the relatively low
intensity of n = 4 clusters compared to n = 5 and higher-n
clusters, there is a marked similarity between 5-methylisatin
and 6-methylisatin, and both are in line with previous
observations of isatin.22

The agreement of an anomalously intense pentamer peak in
the mass spectra of isatin, 5-methylisatin, and 6-methylisatin
corroborate the finding that pentamers form on a vapor-
deposited monolayer for each of these molecules. There does
not appear to be an intense hexamer peak in the mass
spectrum of 5-methylisatin; however, a pulse-deposited
monolayer of 5-methylisatin consisted of hexamers (Figure
5). The absence of an unusually intense hexamer peak in the
mass spectrum of 5-methylisatin may indicate that hexamers of
5-methylisatin are kinetically locked on the surface but are not
present in rapidly evaporating droplets.

■ CONCLUSION
In summary, we investigated the role of the position of a non-
hydrogen-bonding methyl group on the self-assembly of isatins
on the surface and as aerosolized droplets. We have presented
a combined STM, ESI−MS, and DFT investigation of isatin, 5-
methylisatin, and 6-methylisatin. Isatin forms cyclic pentamers
on the Au(111) surface that are supported by NH···O and
CH···O hydrogen bonds. 5- and 6-Methylisatin derivatives
were examined to determine how a methyl group in a position
remote from the isatin pentamer hydrogen-bonding contacts
would affect the self-assembled structure. Pulse deposited
monolayers of 5-methylisatin consist of ordered networks of
rectangular hexamer clusters, whereas 6-methylisatin mono-
layers consist of dimers, close-packed molecules and
pentamers. However, upon vapor deposition, isatin and 5-
and 6-methylisatin all form cyclic pentamers. While pentamers
are a metastable species observed on the Au(111) surface for
these 3 molecules, 5-methylisatin has a different kinetic
pathway to pentamer formation, with an unusual hexamer
structure as an intermediate. The stability of a pentamer is
corroborated by a relatively intense pentamer peak in a mass
spectrum of isatin and the methylisatin isomers. DFT binding
energy calculations support a metastable pentamer structure
for all three molecules, as there is a local energy well for a
pentamer of each molecule. This work may shed light on the
early stages of crystallization and nonclassical prenucleation
mechanisms in which molecular clusters are formed in
evaporating droplets. In addition, these findings may
contribute to the fundamental understanding between
molecular structure and supramolecular structure, a question
of interest in the fields of crystal engineering and supra-
molecular chemistry.
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Figure 9. (a) A positive ion mode mass spectrum of 5-methylisatin, 5 mM in acetonitrile. Capillary voltage = 4.25 kV and cone voltage = 30 V.
Signal is normalized to the protonated monomer peak. [Mn+2Na]

+2 peaks for odd numbered n for n = 9−19 are indicated in the spectrum with a
green circle. Inset: zoomed in spectrum in the region 600−1500 m/z, with the [Mn+Na]

+ peak shown for n = 4−8. The [Mn+H]
+ peak is indicated

by a blue diamond, and [Mn+Na]
+ peaks for n = 1−10 are indicated by a red triangle. Unlabeled peaks were present in the background spectrum.

(b) Log plot of integrated peak intensity as a function number of molecules per cluster, n.
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Additional STM images of as-deposited monolayers,
STM images of thermally annealed samples, and residual
plot of linear fit of Figure 9b (PDF)
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