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ABSTRACT: In this study, the pharmaceutical carbamazepine (CBZ) and the related molecule
dibenzazepine (DBZ) are prepared on the Au(111) surface and visualized using scanning
tunneling microscopy. Monolayers of CBZ consist of tetrameric clusters that are highly ordered,
while a monolayer of the molecular analog in which the amide group is removed, DBZ, consists of
disordered clustering. Electrospray ionization mass spectra of CBZ show a relatively intense
tetramer peak that is roughly six times more intense than the trimer peak, indicating the anomalous
stability of a four-molecule cluster. The mass spectrum of DBZ shows relatively little clustering and
does not show preference for tetramers. Our molecular modeling suggests that the CBZ tetramer is
a NH--O hydrogen-bonded cluster, with reinforcing 7---7 interactions between benzene rings of
neighboring molecules, which are responsible for the long-range order of the tetramers.

B INTRODUCTION

Polymorphism is the existence of multiple different crystal
packing arrangements for a given molecule, and different
crystal polymorphs can exhibit different physical properties. Of
these, solubility (and as a consequence, bioavailability) of
different polymorphs is of particular interest to the
pharmaceutical industry. Active pharmaceutical ingredients
(APIs) are typically required to be polymorphically pure in
order to achieve approval by the Food and Drug Admin-
istration in the US. However, identifying all of the polymorphs
of a given compound is a difficult task, whether done
experimentally or computationally."”

Polymorphic impurity in the pharmaceutical industry is a
serious issue that in several cases has caused a drug to be
removed from the market. Ritonavir, an API used in AIDS
medications, was removed from the US drug market in 1998
because of the discovery of a second polymorph that
precipitated out of gel capsules because of decreased
solubility.>* In addition, researchers failed to reproduce form
I of ritonavir; this was labeled as a case of “disappearing
polymorphs.2 Almost a decade later, rotigotine, an API that is
used in a skin patch to treat Parkinson’s disease, was pulled off
the US drug market in 2007 because of the unexpected
discovery of a second polymorph that could not be absorbed
by the skin.”® These cases demonstrate the severity of
polymorphic impurity and how controlling the formation of
a particular polymorph can be difficult to accomplish.

Crystal structures in both two and three dimensions are
difficult to predict a priori, solely based off of the structure of
the starting molecule.” It is especially difficult to predict the
supramolecular packing of molecules with more than one
functional group that is capable of hydrogen bonding.® Crystal
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structure prediction has advanced in recent decades, and
recent “blind” tests have demonstrated that crystal structures of
organic crystals can be predicted,” but this remains at the
cutting edge of molecular modeling and electronic structure
calculations. In addition, current crystal structure prediction
methods tend to neglect templating effects and kinetic factors,
which can play a significant role in dictating crystallization
pathways, and which may result in the formation of metastable,
kinetically trapped structures.'” There have been even fewer
efforts to rationally predict the self-assembly of crystals in two
dimensions."'

Carbamazepine (CBZ) is an API used to treat epilepsy. CBZ
has five known anhydrous polymorphs, four of which
commonly occur and are based on the amide-dimer
motif,'”"* and one that crystallizes less commonly and is
based on a catemer motif."* Only one of these polymorphs is
approved as an active pharmaceutical. Given that CBZ is
highly polymorphic, we deemed this molecule a good
candidate for this fundamental study of polymorphism and
the early stages of crystallization. Scanning tunneling
microscopy (STM), with its submolecular resolution, provides
the ability to elucidate the early stages of the crystallization
process, which may provide insight into the crystallization
conditions required for the formation of different polymorphs.
There have been few STM studies of active pharmaceut-
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Figure 1. Chemical structure and ball-and-stick models of (a) CBZ and (b) DBZ. Both molecules have a “bowed” molecular geometry.

icals,">™"” but we believe that studies of the self-assembly of
APIs may improve the field of crystal structure prediction.

Previously, the Sykes group had imaged monolayers of CBZ
molecules vapor-deposited on Au(111) and Cu(111) surfaces,
both of which resulted in the formation of trimer clusters of
CBZ molecules.'® Herein, we discuss a combined STM and
electrospray ionization mass spectrometry (ESI—-MS) study of
the clustering behavior of CBZ and an analog molecule,
dibenzazepine (DBZ), in which the amide group is removed.
We show that CBZ forms an unusual packing of tetrameric
clusters that are highly ordered within a network upon solution
deposition on the Au(111) substrate. The mass spectrum of
CBZ consists of an anomalously intense tetramer peak, which
points to the anomalous stability associated with four
molecules per cluster. A monolayer of DBZ does not have
readily apparent order, and the mass spectrum does not show a
preference for a tetramer, which suggests that the CBZ
tetramer is likely supported by hydrogen bonds of the amide
groups. The difference in monolayer structures between the
experiments we present here and the Sykes group studies
(which are prepared at different substrate temperatures and
different molecular deposition techniques) illustrates that there
are multiple kinetic pathways to the self-assembly of CBZ
molecules.

B METHODS

Scanning Tunneling Microscopy. Au(111)-on-mica
substrates were cleaned in high vacuum with three cycles of
Ar* sputtering (0.55 kV for 15 min) and annealing at 350—400
°C. Substrates were allowed to cool before transferring to a
load-lock chamber for preparation of the monolayer. Solutions
of CBZ and DBZ (10 mM, Sigma-Aldrich, used without
further purification) in acetonitrile and methanol were
prepared. Droplets of the 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 the
cleaned Au(111) substrate kept at room temperature in a load-
lock chamber. The sample was then transferred to an Omicron
LT-STM, kept at a base pressure of 5 X 107'° Torr, and was
cooled to 77 K. All images were acquired with a Pt/Ir tip in the
constant current mode with a tunneling current of 10 pA and a
tip—sample bias of +1.0 V (unless otherwise noted). All images
presented are unfiltered, with the exception of Figure 2d, in
which anomalously noisy scan lines were replaced with
median-filtered pixels.

Electrospray lonization Mass Spectrometry. All ESI—
MS experiments were done using a Waters ACQUITY tandem
triple quadrupole mass spectrometer equipped with a ZSpray
electrospray ionization source. Solvated analyte solutions were
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injected into the electrospray capillary via a syringe pump
(Harvard Scientific) at a flow rate of 10 yL/min. Spectra were
collected in the positive ion mode. The electrospray source
conditions were chosen in order to maximize ion transmission
and to minimize the dissociation of molecular cluster ions, and
they are listed with the spectra. Individual scan time was
typically 3 s; spectra were acquired for 3 min.

B RESULTS AND DISCUSSION

STM Images. Solution deposition of CBZ on Au(111)
results in a monolayer that consists almost entirely of
tetrameric clusters that are ordered as part of a network, as
shown in Figure 2a,b. As the composite image in Figure 2c
illustrates, the repeating tetramer unit is square, with each
molecular feature appearing roughly triangular and containing
a bright spot in the center surrounded by dim features. Given
that features in STM images are a convolution of topography
and electron density, it can be difficult to assign these features
to different functional groups of the molecule, especially when
the molecule is not planar (Figure 1).

CBZ was solution-deposited in methanol in order to probe
the role of solvent dependence in the formation of tetramers
(Figure 2d). Tetramers of CBZ are also observed as a result of
solution deposition in methanol, although the internal
structure of the tetramers appears to be different. Methanol,
a hydrogen-bond-capable solvent, may interact with CBZ
molecules in a way that acetonitrile does not, which could be
the reason for the difference in the structure. Nonetheless,
tetramers are formed in both acetonitrile and methanol.

This pattern of repeated tetramers of CBZ molecules on the
Au(111) surface which we observe is rather different from the
trimeric CBZ clusters that the Sykes group has previously
observed on the Au(111) surface.'® The difference in
monolayer structures may be attributed to sample preparation
conditions: the Sykes group prepared the monolayer of CBZ
via vapor deposition and the substrate was held at 78 K,
whereas the data we present in Figure 2 are obtained by
solution deposition at room temperature. Solution deposition
has been known to result in metastable configurations, as
compared to vapor-deposited monolayers of the same
molecule.'®'? In addition, because there is less thermal energy
available at 78 K than at room temperature, adsorbate
molecules have less energy to re-organize into a lower energy
configuration, and the resulting trimer structure may be a
metastable configuration that at higher temperature, could re-
organize into a different configuration, in this case, tetramers.

An anomalous cluster such as a four-molecule cluster is likely
held together by hydrogen-bonding interactions because of
their strength and directionality. Hydrogen-bonding inter-
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Figure 2. STM images of a monolayer of CBZ on Au(111) prepared
by solution deposition in acetonitrile. (a) Large-scale STM image of
CBZ molecule packing in an ordered network. 500 X 500 A? area.
Inset: two-dimensional fast Fourier transform. (b) 200 X 200 A? area
with representative tetramer structures highlighted in blue. (c) 20 X
20 A% composite image of 181 tetramers shown in panel (b). (d) 116
X 116 A? area of CBZ solution-deposited in methanol, with
representative tetramers in blue (V}, = +1.0 V, tunneling current =
20 pA).

actions can provide the energetic stability required to
overcome the energetically unfavorable steric interactions
that are associated with adding more molecules to a cluster.
There are several reported examples of tetrameric clusters
stabilized by both strong and weak hydrogen bonds.”*~** The
ordered tetramer networks (quadruplexes) of xanthine
molecules on Au(111) are held together by hydrogen
bonds.”’ However, given that CBZ has only one hydrogen-
bond acceptor group, it is unlikely that hydrogen bonding is
responsible for both the formation of the tetramer clusters and
the ordered packing of the tetramer clusters.

In order for the amide groups on the CBZ molecule to be
close enough to form hydrogen bonds, we propose that the
molecule is lying on its side such that the amide groups point
to the center of the cluster to form cyclic NH---O hydrogen
bonds. In Figure 3, molecular models of a hydrogen-bonded
tetramer cluster are overlaid onto our STM images. The
proposed hydrogen-bonded structure in Figure 3 may illustrate
how the CBZ tetramer clusters pack together in long-range
order, which may be the result of CH--7 and 7---7w contacts
between the DBZ rings of each CBZ molecule. Otherwise, if
each CBZ molecule adsorbed on the surface is in the
“standing-up” position (in which the DBZ rings are in contact
with the surface and the amide group is pointing upward), the
hydrogen-bond-capable functional groups would not be close
enough to form hydrogen bonds to form the tetramer and the
DBZ rings of neighboring molecules would be too closely
packed to allow for the formation of the ordered networks of
tetramers.

In interest of testing our proposed hydrogen-bonding CBZ
tetramer structure, we performed STM experiments on the
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Figure 3. Molecular model of CBZ molecules overlaid onto STM
data.

DBZ molecule (structure shown in Figure 1b) in which the
amide group is removed from CBZ. This analog molecule no
longer has a strong hydrogen-bond acceptor group, and thus,
we would expect hydrogen-bonding interactions to be less
influential in the formation of the DBZ monolayer. Figure 4a,b

Figure 4. STM images of a monolayer of DBZ solution-deposited on
Au(111) showing molecules clustering in no apparent order. (a) 500
X 500 A? area near step edges. (b) 150 X 150 A” area. Inset: Fourier
transform of image (b).

shows STM images of a monolayer of DBZ solution-deposited
on Au(111). Unlike CBZ, a monolayer of DBZ does not
consist of long-range tetramer networks but rather consists of
molecules packing with no readily apparent order. Although
the DBZ monolayer structure (if any) is unclear, it is apparent
that there is no long-range tetramer ordered network, as was
the case for CBZ. The inset of Figure 4b shows the two-
dimensional Fourier transform of the DBZ monolayer, which
illustrates that there is no long-range order to the monolayer.
The absence of tetramer networks in the DBZ monolayer
suggests that the amide group is necessary to stabilize the CBZ
tetramer cluster because the removal of the amide group
precludes the formation of tetramers.

Gas-Phase lon Studies in Mass Spectrometry. ESI is a
“soft” ionization technique that keeps larger cluster aggregates
intact, allowing for the study of gas-phase ion clustering.”" ESI
has been an effective tool in identifying and characterizing
metastable clusters, which are typically revealed in a mass
spectrum as peaks with a greater relative intensity compared to
neighboring peaks.””>° Such metastable clusters, or the so-
called “magic-number” clusters, are a configuration of atoms or
molecules that exhibit unusual enhanced stability.

https://dx.doi.org/10.1021/acs.jpcc.9b 11466
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Figure S. (a) Positive ion mode ESI-MS spectrum of CBZ in acetonitrile with a capillary and cone voltage of 4.0 kV and 10 V, respectively. The
peak position that corresponds to the [(CBZ), + Na]* peaks for n = 1S is indicated by a blue triangle and that for [(CBZ), + H]" peaks for n =
1-2 is indicated by a red diamond. The signal is normalized to the monomer peak. (b) Natural log plot of the integrated intensity of each [(CBZ),

+ Na]* peak.

A positive ion mode mass spectrum of a 2 mM solution of
CBZ in acetonitrile is shown in Figure Sa. The mass spectrum
reveals relatively small [(CBZ), + H]" peaks, with [(CBZ), +
Na]" peaks being the majority species for each family of n
cluster size peaks for n = 1—6. Typically, in ESI, there is an
exponential decay of signal abundance with an increased size of
aggregates. However, a natural log plot of the integrated
intensity of the [(CBZ), + Na]* peaks (Figure Sb) illustrates
that CBZ clusters do not follow an exponential decay (which
would be indicated by a linear negatively sloped fit). The signal
abundance of [(CBZ), + Na]* peaks increases with cluster size
until #n = 4, which is roughly six times larger than the signal
intensity of the n = 3 peak. Instrument conditions for the
spectrum acquired in Figure Sa were adjusted to be gentle (i.e.,
lower cone voltage) to maximize abundance of the higher n
clusters.

Tetramers are present both as anomalously large peaks in
the mass spectrum and as the predominant building block of
surface monolayers observed by STM. This follows a number
of previous experiments from our laboratory which show
agreement between the size of surface-adsorbed clusters with
“magic-number” peak intensities in ESI-MS.”**” We suggest
that the concordance between two very different experimental
measurements is evidence that the CBZ tetramers are forming
in solution and then (depending on the experiment) either
delivered to the surface intact through solution deposition or
ionized intact through electrospray.

It remains an open question, however, whether tetramers are
present to some extent in all solutions or whether they are
formed under the high-concentration, nonequilibrium con-
ditions present in evaporating droplets. The literature is not
decisive as to whether or not electrospray mass spectra are
reflective of gas-phase or solution-phase behavior. The
lanthanide chloride clusters are an example of “magic-number”
clusters that are proposed to form as a result of ESI, given that
there was an enhancement in the magic-number cluster peak
upon dilution.” It would be expected that if clusters are
formed in solution, upon dilution, the signal would decrease
uniformly, and the relative ratios of peak intensities would
remain the same under the given electrospray conditions. In
addition, fluorescence excitation studies of octaethylporphyrin
show that the gas-phase ion behavior is not reflective of the
solution-phase ion intensities of the electrosprayed solution.*!
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Given the debate if gas-phase ion behavior or solution-phase
behavior is reflective in the mass spectrum of a given molecule,
it may be difficult to discern with certainty the mechanism of
formation of the “magic” CBZ tetramer clusters. However,
given that we observe tetramers of CBZ solution-deposited on
the Au(111) surface as well, we posit that the electrosprayed
plume is not required to form the tetramer structures as the
monolayer of tetramers we observe was not prepared via
electrospray deposition.

In order to test if the relative intensity of [(CBZ), + Na]* is
a function of concentration of the analyte, ESI-MS experi-
ments were performed in a range of concentrations from 2 mM
to 30 uM in both acetonitrile (SI Figures S1—S5) and
methanol (SI Figures S6—S12). As the concentration of the
CBZ solutions decreases, the relative ratio of peak intensities of
tetramer to trimer gradually decreases (Tables SI and S2).
However, the [(CBZ), + Na]* peak still remains “magic” at 30
UM in acetonitrile (Figure SS), while in methanol, the tetramer
peak is no longer more intense than the trimer peak at 30 uM
(Figure S12). Tables S3 and S4 display the scaled intensities
(I,) for the tetramer peaks, which are calculated relative to
both neighboring peaks; these scaled intensities for the
tetramer peak are overall higher in acetonitrile than in
methanol, but in both solvents, the tetramer peak is considered
“magic” (where I, > 1).”*’’ The persistence of the
anomalously intense tetramer peak at lower concentrations
indicates that the “magic-number” tetramer is not simply a
concentration phenomenon. The anomalously intense tetramer
peak is also not a solvent phenomenon as the intense tetramer
peak remains in methanol. While Rutkowski and co-workers™
suggest that an increase in the relative peak intensities upon
dilution points to the formation of the clusters as a result of
ESI, we observe the opposite trend in our experiments. This
suggests that the tetramers are not formed via ESL

We considered the possibility that the presence of the
“magic” tetramer peak is a function of electrospray conditions.
In order to test this, we performed experiments at a variety of
cone voltages. At higher cone voltages, there is still an increase
of signal intensity with cluster size until n = 3, which is roughly
equal in peak intensity to n = 4 (Figure S13). It is plausible
that at higher cone voltages, the [(CBZ), + Na]* peak does
not remain intact and fragments into [(CBZ); + Na]* via
neutral loss of a CBZ monomer. MS/MS mode product scans

https://dx.doi.org/10.1021/acs.jpcc.9b 11466
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Figure 6. (a) Positive ion mode ESI-MS spectrum of DBZ in methanol with a capillary and cone voltage of 4.0 kV and 20 V, respectively. The
[(DBZ), + H]* peaks for n = 1—2 are indicated by a blue diamond and [(DBZ), + Na]* peaks for n = 1—3 are indicated by a red triangle. The
signal was normalized to the monomer peak. (b) Close-up view of the mass spectrum shown in (a) with a mass range of 550—900 m/z to show that
there was no [(DBZ), + H]* or [(DBZ), + Na]* peak in the mass spectrum of DBZ, which would be expected to appear at roughly 773 and 796

m/z, respectively.

of the [(CBZ), + Na]* peak reveal that the descendant peaks
are primarily [(CBZ), + Na]* and [(CBZ); + Na]* (Figure
S14). Although the relative ratio of the tetramer to trimer peak
changes at different cone voltages, there remains a greater
intensity of the tetramer than what would be expected with an
exponential decay of signal intensity with increasing cluster
size.

It is also possible that the presence of Na* in our instrument
may influence the stabilization of the “magic” tetramer cluster.
While Na* ions are difficult to remove from our public
instrument, collaborators of ours performed experiments on a
Thermo LTQ-Quantum Ultra triple quadrupole instrument
equipped with a field asymmetric ion mobility spectroscopy
source, and the results are shown in Figure S10. The spectrum
in Figure S15 does show the presence of Na* ions, albeit to a
lesser degree. We cannot explicitly rule out the possibility that
Na" plays a role in the stabilization of the CBZ tetramer, given
that various electrospray conditions and concentrations and a
different instrument all resulted in the presence of a [(CBZ), +
Na]® peak with anomalous intensity. However, given the
presence of tetramer networks on the Au(111) surface
prepared by solution deposition, in the absence of sodium
ions present in mass spectrometers, the sodium ion is not
required for the formation of tetramer clusters.

A mass spectrum of the DBZ analog molecule (structure in
Figure 1b) has poor signal-to-noise ratio in acetonitrile (Figure
S15) and few peaks were resolved. A mass spectrum of DBZ
was acquired in methanol (which has a better ionization
efficiency than acetonitrile in ESI because of methanol’s ability
to donate a proton) and the spectrum does not show enhanced
stability for n = 4 molecules under the same electrospray
conditions. The mass spectrum (Figure 6a) includes [(DBZ),
+ H]" peaks for n = 1—2, in addition to [(DBZ), + Na]* peaks
for n = 1-3. Figure 6b is a zoomed-in look in the mass range of
550—900 amu to show that both the [(DBZ), + H]* and
[(DBZ), + Na]* peaks are missing (which are expected at
roughly 772 and 796 amu, respectively). The disappearance of
the “magic-number” tetramer peak in the DBZ mass spectrum
suggests that the amide group of CBZ is important in the
formation of the CBZ tetramer structure that we detect via
mass spectrometry and the structure that we image via STM.
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B CONCLUSIONS

In summary, we have studied the self-assembly behavior of the
active pharmaceutical CBZ and an analog molecule, DBZ, via
STM and ESI-MS. Although CBZ is a highly polymorphic
molecule in the solid-state, a long-range ordered network of
tetramer clusters was the primary structural phase observed
upon solution deposition on the Au(111) surface. This
tetramer motif that is observed in two dimensions is not a
motif that is present in any of the three dimensional solid-state
polymorphs of this molecule. Upon removal of the amide
group (DBZ), which precludes the formation of strong
hydrogen bonds, tetramer formation is precluded. Thus, we
posit that the CBZ tetramer is formed by cyclic NH---O
hydrogen bonds and the extended network is stabilized by
CH--O and 77 interactions. The mass spectrum of CBZ
results in an anomalously intense tetramer peak, which
suggests that the tetramer cluster is unusually stable. The
formation of tetramers both on the Au(111) surface and as
gas-phase ions observed in the mass spectrum suggests that a
surface is not required to stabilize the tetramer clusters and
that the tetramer clusters likely form in solution. This work
may contribute to a fundamental understanding of the
relationship between the molecular structure and extended
structure and may shed light on the role of the solvent in
crystallization, which are research questions of interest to the
crystal structure prediction community.
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