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ABSTRACT: In this study, a new bottom-up approach is proposed to predict the
crystal structure of the substrate-induced polymorph (SIP) of an archetypal
molecular semiconductor. In spite of intense efforts, the formation mechanism of
SIPs is still not fully understood, and predicting their crystal structure is a very
delicate task. Here, we selected lead phthalocyanine (PbPc) as a prototypical
molecular material because it is a highly symmetrical yet nonplanar molecule and
we demonstrate that the growth and crystal structure of the PbPc SIPs can be
templated by the corresponding physisorbed self-assembled molecular networks
(SAMNs). Starting from SAMNs of PbPc formed at the solution/graphite
interface, the structural and energetic aspects of the assembly were studied by a combination of in situ scanning tunneling
microscopy and multiscale computational chemistry approach. Then, the growth of a PbPc SIP on top of the physisorbed monolayer
was modeled without prior experimental knowledge, from which the crystal structure of the SIP was predicted. The theoretical
prediction of the SIP was verified by determining the crystal structure of PbPc thin films using X-ray diffraction techniques, revealing
the formation of a new polymorph of PbPc on the graphite substrate. This study clearly illustrates the correlation between the
SAMNs and SIPs, which are traditionally considered as two separate but conceptually connected research areas. This approach is
applicable to molecular materials in general to predict the crystal structure of their SIPs.

1. INTRODUCTION

Polymorphism represents the ability of compounds to crystallize
into different forms. These crystal forms are called polymorphs
and usually differ in atomic arrangement or molecular packing.
Studying polymorphism is of prime importance since it
determines the physical properties of materials, such as
solubility, mechanical properties, and electronic properties,1−3

with major impacts in different areas, for example, organic
semiconducting materials,1,4 liquid crystalline materials,5 and
pharmaceutical compounds.3,6−8

Among all types of crystals, polymorphs of organic molecules
are abundantly diverse.9 This is because within crystals, organic
molecules interact often through weak van der Waals
interactions. These polymorphs show different space groups
or differ in the molecular conformations. However, a typical
value for the energy difference between different polymorphs is
<2 kJ/mol.10,11 Such large diversity and slight energy difference
make it challenging to control the crystallization of organic
molecules into the desired polymorph.
It has been well documented that the surface plays an

important role in the crystallization process.1,12−14 The surface
acts as a catalyst by lowering the activation energy barriers,
which gives rise to heterogeneous crystallization.15 Beyond such
catalyzing effects, some studies have reported that molecular
materials can crystallize into new polymorphic forms in the

vicinity of the substrate.7,16−18 These new forms are called
substrate-induced polymorphs (SIPs). Their structures are often
distinct from those reported for the bulk phases. Earlier studies
of SIPs mainly focused on organic semiconductor materi-
als.19−22 The best known example is pentacene for which
different SIPs are obtained as the nature of the substrate
changes,23−25 with some of these SIPs showing improved charge
transfer mobility compared to bulk forms.26,27 Recently, SIPs of
pharmaceutical molecules also drew attention for their possible
effects on bioavailability and solubility.7,28 Thin-film crystals are
often prepared by drop casting, spin coating, or physical vapor
deposition1,29 fromwhich their crystal structures are determined
by X-ray diffraction techniques.20,21,30 Despite a growing
number of experimental observations,18,31 the formation of
SIPs from the substrate is difficult to be investigated from
experiments only and hence the mechanism for the formation of
SIPs is still unclear.
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SIPs typically extend vertically over at least several molecular
layers; the thinnest possible SIP is the topic of another
conceptually related research line: self-assembled molecular
networks (SAMNs) of organic molecules, which are composed
of a single layer of molecules on a solid substrate. SAMNs have
been studied extensively over the past couple of decades, mostly
with scanning probe microscopy, and molecular assemblies with
complex architectures can be built or even manipulated.32−38

Such assemblies promote the development of functional surfaces
with potential applications in different areas,39 such as organic
photovoltaics,40 photonics,41 and host−guest chemistry.42

However, despite detailed experimental studies in the field of
SIP and SAMN, respectively, such conceptual connection is not
fully understood yet. The understanding of how the SAMN
affects the crystal structure formation on top of it is still missing.
For a better comprehension of this connection, we have

chosen a compound from a prototypical class of organic
semiconductors, lead phthalocyanine (PbPc, Figure 1), and
studied the SAMNs on highly oriented pyrolytic graphite
(HOPG) as a starting point toward the possible generation of an
SIP from this self-assembled network.

PbPc shows many interesting physical and chemical proper-
ties, such as high chemical and thermal stability,43 high coloring
property, and photoconductivity,44 along with promising
electrical properties for use in sensors for hazardous
gases.45−47 In addition to these electronic and optical properties,
the structural features of PbPc are also interesting in the context
of this study since the molecule is highly symmetric (C4v) but
nonplanar, in contrast to other metal phthalocyanine molecules.
Self-assembled monolayers of PbPc have first been reported

on MoS2 as deposited by molecular beam epitaxy, and the
scanning tunneling microscopy (STM) data revealed three
arrangements of the assembled PbPc molecules.48 In a more
recent study, PbPc monolayers were deposited onto epitaxial
graphene on SiC and their internal organization was investigated
by STM under ultrahigh vacuum.49 PbPc molecules were found
to be packed into a long-range ordered self-assembly with a
square 2D unit cell.
It must be noted, however, that the nonplanarity of the PbPc

molecule can lead to different adsorption conformations on the
substrate, with the central Pb atom either pointing away (Pb-up)
or toward (Pb-down) the substrate. Up to now, an unambiguous
determination of the molecular adsorption conformation within
the assemblies is still missing. Regarding 3D crystals, two bulk
polymorphs were reported for PbPc: a monoclinic phase with
the P21/c space group

50 and a triclinic phase whose space group
is P-1.51 To the best of our knowledge, the question of whether
the SAMN of PbPc could direct its crystal structure growth into
the known bulk phases or SIPs within the thin films has never
been addressed.
In this study, the PbPc self-assembly was carried out at the

solution/HOPG interface, instead of the common high vacuum

conditions. With this approach, self-assembled monolayers form
in the presence of the solution, that is, closer to equilibrium
conditions compared to vacuum deposition. After preparation,
STM was employed in situ to determine the structural
organization of the assembly with a resolution down to the
(sub)molecular level. The adsorption conformation of the PbPc
molecules was then determined unequivocally by comparing
simulated and experimental STM images. In parallel to the STM
measurements, force field simulations were employed in order to
have a better understanding of the molecular packing within the
assembly. The growth of an SIP for the PbPc molecule, as
templated by the self-assembled monolayer, was then modeled
by successive adsorption of up to four molecular layers.
Complementarily, experimental PbPc thin films were prepared
and their crystal structure was determined using X-ray
diffraction techniques. In this manner, the results could be
compared with the model SIP to obtain an integrated view over
the 2D to 3D assembly of this molecular semiconductor.

2. METHODOLOGY
2.1. Experimental Details. 2.1.1. Self-Assembled Mono-

layer Preparation and STMMeasurements.A stock solution of
PbPc (CPbPc = 2.9 × 10−4 M) was prepared by dissolving
appropriate amounts of the compound in 1-heptanoic acid
(HA). The stock solution was diluted further with HA to
prepare a concentration series. All STM experiments were
performed at room temperature (21−23 °C) using a PicoSPM
(Agilent) machine operating in the constant current mode with
the tip immersed in the supernatant solution. STM tips were
prepared by mechanically cutting a Pt/Ir wire (80%/20%,
diameter 0.2 mm). Prior to imaging, a drop of the solution was
placed onto a freshly cleaved surface of HOPG (grade ZYB,
Advanced Ceramics Inc., Cleveland, USA). The experiments
were repeated in 2−3 sessions using different tips to check for
reproducibility and to avoid experimental artifacts, if any. For
analysis purposes, recording of a monolayer image was followed
by imaging the graphite substrate underneath under the same
experimental conditions, except for increasing the current and
lowering the bias. The images were corrected for drift via
scanning probe image processor software (Image Metrology
ApS), using the recorded graphite images for calibration
purposes, allowing a more accurate unit cell determination.
The unit cell parameters were determined by examining at least
four images and only the average values are reported. The
images were Gaussian-filtered. The imaging parameters are
indicated in the figure caption: tunneling current (Iset) and
sample bias (Vbias).

2.1.2. Thin-Film Preparation and X-ray Diffraction
Measurements. HOPG monochromators were purchased
from Momentive Performance Materials Quartz Inc. with a
ZYB grade. This corresponds to an X-ray mosaic spread of 0.5−
1°. The dimensions of the HOPG are 12 mm × 12 mm × 12
mm. Thin films of PbPc were prepared on HOPG via physical
vapor deposition (PVD). To clean the HOPG, sticking tape was
dabbed on the surface and subsequently removed. The cleaned
substrates were then transferred into the high-vacuum chamber
of the PVD reactor. After reaching a high vacuum in a low 10−6

mbar level, PbPc was sublimed from an effusion evaporator. The
PbPc film growth was controlled via a microbalance.
Specular X-ray diffraction experiments on the samples were

performed using an Empyrean system (Panalytical, the Nether-
lands) equipped with a copper sealed tube (wavelength of
0.15418 nm), a parallel mirror, beam masks, and slits, and a

Figure 1. Molecular structure and geometry of PbPc.
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PIXcel3D detector was used in the scanning line (1D) mode.
Grazing incidence X-ray diffraction (GIXD) experiments were
performed at the Elettra Synchrotron Trieste in order to study
the crystal structures of the thin films. The wavelength on the
beamline (XRD1) was set to 0.140 nm, and the scattering
intensities were collected via a 2 M Pilatus detector. For better
statistics, the sample was rotated during the measurement.
Calibration was performed using LaB6 standards. GIDVis
software52 was used to analyze the collected data, and the
corresponding GIXD pattern was indexed by GIDInd
software.53 During indexation, the lattice parameters were
solved in a two-step procedure. In step one, twoMiller indices of
the contact plane between the thin-film crystal and the substrate,
h and k, were determined from the observed peaks, from which
the lattice parameters a, b, and γ can be calculated. Then, the
third Miller index of the contact plane l and the lattice
parameters c, α, and β were calculated in the second step.54 In a
subsequent step, the molecular packing was optimized in the
given crystallographic unit cell by force field simulations.
2.2. Computational Details. 2.2.1. STM Simulations. To

simulate the STM images, density functional theory (DFT)
calculations were carried out using the 4.1 version of the SIESTA
code including periodic boundary conditions.55 The exchange-
correlation functional is described by the generalized gradient
approximation in the Perdew−Burke−Ernzerhof form. A
numerical double-zeta polarized atomic basis set is used for
valence electrons, where the 5s, 5p, and 4d states of Pb are well
described. The nuclei and core electrons are described by
Troullier−Martins pseudopotentials.56 A reasonable mesh
cutoff of 250 Ry was utilized with a Monkhorst−Pack grid of
(1 × 1 × 1). Only one point is sufficient for sampling since the
dimension of the unit cell of the input structure is relatively
large: around 15 Å in x and y directions. For the z direction, a
distance of 60 Å is used. The Grimme correction is used to
account for the van der Waals (vdW) interactions.57 All SIESTA
calculations were performed on the structures obtained from the
force field calculations. In SIESTA, the local density of states
(LDOS) are integrated over an energy window that is
determined by the experimental bias voltage used for recording
the STM images. The simulated images were then generated
from this LDOS based on the Tersoff−Hamann approximation
by using WSxM software.58

2.2.2. Molecular Mechanics (MM) and Dynamics (MD)
Simulations. All force field calculations were performed in the
Forcite module of the BIOVIA Materials Studio 2018.59 In our

study, the classical Dreiding force field60 was first modified in
such a way that accurate descriptions for both the molecular
geometry and the bulk crystal structures of PbPc are obtained.
Details of the reparameterization process and the performance
of the modified force field are included in the Supporting
Information. This modified force field was then employed in all
MM/MD simulations. The atomic charges were assigned from
the ESP charges calculated at the DFT level using the Gaussian
16 program package.61 For those DFT calculations, the M06-2X
functional is employed, with the 6-311G(d) basis set for the C,
N, and H atoms, while the LANL2DZ basis set and
pseudopotential are used for the Pb atom.
The MD simulations for the PbPc assemblies were conducted

in the NVT (constant number of particles, volume, and
temperature) ensemble with the Nose−́Hoover−Langevin62
thermostat. The HOPG substrate is modeled by two graphite
layers that are kept frozen during the simulations as the
physisorption of molecules is not expected to affect the
geometry of the substrate. The quench MD approach (see
Supporting Information for more details) was used on different
models for the molecular assembly. Compared to the usual MD
simulations, structures are optimized periodically in time during
this quench MD process. This enables a refinement of those
initially optimized structures and a more efficient convergence
toward the most stable structure, which is then compared with
the experimental assembly.

3. RESULTS AND DISCUSSION

3.1. PbPc SAMNs: Adsorption Conformation of a
Single PbPc Molecule and STM Contrast. As shown in
Figure 2a, PbPc forms highly ordered self-assembledmonolayers
upon physisorption at the HA/HOPG interface. The monolayer
consists of defect-free domains that extend over several
thousand square nanometers (Figure S1, Supporting Informa-
tion). A close inspection of the STM images reveals that each
molecular row consists of PbPc molecules closely packed along
the row axis and each molecule appears as a collection of 16
bright dots (see the inset in Figure 2a, dots labeled by the white
dashed circles).
The STM data presented in Figure 2a are somewhat unusual.

The first peculiar feature of the acquired STM data is the
appearance of the individual PbPc molecules. In particular, the
center of the PbPc molecules, where the lead atom is located,
appears as a depression. This is in contrast to the STM data

Figure 2. (a) Self-assembly of PbPc at the HA/HOPG interface with a zoomed image of a single PbPc molecule. Imaging parameters: Iset = 70 pA and
Vbias =−1.29 V. Optimized atomistic models for Pb-up (b) and Pb-down (c) conformations and the corresponding simulated STM images (d and e) at
the experimental bias voltage, V = −1.29 V.
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obtained under UHV conditions where the Pb atom appeared as
a bright protrusion in the STM images.49 Furthermore, in self-
assembled networks of alkyl-substituted lead pyrenocyanine
formed at the solution−solid interface, the lead atom was
observed as a bright protrusion as well.63 However, a few
molecules in the assembly network of alkyl-substituted lead
pyrenocyanine showed a depression at their molecular center
and this depression was ascribed to the molecules adsorbed with
a Pb-down adsorption conformation.63 These observations
might be related to the prevalence of either the Pb-up or the Pb-
down adsorption conformation, resulting from the large size of
the central metal, which does not fit inside the isoindole cavity of
phthalocyanine. Tin phthalocyanine behaves similarly: depend-
ing on the orientation of the metal center, the central cavity of
the molecule adsorbed on metal surfaces appeared in the STM
images either as a protrusion (Sn above the molecular plane, Sn-
up) or as a depression (Sn below the molecular plane, Sn-
down).64 In order to identify the factors contributing to the
STM contrast of the PbPc molecules in the self-assembled
network and to determine the adsorption conformation of PbPc
on the graphite surface, detailed modeling studies are carried
out.
The preferred adsorption conformation for a PbPc molecule

on theHOPG substrate is determined from simulations. A single
PbPc molecule is adsorbed in Pb-up (the lead atom points away
from the substrate) or Pb-down (the lead atom points toward
the substrate) conformation on the bilayer graphene, which acts
as a model substrate. Both structures are then optimized by force
field calculations. (Figure 2b,c, respectively). Their relative
stability is then evaluated by comparing the adsorption energy,
which is calculated with the following equation:

E E E Eadsorption tot mol substrate= − −

where Etot is the total potential energy of the optimized
adsorption system, and Emol and Esubstrate are the potential
energies for the isolated molecule and the substrate. The
adsorption energy for the Pb-up conformation is found to be
−76.8 kcal/mol, while it is only−47.6 kcal/mol for the Pb-down
conformation. The Pb-up conformation is clearly preferred
because it maximizes the vdW interactions between the
phthalocyanine ring and the HOPG substrate. In contrast, in
the Pb-down conformation, only a part of the phthalocyanine
ring is in close contact with the substrate leading to weaker vdW
interactions.

The simulated STM images for the Pb-up and the Pb-down
adsorption conformations are shown in Figure 2d,e, respectively.
This enables a more direct comparison with the experimental
image in order to confirm the molecular conformation within
the experimental assembly. The simulated STM image for the
Pb-up conformation is made up of 16 bright features, which is in
line with the experimentally obtained STM image (see Figure 2a
inset). Most importantly, the center of the molecule
(corresponding to the position of the lead atom) appears dark
compared to the periphery of the molecule. In contrast, the
simulated image for the Pb-down conformation has clearly
different features. An obvious brightness gradient arises over the
molecule: the upper-left part of the molecule is brighter than the
lower-right part, which is attributed to the inclination of the
PbPc molecule, and a nonzero response is also present at the
molecular center. The simulated STM image of the Pb-down
adsorption conformation clearly does not match with the
experimental STM data.
While the experimental and the simulated STM data obtained

in this study agree closely, they differ from the experimental
STM data reported recently by Nguyen et al.49 As described
above, PbPcmolecules appeared with a bright central protrusion
in their self-assembled network formed on graphene on SiC
under UHV conditions. In order to understand this difference,
and to further ascertain the adsorption conformation of PbPc in
the present case, we simulated STM images at several bias
voltages for the Pb-up configuration to cover the experimental
conditions used in the study of Nguyen et al. and compared
those data to the molecular frontier orbitals of PbPc. Note that
the UHV-STM images were acquired at a bias voltage of −1.5
V,49 whereas the STM data presented in this study are recorded
at a bias voltage of −1.29 V.
Figure 3 shows a series of simulated STM images at different

bias voltages together with the frontier molecular orbitals of
PbPc. Clearly, the patterns of the STM images are closely related
to the shape of those orbitals. It can be noticed that at a
moderate bias voltage (i.e., −1.40 V or a less negative value),
only the HOMO orbital of PbPc contributes to the image. Since
the HOMO has a node on the central atom, brightness at the
molecular center is not expected, fully consistent with the aspect
of the molecules in Figure 2a. Once the bias voltage is turned to
more negative values (lower than −1.5 V), additional
contributions from the HOMO-1 orbital are present in the
simulated image. In particular, the bright molecular center

Figure 3. Simulated STM images for the Pb-up conformation at different bias voltages together with the highest occupied molecular orbital (HOMO)
and HOMO-1 orbital of the PbPc molecule. The simulated STM images at the bias values used in this work and in ref 49 are shown in panels a and b,
respectively.
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observed in Nguyen’s experiments is reproduced by our
simulations. Such a bright center due to the contribution of
the Pb atom is characteristic of the HOMO-1 orbital. We also
find that the intensities coming from the phthalocyanine ring are
increasingly smeared out as the bias voltage becomes more
negative. This is associated with the contributions in the
HOMO-1 orbital of the four nitrogen atoms that connect the
isoindole fragments of the molecule. Combining the exper-
imental data with all the simulated STM images, it is concluded
that the PbPc molecules all have the “Pb-up” conformation in
our assembly, while the aspect of the molecular center is directly
related to the shape of the molecular orbitals that are probed at a
given bias voltage.
3.2. Long-Range Order in PbPc SAMNs. Apart from the

appearance of individual PbPc molecules in the experimental
STM images, the second peculiar feature of the assembly lies in
the arrangement of molecules perpendicular to the row
direction. A small-scale STM image of the same domain as
shown in Figure 2a is depicted in Figure 4a. It clearly shows that
the assembly consists of alternating single and double rows of
PbPc molecules separated by dark narrow gaps.

Within these rows, the relative orientation of molecules
remains the same. Therefore, two sets of lattice parameters can
be extracted from the images. The corresponding unit cells are
also shown in Figure 4a: a rectangular one that encompasses the
single row/double row alternation and a square one within the
double rows. The lattice parameters for the rectangular unit cell
are a = 52 ± 1 Å, b = 14 ± 1 Å, and α = 88 ± 1°; for the square
unit cell, they have dimensions of a = b = 14± 1 Å and α = 88±
1°.
Given that PbPc molecules here do not possess any peripheral

functional groups, they are expected to form close-packed
assemblies. In fact, when self-assembled under ultrahigh vacuum
on the surface of graphene, PbPc indeed formed a close-packed
self-assembled network in the absence of any gaps.49 The
formation of molecular rows separated by “dark” narrow gaps
thus appears to be specific to the solution−solid interface. The
reason for the formation of this particular molecular arrange-
ment is therefore investigated by detailed force field simulations
based on the hypothesis that solvent coadsorption may take
place. The solvent used in our experiments is HA. Coadsorption
of HA within molecular assemblies has been reported by Sirtl et
al.65 In their study, the coadsorption was inferred by comparing

assemblies prepared in high vacuum and at the solution/HOPG
interface. Nevertheless, direct proof for the existence of
coadsorbed solvent molecules was not reported.
The modeling study starts by building five candidate

assemblies including coadsorbed solvent molecules (see
Supporting Information, Figure S8) that are packed differently.
Considering the structure of the HA molecule, two types of
intermolecular interactions must be considered when inves-
tigating its packing: the hydrogen bond between carboxylic
groups and the vdW interactions between interdigitated alkyl
chains. Each of these five candidate assemblies promotes one or
both of these interactions and their lattice parameters are set at
the experimental values. Detailed descriptions for the building of
these assemblies are provided in the Supporting Information.
These candidate assemblies are first optimized by MM. After
optimization, two candidate assemblies show better structural
rigidity since both vdW interactions and hydrogen bonds
between solvent molecules are present. These two assemblies
are then expanded and refined by quench MD. A detailed
comparison between these two expanded assemblies is discussed
in the Supporting Information (Figure S9). The most stable and
ordered assembly after refinement is shown in Figure 4b and
compared to the experimental assembly.
In Figure 4b, solvent molecules between PbPc rows are paired

by hydrogen bonds without disturbing the organization of the
surrounding PbPc molecules. All PbPc molecules are oriented in
the same way and they are perfectly aligned within the rows.
Similar to the experiment, two types of unit cell are extracted and
illustrated in Figure 4b. Unit cell 1 is almost rectangular with
dimensions of a = 55.3 Å, b = 13.8 Å, and α = 83°, while
molecules within the PbPc double rows pack into a quasi-square
unit cell, namely, unit cell 2, with parameters a = b = 13.8 Å and α
= 88.5°. Inside each molecular row, PbPc molecules are rotated
with respect to the row axis by β = 62 ± 0.57°. The lattice
parameters for the unit cell of the experimental assembly and the
modeled assembly are compared in Table 1.

The lattice parameters of the experimental and simulated
assemblies show an excellent agreement. The slight deviation
found for unit cell 1 could be explained since mobile solvent
molecules are included in the unit cell. Unit cell 2 is constituted
of PbPc molecules only and the lattice parameters of the
modeled assembly agree even better with the experimental
values. These calculated parameters also show an excellent
agreement with the experimental measurements for PbPc
assemblies formed in high vacuum.49 Through these compar-
isons, a convincing match between the experimental and
modeled assembly is found, which confirms the accurate
description of the PbPc assembly by our model. This model
also includes the solvent coadsorption, leading to the special
alternating row arrangement observed in the experiments. This
specific “single row-double row” organization is considered to
stem from a possible better registry between PbPc rows and the

Figure 4. (a) Small-scale STM image with submolecular resolution.
The graphite symmetry axes are shown in the lower left corner. The unit
cells are overlaid on the STM image. Imaging parameters: Iset = 70 pA
and Vbias = −1.29 V. The unit cell parameters are provided in Table 1.
(b) Quench MD-refined atomistic model for the solvent coadsorbed
PbPc assembly.

Table 1. Lattice Parameters of the Two Unit Cells in the
Experimental and Modeled Assemblies

unit cell 1 unit cell 2

experimental modeled experimental modeled

a/Å 52 ± 1 55.3 14 ± 1 13.8
b/Å 14 ± 1 13.8 14 ± 1 13.8
α/° 88 ± 1 83.0 88 ± 1 88.5
β/° 61.5 ± 1.7° 62.0 ± 0.57° 61.5 ± 1.7° 62.0 ± 0.57°
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HOPG substrate when adsorbed in this periodicity. Although
direct observation of solvent molecules by STM is always
challenging because of their high mobility, in our experiments,
bright wavy stripes between PbPc molecular rows are imaged
occasionally. One example is shown in Figure S10a. Based on the
structural model we built for the assembly (Figure S10b), those
stripes are interpreted to be coadsorbed solvent molecules. This
further confirms the solvent coadsorbed model built to explain
the experimental assembly. The fact that solvent molecules can
coadsorb within the assembly network could in principle provide
a possibility to control the width of the gap between PbPc rows.
Nevertheless, the coadsorption of solvent molecules is rather
difficult to control, which precludes its further use as a design
strategy in real experiments. Within these assemblies, HA
molecules coadsorb with their alkyl chains parallel to the PbPc
rows. Therefore, the gap width between PbPc rows is not
expected to change even if a solvent with longer alkyl chains is
employed.
3.3. Simulations of SIP Growth. The specific alternating

row arrangement observed in the PbPc monolayers formed from
solution has been explained by solvent coadsorption. However,
in order to investigate whether a thin film growing from a
monolayer could generate the known bulk polymorphs or a SIP
of PbPc, we remove the solvent molecules and build compact
PbPc multilayer assemblies. This choice is based on the fact that
multilayer formation is rarely observed at the solution/substrate
interface and is more relevant to deposition under dry
conditions (e.g., by vacuum sublimation). Top and side views
of the optimized atomistic model for the compact monolayer
assembly are shown in Figure 5a,b respectively.

In this compact monolayer assembly, all PbPc molecules have
the preferential Pb-up conformation. They stay on the same
plane owing to the geometric 2D confinement exerted by the flat
HOPG substrate. However, such an organization is not present
in either the bulk monoclinic50 or the triclinic51 phase of PbPc,
which indicates the possibility to grow a SIP of PbPc from this
assembly instead of generating the known bulk phases directly.
The growth of an SIP is first studied in simulations, where it is

modeled by successive adsorption of up to four molecular layers.
Here, two possible structures are proposed: columnar stacking
(Figure 5c) and alternating stacking (Figure 5d).
Columnar stacking is similar to the bulk monoclinic phase of

PbPc except that all PbPc molecules keep the same orientation.
As for the alternating stacking, molecules in adjacent layers have
different orientations and are packed alternatingly in either “face
to face” (e.g., between the 1st and 2nd layers) or “back to back”
(e.g., between the 2nd and 3rd layers) arrangement. The
existence of such alternating stacking is deduced from
spectroscopic measurements on a PbPc bilayer structure,66,67

but no experimental information exists on thicker multilayer
structures.
Preliminary MM simulations indicate that the alternating

stacking structure is more stable than its columnar counterpart
(see Supporting Information for more details). Based on these
findings, the alternating stacking of PbPc was further refined by
the quench MD. The most stable final structure is depicted in
Figure 6a,b, together with the extracted unit cell of the possible
SIP.

The interaction energies between neighboring molecular
layers are summarized in Table 2 (see the Supporting
Information for more details on the estimation of these
energies).

The calculation shows the existence of a stronger interaction
between “face to face” stacked molecules. This provides a solid
indication for the bilayer growth mechanism assumed in the
experimental studies67,68 based on which the PbPc thin film
grows per “face to face” and stacked dimer and molecules have
alternating orientations in adjacent layers. It is revealed by these
force field simulations that the alternating stacking shows
superior structural rigidity and stability. It is therefore reasonable
to hypothesize that a possible PbPc SIP would grow in this
alternating packing manner.
Figure 6c shows the enlarged central region of the modeled

multilayer, which is marked by the white parallelogram in Figure

Figure 5. (a) Top view of the optimized compact PbPc assembly. Unit
cell parameters: a = b = 13.7 Å and α = 90°. These parameters agree well
with the PbPc assemblies deposited in high vacuum.49 (b) Side view of
the compact PbPc assembly after optimization, where all molecules are
in the Pb-up conformation as shown in the zoomed image of one PbPc
molecule. All Pb atoms are red-colored for better visualization. (c)
Multilayer structure of PbPc grown from the compact assembly in
columnar stacking. (d) Multilayer structure of PbPc grown from its
compact assembly in alternating stacking. PbPc molecules in different
layers are colored differently.

Figure 6. (a) Top view of the refined alternating-stacked PbPc
multilayer. (b) Side view of the alternating-stacked PbPc multilayer
after refinement. (c) Zoomed image of the region marked by the white
parallelogram in panel (a), which shows a more detailed molecular
arrangement and three lattice parameters to define the SIP. (d)Unit cell
of the PbPc proposed SIP after Niggli cell reduction.

Table 2. Interaction Energy (per Molecule) between
Neighboring Layers in the Refined Alternating Stacking of
PbPc

interaction energy per molecule (kcal/mol)

1st layer and HOPG −72.9
2nd and 1st layers −58.1
3rd and 2nd layers −53.5
4th and 3rd layers −58.6
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6a. The color code for molecules belonging to different layers is
the same as above: molecules in the second, third, and fourth
layers are colored in red, green, and orange, respectively. It is
very clear that in this refined structure, molecules in different
layers have the same orientation, which makes it feasible to
define a unit cell for the SIP from this multilayer structure. The
three lattice parameters a, b, and c of the SIP are illustrated in
Figure 6c. The Niggli cell reduction is then performed to
improve the highly skewed cell that is extracted directly from the
multilayer structure. After reduction, a triclinic unit cell
belonging to the P-1 space group is obtained for the SIP (Figure
6d). There are two molecules within the unit cell and the lattice
parameters are a = 7.70 Å, b = 12.23 Å, c = 13.3 Å, α = 71.39°, β =
80.70°, and γ = 78.09°. The density of this predicted SIP unit cell
is 1.91 g/cm3, which is only 1 and 2.5% lower than the values for
the bulk triclinic and monoclinic phases of PbPc, respectively.
Such a difference is quite reasonable when comparing the
density of SIPs and bulk polymorphs for a given compound.
3.4. Experimental Crystal Structure Determination for

PbPc Thin Films. In parallel to the simulations, specular X-ray
diffraction and GIXD measurements were performed on PbPc
thin films deposited on graphite by vacuum sublimation; the
typical thickness of these samples is in the 20−40 nm range.
Although the PbPc thin films are prepared under the dry
conditions instead of the solution environment as the SAMN, it
is reasonable to hypothesize, based on the reported STM
studies,49 that the first molecular layer adsorbs on the substrate
in the Pb-up conformation, similar to the self-assembly from
solution. Specular X-ray diffraction measurements were first
performed to probe the out-of-plane periodicities of the thin
films. The result is depicted in Figure 7a.

Diffraction peaks were found at qz = 9.01 and 9.48 nm−1,
which correspond to d-spacings of 6.97 and 6.63 Å, respectively.
The d-spacing of the first peak is in excellent agreement with the
interplanar distance of the (110) planes (d110 = 6.94 Å) of the
simulated SIP. The second peak at 9.48 nm−1 (6.63 Å) is related
to the HOPG substrate. The preferred orientation of the
crystallites within the thin film could be accordingly determined:

the (110) plane of the simulated SIP is parallel to the substrate.
With this orientation, the C4 symmetry axis of the PbPc
molecules is perpendicular to the substrate, as shown in Figure
7b.
After the out-of-plane order of the thin films is determined by

the specular X-ray diffraction, the in-plane order is probed by
GIXD (Figure 8). Strong and clear Bragg peaks in the pattern

indicate a highly crystalline structure within the thin films. The
pattern is then indexed with respect to the SIP predicted from
molecular modeling. The indexation is based on the fact that the
(110) plane of the SIP is parallel to the substrate, as it is
determined by specular X-ray diffraction measurements. The
final result is shown in the right side of Figure 8. Here, the
theoretical position of each peak is represented by the white
dots. Considering the fact that the SIP is predicted based only on
the successive adsorption of molecules in the simulation without
any experimental inputs, the overall agreement between
experimental and theoretical peak positions is remarkable.
Thin films of PbPc are also prepared on a graphene layer; the
specular X-ray diffraction and GIXD studies reveal comparable
results, as depicted in the Supporting Information (Figures S12
and S13). In parallel, fittings of the experimental GIXD data are
also attempted with the known bulk triclinic phase of PbPc.
However, these fittings are far from satisfactory. This further
indicates that a new SIP for PbPc has been identified from the
molecular modeling simulations and confirmed experimentally
in thin films.
In spite of a good overall agreement, some deviations between

experimental and theoretical peak positions are still present in
Figure 8. To better explain such deviations, the unit cell
parameters for PbPc in the thin films are then determined from
the experimental pattern using GIDInd software and compared
with the originally predicted SIP. The results are shown in Table
3.
The experimental pattern gives a very comparable unit cell

with respect to that predicted by the molecular modeling. The
energetic stabilities of these two unit cells are then evaluated by
MM. Lattice parameters of the originally predicted SIP unit cell
are set to the values that are determined from the experimental
pattern, while the molecular arrangement within the unit cell is
kept the same. The geometry optimization calculations are
performed on the initial theoretical unit cell and that extracted
from the experiments. During this optimization the unit cell
parameters are held constant. It shows that the energy difference

Figure 7. (a) Specular X-ray diffraction pattern of a PbPc thin film with
a thickness of∼40 nm. (b)Molecular model showing the simulated SIP
in the orientation determined by the specular X-ray diffraction: the
(110) plane of the simulated SIP is parallel to the substrate, with d110 =
6.94 Å and corresponding qz = 9.05 nm−1.

Figure 8. GIXD pattern of the PbPc thin film depicting both the raw
pattern (left side) and the indexed pattern based on the proposed SIP
from modeling (right side).
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between these two unit cells is only 0.8 kcal/mol; in other words,
these two unit cells are energetically equivalent. The crystal
structure information file (cif) of the optimized molecular
packing can be found in the Supporting Information as well as in
the Cambridge Structural Database under reference number
2121171.
Figure 9 shows the experimental GIXD map together with a

calculated peak pattern on the basis of the adapted SIP with its

(110) plane parallel to the substrate. In panel (b), the theoretical
peak positions are marked with red crosses while the squared
structural factor of each peak is proportional to the area of the
associated circle. We observe excellent matching with the
experimental peak intensities. As the structural factors are
directly related to the molecular arrangement within the crystal
lattice, this demonstrates that the packing of PbPc molecules
within the thin films is the same as in the proposed SIP unit cell.
Based on the excellent agreement of both the peak positions and
intensities, it can be concluded that the crystal structure of the
PbPc thin films is successfully predicted by the molecular
modeling, pointing to the existence of a previously unknown SIP
for PbPc.

4. CONCLUSIONS
In summary, the formation, structure, and stability of an SIP in a
prototypical molecular semiconductor, PbPc, were understood
in detail. In classical crystal structure prediction (CSP)
calculations, the effects of substrate are not considered, which
makes it difficult to predict SIPs using CSP. Here we started
from the substrate surface by investigating first the formation of
SAMNs of PbPc at the solvent/graphite interface. The
adsorption conformation of the PbPc molecules within the
monolayer was ascertained by combining STM experiments,
STM image simulations, and atomistic MM/MD simulations.
The nonplanarity of the PbPc molecule appears as a major
feature affecting the structural characteristics of the monolayer,
which has the potential to direct the following crystal growth.
Our study was then extended to explore the structure of PbPc

multilayers on the HOPG substrate in order to mimic the
growth of thin crystalline films. The growth of a new SIP for
PbPc was successfully modeled by the force field simulations,
and the prediction of that SIP was proved to be successful
compared to the crystal structure of PVD-prepared thin films.
To our knowledge, this is the first SIP identified for PbPc.
Previous experimental studies have claimed that the origin of

SIPs could be traced to the structure of the corresponding
monolayer.69 With the aim of going beyond a simple structural
comparison between the monolayer and the SIP, we used a joint
modeling/experimental approach to describe in detail the
structure of the initial assembly and the formation and stability
of the multilayer system leading to the SIP. With this approach,
we reveal explicitly the detailed connection between the self-
assembled monolayer and SIP templated by it. Onemajor, initial
aspect is that when themolecules assemble on the substrate, they
adopt an organization that does not exist in the bulk polymorph.
The second important aspect is to identify the interactions by
which that new molecular organization is then able to template
the subsequent crystal growth, leading to the formation of an
SIP. Such a sequence may represent a typical growth mechanism
for the SIPs. More generally, we believe that the bottom-up
approach we propose here, where the substrate is explicitly
involved and the formation of the SIP is followed layer by layer,
shows strong potential for predicting SIPs of organic molecules,
beyond the specific case described here.
To conclude, this study proposes a new methodology to

generate SIPs for organic semiconducting materials using self-
assembled monolayers as the template. With the help of a
multiscale computational chemistry approach, the crystal
structure of the SIP is successfully predicted a priori. Such an
approach could then be used as a design strategy for crystal
engineering of organic semiconductingmaterials in general. This
is of prime importance for the technological applications of
those materials since most molecular semiconducting devices
rely on thin crystalline films as active layers and the key
properties of those materials, in particular, the charge mobility,
are very sensitive to the molecular packing in the thin films.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04038.

Additional information on large-scale STM images of a
PbPc self-assembled monolayer; time-dependent STM
images of PbPc formed at the HA/HOPG interface;
Dreiding force field modification for PbPc; quench MD

Table 3. Unit Cell Parameters of the SIP Determined from
Molecular Modeling and an Experimental Pattern

molecular model prediction experimental determination

a/Å 7.70 8.14
b/Å 13.23 12.86
c/Å 13.30 13.03
α/° 71.39 68.41
β/° 80.70 80.95
γ/° 78.09 81.21
V/Å3 1250 1245.8

Figure 9. (a) GIXD map of a 40 nm-thick PbPc film on HOPG
measured at an incidence angle of 0.5° and (b) the calculated peak
positions (red crosses) of the adapted SIP in the 110 orientation and the
determined squared structure factors (red circles); the size of the circles
corresponds to the calculated intensities normalized to the highest
value.
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simulations; PbPc assembly with coadsorbed solvent
molecules; columnar stacking of PbPc molecules after
optimization by MM; calculation of the interlayer
interaction energy for the alternating stacking of PbPc;
calculation of structural factors; and X-ray diffraction of
PbPc deposited on graphene (PDF)
Crystal structure information file of the discovered PbPc
SIP (CIF)
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Manifestations of Non-Planar Adsorption Geometries of Lead
Pyrenocyanine at the Liquid-Solid Interface. Chem. − Asian J. 2013,
8, 2497−2505.
(64) Lackinger, M.; Hietschold, M. Determining adsorption geometry
of individual tin−phthalocyanine molecules on Ag (111)−−a STM
study at submonolayer coverage. Surf. Sci. 2002, 520, L619−L624.
(65) Sirtl, T.; Song, W.; Eder, G.; Neogi, S.; Schmittel, M.; Heckl, W.
M.; Lackinger, M. Solvent-dependent stabilization of metastable
monolayer polymorphs at the liquid−solid interface. ACS Nano
2013, 7, 6711−6718.
(66) Kashimoto, Y.; Yonezawa, K.; Meissner, M.; Gruenewald, M.;
Ueba, T.; Kera, S.; Forker, R.; Fritz, T.; Yoshida, H. The evolution of
intermolecular energy bands of occupied and unoccupied molecular
states in organic thin films. J. Phys. Chem. C 2018, 122, 12090−12097.
(67) Kera, S.; Fukagawa, H.; Kataoka, T.; Hosoumi, S.; Yamane, H.;
Ueno, N. Spectroscopic evidence of strong π− π interorbital interaction
in a lead-phthalocyanine bilayer film attributed to the dimer
nanostructure. Phys. Rev. B 2007, 75, No. 121305.
(68) Yamane, H.; Honda, H.; Fukagawa, H.; Ohyama, M.; Hinuma,
Y.; Kera, S.; Okudaira, K.; Ueno, N. HOMO-band fine structure of
OTi-and Pb-phthalocyanine ultrathin films: effects of the electric dipole
layer. J. Electron Spectrosc. Relat. Phenom. 2004, 137, 223−227.
(69) Fu, C.; Lin, H.-p.; Macleod, J. M.; Krayev, A.; Rosei, F.;
Perepichka, D. F. Unravelling the self-assembly of hydrogen bonded
NDI semiconductors in 2D and 3D. Chem. Mater. 2016, 28, 951−961.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.1c04038
Chem. Mater. 2022, 34, 2238−2248

2248

https://doi.org/10.1107/S1600576721006609
https://doi.org/10.1107/S1600576721006609
https://doi.org/10.1107/S2053273318006629
https://doi.org/10.1107/S2053273318006629
https://doi.org/10.1088/0953-8984/14/11/302
https://doi.org/10.1088/0953-8984/14/11/302
https://doi.org/10.1103/PhysRevB.43.1993
https://doi.org/10.1103/PhysRevB.43.1993
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1063/1.2432410
https://doi.org/10.1063/1.2432410
https://doi.org/10.1021/j100389a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100389a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10955-007-9365-2
https://doi.org/10.1007/s10955-007-9365-2
https://doi.org/10.1002/asia.201300689
https://doi.org/10.1002/asia.201300689
https://doi.org/10.1016/S0039-6028(02)02269-0
https://doi.org/10.1016/S0039-6028(02)02269-0
https://doi.org/10.1016/S0039-6028(02)02269-0
https://doi.org/10.1021/nn4014577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn4014577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b02581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b02581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b02581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.75.121305
https://doi.org/10.1103/PhysRevB.75.121305
https://doi.org/10.1103/PhysRevB.75.121305
https://doi.org/10.1021/acs.chemmater.5b04706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b04706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c04038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?utm_source=pdf_stamp

