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ABSTRACT: Monolayers of indole-2-carboxylic acid and
indole-3-carboxylic acid on gold are studied using ultrahigh-
vacuum scanning tunneling microscopy. Both molecules form
symmetric, cyclic, hydrogen-bonded pentamers, a structure
that is stabilized by the presence of a weak hydrogen-bond
donor (NH or CH) adjacent to the carboxylic acid on the five-
membered ring. In addition to pentamers, indole-2-carboxylic
acid forms hexamers and catemer chains, while indole-3-
carboxylic acid monolayers are generally disordered. Density
functional theory calculations show that pentamers and
hexamers have stability comparable to dimers or short
catemers. The coexistence of all of these structures likely
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arises from the nonequilibrium conditions present in solution during pulse deposition of the monolayer.

B INTRODUCTION

Hydrogen bonds between carboxylic acids result in intermo-
lecular forces that are strong, specific, and directional." As a
consequence of this, carboxylic acid hydrogen bonding plays a
predominant role in determining the structure of proteins and
of DNA. Following nature’s lead, carboxylic acids are often used
in systems engineered for self-assembly, resulting in a variety of
supramolecular structures including dimers, catemer chains, and
rmgs 8 Of the three bonding motifs, rings are the rarest and
dimers are significantly the most common. The catemer
structure is usually less favored than the dimer, as it has
lower entropy and is more susceptible to steric interference
between bulky R substituents.”” However, and also following
nature’s lead, the catemer structure can be promoted by the
formation of a secondary hydrogen bond or by the introduction
of other competitive hydrogen-bond donors and acceptors
within the molecule.'’™"*

Hydrogen-bonded rings are essentially cyclic catemers. Poor
packing in the solid state makes this bonding motif the least
frequently observed. Until recently, catemer rings with 3, 4, or 6
molecules, trimers, tetramers, or hexamers, constituted the only
known structures.” In addition to their presence in solid-state
crystals, these rings have been observed on surfaces and studied
by scanning tunneling microscopy (STM). 131

In recent publications, we described the observation of a
symmetric five-membered catemer ring of ferrocenecarboxylic
acid, as well as the self-assembly of these pentamers to form a
quasicrystalline monolayer.'>'® The cyclic structure is stabilized
by a weak CH--O hydrogen bond, created because the ring
geometry places the 2-position C—H of one molecule (that is,
the C—H adjacent to the COOH on the ring) in proximity to
the carboxylic OH of its neighbor. In the current article, we
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show that this phenomenon is not unique to ferrocenecarbox-
ylic acid and that symmetric, cyclic pentamers also form for
indole-2-carboxylic acid (indole-2-COOH, Figure 1la); again,
the pentamer is stabilized by the NH hydrogen-bond donor
adjacent to the carboxylic acid on the five-membered ring. We
describe our observations of one-dimensional catemer chains
and five-membered rings stabilized by these secondary NH:---O
interactions. These structures are unlike those recently
observed for this same molecule on graphite and Au(111)
surfaces.'” This is almost certainly due to significantly different
methods of sample preparation and is a strong indication that
the formation of certain structures within the monolayer
depends on the kinetics of molecular adsorption and the
nonequilibrium conditions present during a pulse deposition
process.

B EXPERIMENTAL SECTION

Au(111)-on-mica substrates were annealed, as well as sputtered
in two cycles by Ar* ions at 400 °C. Indole-2-carboxylic acid
and indole-3-carboxylic acid were purchased from Sigma-
Aldrich and used as received or after purification using vacuum
sublimation (Figure 6); the additional purification step did not
produce observable differences in the samples formed. The
indole compounds were dissolved in THF to make a ~18 mM
solution and were injected into a pulsed solenoid valve attached
to the load lock of an ultrahigh-vacuum chamber. Microliters of
solution were deposited into the chamber to adsorb onto the
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Figure 1. (a) Dense packing of indole-2-COOH with overlaid
molecules to show the hydrogen bond packing arrangement, the slight
disagreement between the overlaid molecules and underlying lattice in
the image is due to drift within the scan; 120 A X 60 A, —1.5 V and 10
pA. White dashed lines separate each ribbon that changes directions.
(b) Chemical structure of the indole-2-COOH. (c) Catemer structure
with hydrogen bonding pattern.

annealed substrate at room temperature. After deposition, the
substrate was immediately transferred into the main chamber
and loaded into the sample stage of an Omicron LT-STM
scanning tunneling microscope cooled to 77 K and operated at
a base pressure of 107'° Torr.

B THEORETICAL CALCULATIONS

All calculations were performed using the Q-Chem software
package. Density functional theory (DFT) is a computationally
cost-effective alternative for describing hydrogen bonded
systems when compared to more reliable but costly methods
such as coupled-cluster theory with singles, doubles, and
perturbative triples, CCSD(T). In accordance with our previous
research on ferrocenecarboxylic acid hydrogen-bonded catemer
systems, the Perdew, Burke, and Ernzerhof (PBE) density
functional was chosen due to its relative accuracy for O—H:--O
hydrogen bonding. The 6-311++G(d, p) basis set was used for
all atoms with a Lebedev quadrature containing 302 angular
points with 100 radial shells in order to reduce numerical
integration inaccuracies. To address basis set superposition
error (BSSE), the Boys and Bernardi counterpoise correction
method was used for each energy calculation. Geometries of the
dimer and catemers were optimized while imposing respective
C,, symmetries, which aimed to keep the molecular systems
planar as if they were bound to a surface. For the bent-dimer
optimizations, the dimer OHO bond angle was increased in 5°
increments, and the geometries were relaxed while imposing C,
symmetry, to enforce the same planarity while including the
constrained angle.

B RESULTS AND DISCUSSION

Scanning Tunneling Microscopy. Indole is a fused-ring
heterocycle, consisting of a benzene ring joined to a pyrrole.
Indole-2-COOH has a carboxylic acid group at the 2-position
relative to the pyrrole nitrogen, and the most stable conformer
has the carboxyl oriented on the same side of the amine. The

crystal structure of indole-2-COOH shows that the molecule
forms catemer chains in the solid state, with both NH and OH
groups acting as hydrogen-bond donors."®

The general structure of the molecular rows observed on the
surface is similar to the ribbon-like catemers seen in the solid
state;'® in particular, rows of molecules are always found in
pairs. Paired rows are observed dispersed as well as alongside
other pairs. In some cases, densely packed rows cover portions
of the surface in a molecular monolayer, an example of which is
shown in Figure la. Molecules appear to lie flat on the surface,
and the “herringbone” reconstruction of Au(111) is undis-
turbed by molecular adsorption and is visible as three brighter
vertical stripes in the image. Molecular overlays are shown
along with the STM image to illustrate the packing arrange-
ment of indole-2-COOH, with dashed white lines drawn
between adjacent catemer ribbons, and the molecular packing
direction reversing between adjacent ribbons. The same
packing arrangement is expanded in Figure lc to emphasize
the hydrogen bonding between the molecules. This structure is
quite similar to that observed in the crystal structure of indole-
2-COOH."

In addition to catemer rows, there are areas of the surface
where STM images show significantly more complex structure,
an example of which is shown in Figure 2. The surface contains
a mixture of features including stripes, stars, and groups of
mobile molecules that are blurred due to motion under the
STM tip.

hexamer

pentamer

mobile
hexamer

mobile
pentamer

Figure 2. STM image (250 A X 275 A) of indole-2-COOH, acquired
at —1 V and 10 pA. Pentamers and hexamers can be either sharply
resolved or (because of motion on the surface) blurry. Catemer chains
are also visible, as well as disordered regions corresponding to bilayers
or aggregates of molecules and/or solvent.

While the zigzag hydrogen-bonding pattern of indole-2-
COOH ribbons is present in the solid state, the stars in Figure
2 are a unique structure. The star-shaped features are produced
when the carboxylic acid groups form a catemer ring of
hydrogen bonds, as modeled in Figure 3b. The amine group
provides a second hydrogen bond by acting as a hydrogen bond
donor to the nearby hydroxyl oxygen. We have seen a similar
bonding structure in ferrocenecarboxylic acid where an
aromatic C—H bond acts as the hydrogen-bond donor."* Like
ferrocenecarboxylic acid pentamers, close inspection of the star-
shaped features (in Figure 2 as well as Supplemental Figure 1)
shows them to be chiral. In the gas phase, clusters with the
structure labeled as “R” and “S” in Supplemental Figure 1 are
achiral and equivalent, but once adsorbed onto a surface the
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Figure 3. (a) Calculated energies for indole-2-COOH dimers as a function of CO---H bond angle. The deep minimum is for the dimer structure,
while the shallow local minimum spans angles favorable for cyclic pentamer and hexamer formation. (b) Optimized geometry resulting from the

DEFT calculation of the full five-membered catemer ring.

horizontal mirror plane is lost, which renders the adsorbed
species chiral. This is a common result of reduced
dimensionality for molecular adsorbates.'”~*'

In addition to the catemer and cluster structures already
discussed, images of indole-2-COOH also contain features that
are blurry and diffuse. This type of feature blurriness is typical
when imaged molecules are moving on the surface on a time
scale that is fast relative to the STM scan rate. Such features
seem to be found more frequently in less-densely packed
regions of the monolayer, where intermolecular interactions are
less likely to create barriers to rotational or translational
molecular motion.”” In our images, mobile clusters are blurry
but retain discernible structures, and we attribute this blurriness
to in-place pseudovibrational motion. An alternate explanation
would be stochastic hopping between preferred orientations;
these orientations, however, are unlikely to come from registry
to the underlying substrate, as statistical analysis of images show
an overall random distribution of pentamer orientations.

Density Functional Theory. DFT calculations were
performed on a strained dimer system in order to determine
the effect of secondary donors on hydrogen-bonded ring
structures. The starting point for the calculation is an
optimized, planar dimer geometry, which has two hydrogen
bonds characterized by 124.0° CO--H bond angles. The
structure was then reoptimized and the energy determined
subject to a constraint on one of the CO---H angles, and the
dependence of energy on bending angle is shown in Figure 3a.
Bending of the dimer to increase the CO--H angle requires
breaking one hydrogen bond and causes the energy to steadily
increase. At an angle favorable to produce a trimer (161.6°), the
energy continues to increase slowly and then begins to decrease
at an angle between 190—195°. Increasing the angle further
allows the N—H group to be close enough to interact and
produce a secondary NH:--O hydrogen bond; this is evident by
the presence of a second energy minimum. This minimum
contains both angles necessary to produce pentamers (224.7°)
and hexamers (227.9°).

The constrained dimer calculation gives qualitative informa-
tion about the presence of the second minimum; however,
clusters with more than two molecules will form additional
hydrogen bonds that are left dangling in the calculations used

for Figure 3a. Accordingly, calculations for full cyclic structures
were also performed. Table 1 gives the resulting cohesive

Table 1. Calculated Energies for Indole-2-COOH for
Clusters Having Two to Six Molecules

cohesive energy per molecule (kJ/mol)

(indole-2-COOH), -35.5
(indole-2-COOH), -30.8
(indole-2-COOH),, -29.2
(indole-2-COOH), —32.7
(indole-2-COOH)4 -33.8

energy for the trimer, tetramer, pentamer, and hexamer. The
dimer remains as the energetically preferred structure; however,
at room temperature both the pentamer and hexamer are
within kT in energy. Depending on which stage of sample
preparation the surface structure becomes kinetically locked,
then, the coexistence of dimers, pentamers, and hexamers
would be expected. Figure 2 shows the presence of pentamers,
hexamers, and catemer chains of varying length, but there are
no features that can unambiguously be assigned to the dimer. It
is possible that the dimers are able to form other structures
prior to becoming kinetically locked and thus are absent from
the images.

The energy of the catemer was approximated using DFT
calculations for progressively larger clusters; these clusters are
arranged according to the catemer structure and then
optimized. This approach is not as rigorously correct as a
plane-wave calculation, where periodic boundary conditions
would allow an effectively infinitely long catemer to be
modeled. However, the methodology is identical to that used
for the dimer and cyclic cluster calculations described
previously, allowing the results to be compared quantitatively.
A simple model of the effects of finite catemer length assumes
an energy penalty for the ends (due to decreased hydrogen
bonding opportunities) that is independent of chain length.
The cohesive energy per molecule should then have a 1/n
dependence, which Figure 4 shows matches the calculation
exceedingly well. Figure 4 also illustrates that the cluster
structures (dimer and cylic pentamer and hexamer) are lower in
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Figure 4. Calculated cohesive energy per molecule for catemer chains
containing n = 2—12 molecules (filled black circles), with a E; — E/n
fit (solid line); the horizontal dotted line marks the E, asymptote of
the catemer calculations. Open squares show the energy per molecule
for dimers and ring-shaped clusters from Table 1. The scale bar (blue)
is 2kT (4.96 kJ/mol) at room temperature.

energy than catemer chains of fewer than 6 molecules and that
above 6 molecules catemers are predicted to be the lowest-
energy structure.

Comparison of Indole-2-COOH and Indole-3-COOH.
With the carboxylic acid group of indole-2-COOH located at
the 2-position, the adjacent C—H and N—H groups compete to
produce a secondary hydrogen bond in a cyclic structure.
Typically, N—H groups are stronger hydrogen bonding donors
compared to C—H groups, and it is assumed that they are
responsible for stabilizing cyclic structures. To test for this, we
imaged indole-3-carboxylic acid (indole-3-COOH). The

carboxylic acid is now placed in the third position leaving a
C—H group adjacent and the N—H further away. In a crystal,
indole-3-COOH forms a sheet structure of dimers with some
N—H interactions with nearby carboxyl oxygens.”’

The conformation of indole-3-COOH in the solid-state
crystal structure is drawn as conformation 1 in Figure Sa. When
adsorbed on a surface, indole-3-COOH shows some disordered
dimers along with scattered pentamers, Figure Sc. An individual
pentamer is shown in the inset.

In comparison to indole-2-COOH, indole-3-COOH adsorp-
tion is characterized by less order and fewer pentamers. DFT
calculations show that the energy depends on the overall
conformation of the molecule. Flipping the carboxylic acid
group of conformation 1 produces the geometry of
conformation 2, Figure Sa. Energy versus C=O--H angle
calculations for both conformations are plotted in Figure Sb.
Both indole-3-COOH conformations (red and black curves)
have deep minimum-energy structures for the dimer config-
uration. However, only conformation 2 (red curve) has a local
minimum for cyclic pentamer and hexamer geometries. The
location of this minimum is nearly identical to that calculated
for indole-2-COOH (dashed blue curve), though the indole-2-
COOH well is deeper, as would be expected given that NH is a
better hydrogen-bond donor than CH. Conformation 1 (black
curve) energies begin to diverge from conformation 2 when the
geometry exceeds 180° and increase rapidly past that point.

The presence or absence of a second minimum for each
conformation of indole-3-COOH depends on the location of
the secondary hydrogen bond donor, Figure S5d. For
conformation 1, the secondary hydrogen bond donor is an
aromatic C—H from the benzene ring, whereas the C—H
adjacent to the carboxylic acid group of the pyrrole ring is
responsible for secondary interactions. Steric repulsion could
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Figure S. (a) Molecular models of indole-3-COOH in two conformations. A 180° rotation of the carboxylic acid group of conformation 1 produces
the geometry of conformation 2. (b) Calculated energies for both conformers of indole-3-COOH dimers (black and red) as a function of CO---H
bond angle. Indole-2-COOH energies are included and shown as a dashed, blue line. A second minima near pentamer and hexamer favored
geometries is shown for conformation 2 (red) and absent for conformation 1 (black). (¢) STM image (200 A X 200 A) of indole-3-COOH showing
scattered groupings of five-membered rings. Image acquired at —1 V and 10 pA. An individual pentamer is shown in the inset, 28 A X 28 A. (d)
Geometry of both indole-3-COOH conformations. Pentamer formation is favorable when secondary hydrogen bond interactions come from the
pyrrole ring (conformation 2) rather than the benzene ring (conformation 1).
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also play a role in the energy increase observed for
conformation 1, as a further increase in C=O--H angle
(toward hexamer favored angles) increases energy still. Even for
conformation 2, however, the depth of the second minimum in
Figure Sc is not as deep as the well depth for indole-2-COOH;
this matches chemical intuition that N—H should be a better H-
bond donor than C—H and potentially explains the greater
incidence of pentamers for indole-2-COOH.

Adsorption and Assembly. For indole-2-COOH, the
main image of Figure 2 shows multiple structures, including
catemers, pentamers, hexamers, and less-ordered and disor-
dered areas. This is a strong indication that the system is
kinetically trapped and has not reached a state of minimum free
energy. Kinetic constraints are not surprising given the method
used for monolayer preparation, pulsed deposition from
solution; in this process, a solenoid valve aimed at the surface
injects small droplets of solution directly into vacuum. Rapid
evaporation of solvent leads to supersaturation and significant
cooling and has the potential to create gradients in
concentration and temperature.u_28

This conclusion is reinforced by the fact that changing the
deposition method used to create the monolayer results in a
dramatically different structure. De Marchi et al. have studied
the identical system, indole-2-carboxylic acid on Au(111), using
vacuum sublimation to create the monolayer, and they report
only close-packed monolayers, with no evidence of star-shaped
pentamers or of hexamers.'” They observe similar close-packed
structure when monolayers are produced on a graphite surface
using solution-phase deposition and imaging in inert liquid.
The close-packed structure we see in Figure 1 is quite similar to
that reported in ref 17, where it was described as close-packed
rows of COOH dimers. We prefer the assignment of catemers
for the structure produced in our experiments, as this is
supported by the observation of isolated chains in Figure 2 and
Supplemental Figure 2, which demonstrates that the repeating
element in a single chain is chevron-shaped instead of a linear
dimer.

Thermal annealing can be used to identify metastable
structures, as higher temperatures provide the thermal energy
to overcome barriers to rearrangement. Accordingly, we
annealed samples immediately after pulse deposition for 30
min at temperatures of 42 and 65 °C, after which the samples
were allowed to cool before being transferred to the microscope
and imaged. Regions of roughly similar coverage are compared
in Figure 6. Annealing results in a marked increase in the
number of pentamers observed: they are the majority ordered
species after the 42 °C anneal and the only remaining ordered
features after annealing at 65 °C. Correspondingly, hexamers
disappear almost completely after the 42 °C annealing step,
while 65 °C eliminates catemers as well. Annealing also appears
to increase the number of bright features we associate with
disordered regions or bilayers. Apparent coverage of indole-2-
COOH decreases with increasing annealing temperature, which
indicates some molecular desorption occurs during the
annealing stages.

The straightforward interpretation of these results is that
hexamers are metastable with respect to pentamers. Hexamers
are formed during pulse deposition and are kinetically trapped,
and the barrier to conversion to pentamers can be overcome at
42 °C but not at room temperature. An interesting corollary to
this is that hexamers cannot form through simple combination
of an adsorbed molecule with an adsorbed pentamer, as the
lower free energy of the pentamer requires a higher barrier for

Figure 6. STM images of indole-2-COOH, all 195 A X 195 A in size
and acquired at +1 V and 10 pA. Image (a) shows a sample as
deposited via pulsed deposition with no further treatment. The sample
imaged in (b) was annealed for 30 min at 42 °C. The frequency of
pentamers has increased, while some catemers are still observed. In
(c), the sample has been annealed for 65 °C for 30 min, after which
most ordered molecular clusters now have the pentamer structure. All
images were acquired at 77 K.

pentamer-to-hexamer than for hexamer-to-pentamer conver-
sion. We have proposed that cluster formation in ferrocene
carboxylic acids occurs in the solution phase (including the
possibility of formation on the surface while still within the
solvent droplet)'*'® because of nonequilibrium conditions, low
temperatures and high concentrations, produced during the
pulse deposition process. The precipitation of indole-2-COOH
pentamers and hexamers directly from solution remains a
plausible explanation for the observation of these structures in
our experiments. For ferrocene dicarboxylic acid, solution-
phase clustering followed by precipitation appears to be the
only acting mechanism for cluster formation.”” Clearly this is
not the case for indole-2-COOH, where rearrangement on the
surface to create new pentamers is necessary to explain the
increase in these features that accompanies annealing.
Annealing temperatures higher than 65 °C lead to a sharp
decrease in surface coverage, and at no point do we observe the
conversion of pentamers into catemer chains. While this might
indicate that the catemers are metastable with respect to
pentamers, this is not a plausible explanation, as catemers (1)
match the solid-state structure, (2) are the only structure
observed in ref 17, and (3) are predicted by our DFT
calculations to be significantly lower in energy at longer chain
lengths. Instead, we suggest that elevated temperatures activate
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deprotonation of the indole-2-COOH carboxylic acid group.
The substrate metal catalyzes the thermally initiated deproto-
nation of an adsorbed carboxylate species, yielding a
carboxylate and a proton, the latter of which is eventually
thermally desorbed as molecular hydrogen.’>*" This process is
known to drive irreversible phase or structural transformations
for various carboxylic acids on metals,>*>° and a mixture of
protonated and deprotonated species at an interface can lead to
the coexistence of different supramolecular structures.””>”**
Deprotonation of indole-2-COOH will likely disrupt the
hydrogen bonding network necessary for catemer formation.
A sufficient concentration of carboxylate species, then, would
effectively impose a length limit for catemer growth, at which
point the trend shown in Figure S (catemers are the lowest-
energy structure only when n > 6) could drive pentamer
formation. While it is possible that pentamers are able to
incorporate carboxylates and catemers are not, we do not see
any change in contrast or symmetry of pentamer features upon
annealing. It is unlikely that deprotonation occurs without
annealing (very unusual for gold surface, though anthraqui-
none-2-COOH is an exception”’), as De Marchi et al. would
likely also have observed pentamers in this case.

Finally, while both indole-2-COOH and indole-3-COOH
assemble into cyclic pentamers similar in structure to those of
ferrocenecarboxylic acid, neither indole monolayer displays the
quasicrystallinity observed for that system. This supports the
model of quasicrystal formation in which each pair of
neighboring pentamers was bound together by their mutual
edge—face interactions with a molecular dimer, allowed by a
serendipitous matching of the dimer and pentamer geometries
not likely to be found in other systems. Additional factors may
play a role, including the formation of far fewer indole dimers
(presumably due to the availability of the lower-energy catemer
structure) and potential differences in the relative mobility of
clusters once adsorbed onto the surface.

B CONCLUSIONS

In conclusion, secondary hydrogen bonds drive the formation
of cyclic pentamers for two indole carboxylic acid systems. Two
hydrogen bond donors (N—H and C—H) adjacent to the
carboxylic acid group of indole-2-COOH compete toward
pentamer formation. In the indole-3-COOH system, only a C—
H group adjacent to the carboxylic acid group can participate.
Of the two molecular conformations tested for indole-3-
COOH, only conformation 2 led to an additional energy
minimum that favored pentamer and hexamer geometries
similar to what was observed for indole-2-COOH. In both
systems, the location of the secondary hydrogen bond donating
group is the driving factor for the formation of pentamers. The
pentamers likely form in solution and exist at the surface as a
kinetically trapped metastable species, and annealing this
surface results in the deprotonation of some of the carboxylic
acid groups and the formation of additional pentamer clusters.
The observation of pentamer clusters can be attributed to the
presence of carboxylic acid groups with adjacent hydrogen
bond donors, and this behavior should be generally applicable

to self-assembly processes during solution-based deposition.
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Additional STM images (S1) illustrate the handedness of
adsorbed indole-2-COOH pentamers and (S2) show
edges of catemer chains, supporting the assignment of
structure as catemers rather than dimers (PDF)
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