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ABSTRACT: A two-dimensional (2D) hydrogen-bonded cocrystal was
synthesized from croconic acid (CA) and benzimidazole (BI) on a gold
surface under ultrahigh vacuum conditions. The network domains have a
1:1 CA/BI stoichiometry, can be synthesized over a range of temperatures,
and contain one-dimensional chains of molecules connected by
heterogeneous hydrogen bonds. Density functional theory (DFT)
computations suggest that a tautomeric salt-like structure, with deproto-
nated CA and protonated BI, is the most stable model, which creates
heterogeneous N−H···O contacts instead of N···H−O ones. The
homogeneity of the network’s appearance in scanning tunneling
microscopy (STM) and a habitual change in the STM features under
certain tip conditions indicate that there is an equilibrium of tautomeric
molecular states that may be influenced to some degree by STM stimuli.
Overall, this study demonstrates how careful consideration of the precursor molecules can tune the architecture within a family of
cocrystal networks and introduce desired bonding motifs that haven’t been achieved by solution-based synthesis for these species,
such as the heterogeneous hydrogen bonds herein.

■ INTRODUCTION

Cocrystallization has long been used as a means of seeking out
modified solid-state properties within a given set or family of
materials.1−6 Cocrystalline networks of organic molecules are
often held together by intermolecular hydrogen bonds.7−9

Where X and Y are the highly electronegative atoms or groups
that participate in such hydrogen bonds, the proton’s ability to
switch between X−H···Y and X···H−Y positioning, typically
through resonance assistance,10 and change key crystalline
and/or molecular properties has drawn much interest.
Examples are the switchable direction of the electric polar-
ization11−13 or the reach of proton transport.14,15 As a result,
the dynamics of many proton transfer molecular materials, with
croconic acid (CA) being of particular interest to this study,
have been studied for their potential applications in optical
instruments, ferroelectrics, and fuel cells.7,11−13,16−21

Traditionally, cocrystallization studies involve determining
whether or not the selected precursor molecules are
“compatible” to form cocrystals.22−25 This can involve
screening different possible precursors, solutions, and synthesis
procedures. The inherent compatibility of the precursors to
cocrystallize can therefore be difficult to assess since it is
influenced by many physical variables, such as solubility,
intermolecular interactions, ease of diffusion, and so on. One
stratagem that has been developed is to first scrutinize such
interactions in a chemical environment without solvent or

mixing effects, thereby allowing the system to evolve under the
guidance of the most thermodynamically stable interactions
between precursor molecules; this can be achieved by letting
the two molecules directly interact with each other through
self-assembly under ultrahigh vacuum (UHV) on a sub-
strate.7−9,26,27 UHV surface deposition experiments allow the
precursors to “naturally” self-assemble without solvent, but are
of course influenced by the substrate itself. Au(111) substrates
have often been shown, however, to have a uniform effect on
the potential energy surfaces of adsorbed hydrogen-bonded
molecular networks, often creating networks that would be
predicted in the absence of surface-adsorbate interac-
tions.7,20,28 This indicates that Au(111) is a useful template
for such experiments, and Au(111) further allows for the use of
scanning tunneling microscopy (STM) to probe the new
crystals and determine their self-assembled structures.29−35

Even though the surface will restrict the molecular assembly by
forcing it to occur at the interface, the characterization of any
mixed-composition molecular network would indicate a degree
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of thermodynamically stable interaction between the molecular
precursors (vs the interactions among the separate compo-
nents).
CA was recently discovered to be a room-temperature

ferroelectric,11 and has since inspired a lot of follow-up and
ongoing research efforts that explore its potential use in
hydrogen bond-related applications. We have found that CA
deposition on Au(111) results in facile syntheses of large-
domain homogeneous crystals,20 and codeposition of CA with
3-hydroxyphenalenone (3-HPLN) on Au(111) also results in
facile syntheses of crystal networks with different possible
stoichiometries.7 Our goal in this work is to further
demonstrate the propensity of CA to cocrystallize with other
adsorbates on a Au(111) substrate, and to demonstrate that
more complex, heterogeneous hydrogen bonding patterns are
feasible.
We report herein a successful cocrystallization study of CA

with benzimidazole (BI). BI is, like CA and 3-HPLN, a
member of the materials family of hydrogen-bonded organic
ferroelectrics whose ferroelectric properties emerge from
resonance-assisted hydrogen bonds that strongly couple the
proton of the H-bond with the π-Electron system of the
molecule, which is an essential element of having switchable
molecular dipole moments.36 We have previously investigated
low-dimensional structures of CA, BI, and 3-HPLN and
demonstrated that the structural motif that is at the origin of
the ferroelectric behavior can be preserved in surface-
supported single-component nanostructures of BI and 3-
HPLN.37 The signature structural motifs found for CA and for
BI on Au(111) and their calculated binding energies are shown
in Figure 1a,b. Importantly here, BI creates a different type of
intermolecular hydrogen bond than CA and 3-HPLN, which is
N−H···N (Figure 1b) instead of O−H···O as found for CA

(Figure 1a) and 3-HPLN, and has a different size and shape
than 3-HPLN. Therefore, we hypothesized that whereas CA/3-
HPLN systems adopt building blocks that have 3-HPLN
binding to the side of a (CA)2 dimer (shown schematically in
Figure 1c), CA/BI would adopt different motifs with more
expansive homogeneous and heterogeneous hydrogen-bond-
ing, since a BI molecule does not suit binding to the side of a
(CA)2 dimer (Figure 1d). The tactic is shown to be a success;
codeposition of CA/BI on an Au(111) substrate resulted in a
uniform and crystalline structure whose structure contains
extended networks of mixed heterogeneous O−H···N/O···H−
N (CA−BI) and homogeneous O−H···O (CA−CA) types of
hydrogen bonds, both coexisting in the same network.
Furthermore, we discuss how the atomic structure is best
classified as an equilibrium between tautomeric molecular
states, and that STM experiments appear to be capable of
perturbing the equilibrium under certain tip conditions.

■ METHODS

Experimental investigations were performed in UHV at a base
pressure of 1 × 10−10 millibars. A gold metal substrate of (111)
orientation was prepared in situ by repeated cycles of Ar+ ion
sputtering and subsequent annealing at approximately 873 K.
Characteristic of the clean Au(111) surface is the herringbone
surface reconstruction, which has been checked with STM.
The herringbone reconstruction is easily visible in the STM
images in this study as ripples underneath the molecular ad-
layers. In the vacuum system, the molecules were thermally
evaporated from a home-built four-pocket Knudsen cell onto
the substrates, which were held at room temperature during
the film growth. The deposition rate was about 0.03−0.5
monolayers per minute, depending on the desired coverage.
For cocrystallization, CA and BI were codeposited simulta-
neously at crucible temperatures that were pre-calibrated to
give approximately the same evaporation rates for both of the
species. The pressure during deposition is typically 5 × 10−8

millibars. After film growth, the samples were transferred
in situ into an Omicron low-temperature STM, where they
were imaged at 77 K substrate temperature. The STM was
operated with electrochemically etched tungsten tips.
Density functional theory (DFT) calculations were carried

out using the ADF software38,39 for molecular gas-phase CA/
BI clusters and the VASP software40,41 package for periodic
models. The revPBE functional42−44 was used for all of the
electronic structures and geometries discussed in the main text,
and combined with a post-SCF dispersion correction45

(revPBE-D3). All of the ADF calculations used the triple-
zeta Slater-type basis set with polarization functions (TZP)
from the ADF basis set library, and the results were compared
with other density functionals and methods (see the SI). The
VASP calculations employed the projector augmented wave
(PAW) method to treat the core states46,47 and a plane-wave
basis set with an energy cutoff of 500 eV. Further
computational details for the periodic calculations, including
the different functionals that were checked and the setup of the
surface/adsorbate systems, are provided in the SI. The Vesta
and Xcrysden packages were used to generate some of the
graphics and structures in this work.48,49

■ RESULTS AND DISCUSSION

CA/BI Experimental STM Imaging. The single-compo-
nent networks that have been imaged for BI and CA alone on

Figure 1. Computed structures and binding energies, ΔEbind, of (a) a
CA dimer, (CA)2, and (b) a BI dimer, (BI)2; ΔEbind is computed as
ΔEbind(X − Y) = E(X) − E(Y), where E(X) is the computed total
energy of molecule X. (c) A sketch of the manner in which a 3-HPLN
molecule was found to bind to CA in CA/3-HPLN cocrystals.7 (d) A
sketch of the optimized geometry of a BI molecule binding to the side
of a CA dimer.
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Au(111) are shown in Figure 2a,b. CA will self-assemble into
porous honeycomb networks (Figure 2b), and BI forms long

zipper-like chains that pack closely together (Figure 2a),21,37

incorporating the building blocks shown below each image in
Figure 2. An STM image of a layer consisting of CA and BI,
which were codeposited on Au(111) at room temperature, is
shown in Figure 3a. Since BI and CA are similar in size, it is

difficult to differentiate one molecule from the other in the
STM image. However, it is plainly seen that the crystal
structure that is observed when both ingredients are
codeposited differs significantly from the single-component
networks.
The disorganized structure of the deposited films of CA and

BI at room temperature has no discernible periodic order.
However, annealing this disorganized phase lightly (50 °C)
triggers molecular reorganization on the surface and the
ordered periodic cocrystal structure shown in Figure 3b
emerges. Thus, a consistent and reproducible recipe for
creating a mixed phase of CA and BI on Au(111) was
discovered. The new phase was uniform and ubiquitous
throughout the sample and there were no indications of the
single-molecule phases from either independent ingredient
molecule (see the SI for example images with less
magnification). From this, we may conclude that both
ingredient molecules are coming together to create a
particularly stable new 2D crystal structure. It appears from
the STM images that the codeposited CA/BI network is
constructed from cross-shaped building blocks, such as the one
highlighted in Figure 3c with a dashed oval. To some extent,
these tetramers vaguely resemble the hydrogen-bonded CA/3-
HPLN tetramers reported previously.7

While the appearances of BI and CA are similar in an STM
image, under certain tip conditions and voltages, the molecules
appear to differentiate themselves (see Figure 3c). It can be
seen that while some molecules retain their circular shape,
some molecules resemble two parallel ovals. We can discern
from this that each tetramer building block consists of two
pairs of different molecules, and then assume a (CA)2(BI)2
stoichiometry. With this in mind, an intuitive model for the
recurring (CA)2(BI)2 motif was built and is shown in Figure
4a. As expected, this (CA)2(BI)2 tetramer is distinct from the
building block we observed recently in CA/3-HPLN networks7

in how it does not contain the previously found CA dimer
(Figure 1a), but rather the (CA)2 dimer emerges in the
network to connect adjacent (CA)2(BI)2 building blocks
together, see the proposed periodic structure in Figure 4b. This
demonstrates the second realization of the project’s goals: to
tune CA’s cocrystalline structure such that the intermolecular
hydrogen bonds are not contained within a tetramer building
block but are carried on in a long-rage periodic pattern, which,
in this case, consists of alternating CA−CA and CA-BI
hydrogen bond bridges along infinite one-dimensional chains.
The orientations of the molecules along these chains, in
symmetric dimers and tetramers, cancel out any potential
overall network dipole moment and so, similar to pure CA and
CA/3-HPLN networks on Au(111),7,20 the CA/BI cocrystal
ground state structure is not spontaneously polarized as it is in
bulk crystal CA.11 Neighboring H-bonded chains, which are
differently shaded in the model in Figure 3d, are densely
packed but are not otherwise connected by any H-bond.

CA/BI Computational Insights. Dispersion-corrected
DFT computations were used to study the nature of the
binding within the proposed structural model (Figure 4b). It
was found that the (CA)2(BI)2 tetramer spontaneously
tautomerizes when the geometries of both the isolated
tetramer cluster and periodic network models were optimized
(see Figure 4a/b). The tautomerization corresponds with a
proton transfer from each CA to a nearby BI, and creates two
N−H hydrogen bond donor groups per BI (cation) molecule
instead of only one. The optimized salt-like model (2) mimics

Figure 2. STM images of self-assembled single-component two-
dimensional (2D) molecular structures on an Au(111) substrate: (a)
BI, wherein the Au(111) substrate herringbone reconstruction pattern
is visible through the monolayer, and (b) CA. The building blocks of
each self-assembled monolayer are shown below the STM images.

Figure 3. STM images of self-assembled 2D molecular structures on
an Au(111) substrate. (a) BI and CA in a disordered phase; (b)
annealed BI and CA to form an ordered crystal structure, with
Au(111) substrate reconstruction patterning visible; (c) Close view of
BI and CA in the ordered phase, with there being a distinct visible
difference between the two different molecules; (d) the building
blocks of the ordered self-assembled monolayer of CA/BI on
Au(111).
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computational models of the previously reported CA/3-HPLN
cocrystal networks7 and was reproduced with other DFT
methodologies (see the SI for details) and with Hartree-Fock
and MP2 wavefunction-based methods. The binding energy,
ΔEbind, of the isolated neutral molecules coming together to
form the 2 (CA)2(BI)2 tetramer building block is computed to
be −3.99 eV per (CA)2(BI)2 unit (−1.00 eV per molecule),
while a ΔEbind value of −4.46 eV is found with the periodic
model. The difference in ΔEbind between the cluster and
periodic models, −0.47 eV per (CA)2(BI)2, is largely
accounted for by the periodic models having additional
hydrogen bonding contributions from the (CA)2 dimer units
that bridge adjacent (CA)2(BI)2 tetramers; an isolated (CA)2
dimer has a ΔEbind value of −0.59 eV per (CA)2 (Figure 1a).
The computed reaction energy of forming the cocrystal
network from the homogeneous “parent” networks of CA
and BI, i.e., [(CA)3]n + [(BI)2]n → [(CA)2(BI)2]n, is
computed to be favorable at −1.73 eV per (CA)2(BI)2. The
predicted stability of the mixed (CA)2(BI)2 network can be
recovered from a simple model that sums up all the interaction
energies from pairs of hydrogen-bonded molecules within each
network, which sums up to −0.63 eV per (CA)2(BI)2. This
confirms that part of the driving force for cocrystallization,
within DFT, is to strengthen the interactions between adjacent
(hydrogen-bonded) molecules.
By using geometry constraints to fix the O−H···N distances

within the tetramers at the values they adopt in (CA)1(BI)1
dimers (to keep the 1 motifs intact during geometry
optimizations), it was estimated that the tautomerization
contributes significantly, at roughly 15%, to the total binding
energy of the tetramer. It should be noted, however, that the
energy differences between 1 and 2 can change significantly
with different DFT functionals and with other methodologies

(like Hartree-Fock and MP2, which are less favoring, relatively
speaking, of the tautomer), and also it can be noted that the
local symmetry within the imaged tetramer building blocks
does sometimes appear as could be expected from the less-
symmetric hydrogen-bonding in 1. Since 2 is energetically
favored in all of the periodic models, we used the ETS-NOCV
method50 to study the key differences between the 1 and 2
motifs by decomposing the DFT binding energy of the
(CA)2(BI)2 tetramer into ΔEbind = ΔEdisp + ΔEsteric + ΔEoi,
where ΔEdisp includes the post-SCF dispersion corrections
between molecules, ΔEoi includes the attractive interactions
that come about from allowing inter- and intra-molecular
charge flow between the fragments’ molecular orbitals, and
ΔEsteric includes everything else (such as Pauli repulsion and
electrostatic interactions between “frozen” molecular frag-
ments, and a geometry deformation energy).
The bond-energy decomposition results are presented in

Figure 4c. It can be seen that 1 and 2 indeed have distinct
signatures with this representation of ΔEbind. The ΔEoi term is
relatively diminished in 2, while the ΔEsteric term is
strengthened. A more in-depth ETS-NOCV analysis (i.e., a
decomposition of ΔEoi) confirms that the diminished ΔEoi of 2
correlates with weaker contributions from the intermolecular
hydrogen bonding; the energy contributions for each type of
hydrogen bond are indicated in Figure 4a. Despite its weaker
overall ΔEoi, the tautomerization curiously still strengthens the
charge-transfer character of the (weakest) N−H···O hydrogen
bond from 1; this relates with the resonance-stabilized partial
atomic positive charges on the BI nitrogen atoms. The
electrostatic interactions included in the ΔEsteric term of 2
further compensate and overpower the apparent diminished
strength of the hydrogen bonding to ΔEoi. The stability of 2 in
DFT is thus attributed, primarily, to the molecules’ resonance
structures and intermolecular electrostatic interactions. This
corroborates our speculation about the importance of such
intermolecular electrostatic interactions in stabilizing CA/3-
HPLN networks.7 Furthermore, this suggests that future efforts
to synthesize cocrystals with non-tautomerized hydrogen-
bonded networks would benefit from being designed so that
they embellish the relative importance of ΔEoi’s contribution
to ΔEbind or diminish the role of ΔEsteric.
Regardless of the tautomer structure, the proposed

[(CA)2(BI)2]n structure has no net dipole moment (see the
sketch of molecular dipole moments within the 1-based model
in Figure 5), and we therefore do not expect CA/BI networks
to exhibit significant ferroelectricity. Intermolecular proton
transfers can be imagined within the [(CA)2(BI)2]n model
which create substantial spontaneous polarization, such as the
structure shown in Figure 5b, but such a structure is not a
stable local minimum on the DFT potential energy surface,
and when geometry constraints are used to optimize a model
of it, it is over 1.2 eV per (CA)2(BI)2 unit less stable than the
model network in Figure 5a. The stability of a non-polar
ground state clearly indicates that the [(CA)2(BI)2]n structure
is not as potentially ferroelectric as the single-component two-
dimensional BI networks. Furthermore, it is likely that
attempts to polarize such a network structure with an external
chemical potential would induce more limited proton transfer
mechanisms with much smaller perturbations to the overall
polarization vector, like a toggling of N−H···O and N···H−O
bonds.
The [(CA)2(BI)2]n model network was also modeled over a

four-layer Au(111) slab with a (2√7 x 2√7) overlay; this cell

Figure 4. (a) A sketch of the proposed (CA)2(BI)2 tetramer model
(1). When its geometry is optimized with DFT, it spontaneously
tautomerizes to the structure shown to the right (2). The energy
values show estimates of the relative stabilization that each hydrogen
bond type contributes to the tetramer’s binding energy as a result of
charge-transfer within and among the molecular fragments. (b)
Atomic structure of the optimized periodic (CA)2(BI)2 network. (c)
A comparison between the total binding energies, ΔEbind = E(CA2BI2)
− 2*E(CA) − 2*E(BI), of the 1 and 2 (CA)2(BI)2 clusters, as well as
their decomposition within an ETS-NOCV framework, which can be
used to express ΔEbind as ΔEbind = ΔEdisp + ΔEsteric + ΔEoi.
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was chosen since it allows for near-optimal intermolecular
distances along the molecular chains as determined from gas-
phase network models (albeit compressed by roughly 0.1 Å per
cell). The 2-based structure was again recovered as the most
energetically stable model structure, and the charge-transfer
within it is clearly evidenced by the computed Bader charges
that are assigned to each molecule’s constituent atoms (−0.84e
on CA and +0.84e on BI). The binding energy is computed to
be −8.91 eV per (CA)2(BI)2 unit, which can readily be
decomposed into a −4.76 eV per (CA)2(BI)2 unit contribution
that comes from the interaction of the network with the
surface, and a −4.15 eV per (CA)2(BI)2 unit contribution that
comes from the formation of the [(CA)2(BI)2]n network from
the isolated molecules. Analysis of the charge density
difference plots confirms that its most prominent features
conform to an asymmetric redistribution of charge along the
hydrogen bonds (see the SI), which is a hallmark of hydrogen-
bonded networks. The projected densities of states onto select
molecular orbitals are shown in Figure 6a and confirm that the
molecular orbitals of the (CA)2(BI)2 tetramer building block
are easily recognized (the positions of the peaks which
correspond to selected frontier molecular orbitals are labeled).
This is all consistent with the overall weak influence of the
substrate on the intermolecular interactions, despite the strong
overall dispersion-driven bond strength, and corroborates that
the networks which we have imaged here can possibly be
synthesized on semiconducting substrates which have a similar
relatively inert influence on the molecule−molecule inter-
actions.

Considering the possibility of toggling between the hydro-
gen bond types with STM, we revisit the habitual occurrence
of a “double-oval” feature in STM that was both seen (Figure
6d, reproduced from Figure 3c) and not seen (Figure 6c)
during data collection. We noted that the charge density
generated from the local density of states within −2.3 eV of the
Fermi level for the DFT-optimized model network (shown in
Figure 6e) agrees fairly well with the overall appearance of the
measured STM images in Figure 6c,d; the CA and BI
molecules take on distorted hexagonal sublattices, with one of
them, in this case CA (colored black in Figure 6e), being far
more distorted than the other. The double-oval feature also
belongs to the molecular sublattice with the shortest
intermolecular distances (estimated to be 0.6 vs 0.8 nm from
the STM images). Since the CA−CA and BI−BI distances are

Figure 5. A potential structural transformation of the [(CA)2(BI)2]n
model network that aligns all of the molecular dipole moments in the
same direction. The 1-based model of the network is shown in (a),
wherein the molecular dipole moments are depicted with arrows to
show how they cancel out (resulting in a zero net polarization vector,
P). A constructed polar network is shown in (b), but note that this
network is not a minimum on the DFT potential energy surface (the
central (CA)2(BI)2 tetramer tautomerizes upon geometry optimiza-
tion).

Figure 6. (a) Projected densities of states of the optimized
[(CA)2(BI)2]n/Au(111) network onto (blue line) atomic s, px, and
py-character states (σ-symmetry electronic states) and onto (red line)
pz-character atomic states (π-symmetry electronic states). The
molecular orbitals (MO’s) from isolated (CA)2(BI)2 clusters which
best match up with the peaks in the PDOS are shown to the right. In
(b), we show, schematically, how the relative energies of these
molecular orbitals are affected by the tautomerization. (c, d) STM
images of CA and BI adsorbed to Au(111), scanned at −2.3 and −1.7
V, respectively [(d) are also shown in Figure 3c)]. A double-oval
feature shows up in (d) that is not present in (c). (e) Corrugation
profile of the partial charge density generated from the local density of
states within a −2.3 to 0.0 eV energy window from the Fermi energy
for the DFT-optimized [(CA)2(BI)2]n/Au(111) model system.
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estimated to be 0.7 and 0.9 nm, respectively, in our molecular
model, we assign the double-oval feature as a CA molecule.
With this assignment, it is interesting to note that the dark
areas in the center of the tetramers from the STM imaging
would correspond with areas of low charge density above BI’s
five-membered rings, which serves as another example of parts
of molecules being invisible in STM experiments.
By defining a narrower energy window such that only the

CA molecular states are sampled, for example, with a −1.7 eV
energy interval below the Fermi level, we could generate local
charge densities with very large differences in “contrast” at each
site (CA vs BI), as shown in the SI. This is consistent with the
computed densities of states in Figure 6a, wherein the highest
occupied molecular states are localized on CA. Since
experiments did not detect any such differences in the
molecular contrast at different voltages, we interpret this as a
suggestion that the two states are at an equilibrium over the
timescale of the STM measurement, by invoking the Tersoff-
Hamann approximation51 and assuming that such a chemical
effect within the adsorbate would not be overridden by other
substrate effects. Figure 6b shows how the tautomerization
process results in a rearrangement of the molecular orbitals
near the Fermi level. The drastic change in the local densities
of states upon tautomerization suggests that STM imaging may
noticeably change if the STM tip were to perturb the tautomer-
based equilibrium (because of the changes to the molecular
orbitals near the Fermi level),52 and it is tempting to relate the
differences between the CA− and CA molecular orbitals with
the differences that were observed in Figures 6c/d. On one
hand, it is worth noting, as shown in the ESI, that the double-
oval motif was also seen at a positive bias of +1.0 V and that
observable changes in molecular images upon deprotonation
are known.52 On the other hand, we cannot rule out that the
observed effect is an artifact of some other combined
substrate/tip/network aspect of the experiment (see, as an
example, Figure S16 in the ESI, which shows an STM scan
image that exhibits clear vertical-axis switching from single-
lobe motifs to double-lobe motifs). Nonetheless, the modeling
shows the potential for what would constitute a response
within the [(CA)2(BI)2]n network to an external STM
stimulus, demonstrating that although the Au(111) substrate
does not appear to inhibit the self-assembly of these molecules,
it, or another substrate, can influence the hydrogen bonding
arrangement.

■ CONCLUSIONS
A rational design of a tuned cocrystal molecular architecture
that contains molecules from two types of room-temperature
ferroelectrics, CA and BI, is presented. CA was successfully
codeposited with BI on an Au(111) substrate, and it was found
that the CA/BI networks can always be coaxed, requiring at
most a mild annealing, to adopt a well-defined cocrystalline
network with a [(CA)2(BI)2]n stoichiometry. The crystal
structure resembles, in its homogeneity, our recently reported
CA/3-HPLN cocrystal network,7 but it adopts a differently
assembled tetramer-based building block that allows for
extended hydrogen-bonding along chains rather than closed
hydrogen-bonded molecular loops. Computations show that
the binding of the molecules to the surface drives a significant
portion of the overall binding energy, but that the molecules
are nonetheless energetically driven via the expected hydrogen
bonding interactions to assemble on their own. Computations
further suggest that a tautomer-based salt structure, a result of

spontaneous proton transfer from O−H···N to O···H−N, is
heavily favored by the models because of increased
intermolecular electrostatic and dispersion interactions, but,
concurrently, the DFT-favored tautomer structure weakens the
intermolecular charge-transfer component of the hydrogen
bonding. An inspection of experimental and simulated STM
topographies suggests that STM imaging is possibly perturbing
the balance between tautomer states. This makes us wonder
whether or not the different signatures of the salt-like (2) and
unperturbed (1) molecular states can be incorporated into
future synthetic stratagems.
Most importantly, this study shows that cocrystalline

hydrogen-bonded networks can reliably be created via
solvent-free surface deposition studies and that they bind
together as could be expected and predicted from computa-
tions and chemical intuition. This demonstrates the usefulness
of STM in testing compatible cocrystal precursors without
having to search for the proper solvent and mixing method. We
hope this inspires further studies to seek out deposited
molecular networks that adopt functional structures and
properties.
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