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ABSTRACT: The functionality of low dimensional phases of
porphyrins in optical, chemical, electrical, and multimodal
combinational devices is strictly related to the control of molecular
orientation within the produced solid layers. A promising strategy
to drive the growth of adlayers with predictable structural
properties relies on the template effect exerted by the substrate.
Tetraphenyl porphyrins, being disc-shaped objects, can be
adsorbed on a crystal surface by taking on different geometries.
An edge-on configuration is adopted when the interactions among
molecules overtake those between molecules and substrate,
whereas a flat-on configuration is adopted when molecule-substrate
interaction is dominant, with the weaker intermolecular interaction
driving a close-packed geometry in the adlayer. For this latter reason, square and/or hexagonal lattice symmetries of physisorbed
porphyrin layers are disclosed on highly interacting metal substrates such as Au(111). Unfortunately, metal substrates modify the
intrinsic properties of porphyrins by suppressing many of their functionalities. To overcome this drawback, here we report the
selective growth of porphyrins in a flat-on arrangement on the chiral (110) cleavage surface of the mixed molecular organic crystal
formed by 2,5-diketopiperazine and fumaric acid in a 1:1 mole ratio. The energetic advantage ensured by the interaction with the
insulating substrate drives the prevalent formation of domains with a square symmetry, which is retained from monolayer to
multilayers. However, rare domains with a hexagonal symmetry are revealed and analyzed by high-resolution scanning probe
microscopic techniques. The experimental structural analysis performed at the nanoscale, combined with ab initio calculations,
allowed us to demonstrate that the molecular architectures we found arise from the simultaneous fulfillment of site adsorption
energy maximization driven by peculiar molecular motifs of the selected substrate, close-packing criteria, and epitaxial locking to the
substrate surface by weak van der Waals interactions.

1. INTRODUCTION which exert van der Waals (vdW) attraction toward the
Heterogeneous nucleation is exploited in many branches of deposited molecules, has been recently demonstrated effective
solid-state physics and chemistry for promoting and controlling to drive the ordered growth of various classes of organic
the fabrication of nanostructures. From a thermodynamic materials, from organic semiconductors,' ™ to biomolecules
point of view, the presence of a foreign surface in a system, and organic dielectrics.” In addition to the capability, as well as
where the material to be grown is present at a certain level of metal surfaces, of templating the growth of organic
concentration, might decrease to a substantial extent the nanostructures,” organic substrates offer the advantage of

energy barrier for nucleation. The immediate advantage is the
possibility to accomplish the material growth at low super-
saturation levels, with high rates and with a control on
wettability, which is strictly related to the final morphology
assumed by the nanostructure. In respect to this last aspect,
when molecular materials are deposited, we expect a
dependence of the coverage on the molecular orientation. Received: ~ August 8, 2020 GoH
Strategies to select specific orientations and to enhance specific Revised:  October 14, 2020
molecular functionalities are based on the ability to find the Published: October 27, 2020
right trade off between intermolecular interactions and those

between molecules and the substrate. Organic epitaxy, in

which substrates are surfaces of molecular organic materials

keeping the intrinsic properties of the deposited material and
are electrically insulating. This latter aspect is valuable in the
case of a potential integration of the nanostructure in micro/
nanoelectronic devices.
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Figure 1. Intermittent-contact mode AFM images showing the evolution as a function of the film thickness (angstroms reported on the top-right of
each panel) of H,TPP thin films deposited on DKP:FA(110) (A, B, C) and HOPG(0001) (D, E, F). Cross-sectional profiles as taken along the
horizontal scan line indicated by the dashed white segments are reported below each image. Panels A and D report the film morphology for

nominal thicknesses corresponding to the formation of a wetting layer of H,TPP,

93¢ where elemental steps of the cleavage surface of DKP:FA

(d110=3.10 A) and HOPG (dygo; = 3.35 A) can still be observed. For higher thickness, 3D islands with a height of 5—10 nm decorate the substrate

surface.

Within the wide group of porphyrinic compounds, we
recognize their technological relevance for their chemical,
photochemical, and redox properties, attributable to the
presence of the tetrapyrrole core.””'® In order to exploit all
the functionalities of porphyrin molecules in nanostructures,
the most appealing molecular arrangement consists of
molecules lying flat on the substrate surface. Under this
configuration, being flat molecules, the inner tetrapyrrole core
is available to interact with the external environment.

Flat-on arrangements of porphyrins are routinely obtained
on metal substrates such as Au,'" ™" Ag,zo_22 Cu, ™% and
HOPG,” but hardly on low interacting surfaces. Recently, we
demonstrated the growth of a stable wetting layer of free-base
tetraphenyl porphyrin (H,TPP; see inset of Figure 1) in a
flat-on configuration on an insulating substrate, constituted by
the triclinic mixed crystal formed by 2,5-diketopiperazine
(DKP) and fumaric acid (FA) in a 1:1 mole ratio
(DKP:FA).”*** The difficulty of accomplishing this result
lies in the absence in H,TPP of functional groups promoting
strong interactions with the substrate and/or particular in-
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plane assemblies.””*" Under these conditions, the epitaxial

match between substrate and overlayer was demonstrated to
be the fundamental driving force enabling the controlled
growth of the molecular monolayer. Here, we show by high-
resolution atomic force microscopy (AFM) investigations that
the flat-on arrangement is retained in crystalline domains of
subsequent 3D structures and we disclose the presence of two
other epitaxial molecular arrangements. With the help of
density functional theory (DFT) calculations, we rationalize
such arrangements in terms of close-packed structures arising
from the simultaneous occurrence of occupation of preferential
substrate sites for nucleation and epitaxial match.

2. METHODS

Single crystals of DKP:FA were grown by a slow evaporation at room
temperature of 3:1 isopropanol:water solutions. Crystallization time
was typically in the range of 1—3 months. Tabular crystals were
extracted from the growth vessel and cleaved in air under a
stereoscope along the (110) plane with a glaucoma knife. (110)-
oriented platelets were glued on a silicon plate and placed in a vacuum
chamber. Similarly to other molecular organic crystals and salts, the

https://dx.doi.org/10.1021/acs.cgd.0c01114
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Figure 2. (A) Contact-mode AFM image of a 32 A thick H,TPP thin film on DKP:FA(110) showing a crystal domain with a thickness of about 10
nm. High-resolution images (friction signal) of the regions highlighted as B/, C’, and D’ are reported in panels B, C, and D, respectively. In (B), the
substrate surface corrugation is reported for showing the orientation of the substrate and for evaluating the metrics of film corrugations and epitaxial
relations (a; = 7.30 A, b, = 10.66 A, y, = 101.34°; see Figure 3). In (C) and (D), adjacent hexagonal and square domains are revealed to compose
the island reported in (A). The bottom-right inset of each panel shows the Fourier-filtered images for a better visualization of the surface unit cell.

cleavage surface of DKP:FA can be prepared in air and epitaxial
growth of other organic overlayers can be accomplished without a
cleaning procedure.” The only transformation we observed on the
cleavage surface was some evidence of desorption—giving rise to
concave step edges—due to a combined effect of moisture dissolution
and re-evaporation. However, this morphological change does not
hinder the possibility of epitaxial growth of the organic overlayer.
H,TPP films were grown by physical vapor deposition (PVD) at a
pressure of 5 X 1077 mbar. The sample holder was positioned 300
mm away from the Knudsen cells (K-cell) and was kept at room
temperature. The K-cells were thermally controlled via a thermo-
couple inserted into the crucible. H,TPP was purchased from Sigma-
Aldrich and used as received. Typically, 30 mg of H,TPP powder was
placed inside the K-cell crucible and used for multiple depositions.
Under high vacuum (base pressure 0.5—1.8 X 107 mbar), porphyrin
was heated at around 160 °C for 1 h and then at a temperature of 320
°C for 10 min. Porphyrin was sublimated on the reference HOPG
substrate as well as on the DKP:FA oriented crystals. These latter
were glued on a silicon wafer holder; a-grade HOPG (Optigraph, 1
cm X 2 cm) was exfoliated with an adhesive tape before the molecule
deposition. A quartz microbalance, placed in proximity of the sample,
monitored the flux from the cell, allowing one to evaluate the nominal
film coverage. Deposition rates were controlled through the K-cell
temperatures such that the 0.5 A thick samples were grown at 0.06—
0.11 A/s rate at a source temperature of ca. 320 °C. The nominal
thickness was defined as the final thickness displayed by the quartz
crystal microbalance. This was previously calibrated by comparing the
nominal thickness of three films with a thickness of the order of tens
of nanometers (grown at a constant flux rate of the porphyrin for a
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given period of time) with the thickness of the same samples
measured ex situ by a capacitive profilometer.’* Due to this
calibration, the nominal thickness of 0.5 A corresponds to an almost
complete porphyrin monolayer of roughly 0.5 nm.

The morphological images were collected by using a commercial
5500 Keysight AFM. Intermittent-contact images were acquired using
silicon tips (PPP-NCHR, NanoSensors, resonance frequency: ca. 300
kHz, force constant: 90 N m™'). The cantilever coating was in
aluminum, the tip radius was about 10 nm, and the opening angle was
40°. The cantilever oscillation frequency was set at 0.1 kHz below the
resonance, allowing for image acquisition under an attractive regime.
Molecular resolution was obtained by using silicon nitride tips
mounted on rectangular cantilevers (ORC-8, Bruker, force constant:
0.05 N m™"), which is suitable for frictional analysis in contact mode.
Molecular-scale friction force images were acquired in both trace and
retrace directions with a scan rate of 8 lines s™', by minimizing the
normal force applied by the tip (set point) to the limit of the
disengagement. The image analysis was performed with WSxM
software.*

Calculations were performed by using DFT in a plane-wave and
norm-conserving pseudopotential framework as implemented in the
quantum-ESPRESSO code.*®> The PBE exchange-correlation func-
tional®* was used along with the Grimme D2 semi-empirical vdW
correction.”® The kinetic energy cutoff was 60 Ry. Adsorption of an
isolated H,TPP molecule on DKP:FA(110) was simulated using a
single rigid sheet of substrate in a 3 X 2 supercell and an unshifted 2 X
2 X 1 k-point grid. Geometries were optimized according to a
threshold of 12 meV/A. A small set of initial molecular rotations was
considered.

https://dx.doi.org/10.1021/acs.cgd.0c01114
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Figure 3. (A) Superposition of the 2-D Fourier transforms of the images in parts B and D of Figure 2 highlighting enhanced intensities of the
substrate (green circles) and the film (blue circles). The rhombic reciprocal lattice of the substrate and the square reciprocal lattice of the overlayer
are clearly identified together with the coincidence (minimum distance between points) of the reciprocal vectors H,TPP,,(20) and DKP:FA(10)
(white arrows). (B) Superposition of the 2-D Fourier transforms of the images in parts B and C of Figure 2 highlighting enhanced intensities of the
substrate (green circles) and the film (yellow circles). The rhombic reciprocal lattice of the substrate and the hexagonal reciprocal lattice of the
overlayer are clearly identified together with the coincidence of the reciprocal vectors H,TPPy,(20) and DKP:FA(11) (white arrows). (C)
Superposition of the square and hexagonal reciprocal film lattices reported in parts A and B of Figure 2 highlighting enhanced intensities of the
H,TPP, (blue circles) and H,TPPy,, (yellow circles). The coincidence of the reciprocal vectors HZTPPsq(OI) and H,TPP,,,(01) is indicated by
white arrows. (D) Structural model showing the epitaxial relation deduced from panel A (top-left), implying coincidence between H,TPP(20) and
DKP:FA(10) planes and parallelism between H,TPP[01] and DKP:FA[01] directions, panel B (bottom-right), implying coincidence between
H,TPP(20) and DKP:FA(11) planes and parallelism between H,TPP[10] and DKP:FA[—1 1] directions, and panel C (top-right), implying
coincidence between H,TPP, (01) and H,TPP,,,(01) planes and parallelism between H,TPP,,[10] and H,TPP,[01] directions.

Potential energy surfaces (PES) were computed by using a 1 X 1 For a nominal thickness of 0.5 A (Figure 1 A,D), molecularly
cell. Benzene was constrained to adsorb in a near-vertical (5° offset) flat terraces separated by steps are clearly visible for both
geometry, while pyrrole was constrained to adsorb in a near-flat (up to substrates. At this thickness, we demonstrated that H,TPP

10° rotation) geometry. These offsets allowed a computation of a
more realistic PES for adsorption of H,TPP. Isolated 2D molecular
sheets were studied by using a square and a hexagonal geometry, and
a tighter force threshold of 5 meV/A.

(inset Figure 1A) reaches maximum coverage of its wetting
layer, constituted by flat-on molecules with a frozen
configuration of their tautomeric form and arranged in a
square lattice (Figure S1).'***° The height of the steps on the
surface is within the range 0.3—0.5 nm, consistent with the
3. RESULTS spacing of elemental steps of the substrates (d;;, = 3.10 A for
The morphology evolution as a function of the thickness of DKP:FA and dgy; = 3.35 A for HOPG) or the thickness of the
H,TPP films deposited on DKP:FA(110) and HOPG(0001) is wetting layer (4.5—5.5 A). For a nominal thickness higher that
shown in Figure 1. 2.0 A, 3D islands start nucleating and growing up to a height of

7453 https://dx.doi.org/10.1021/acs.cgd.0c01114
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Figure 4. (A) Potential energy surface for benzene adsorption on DKP:FA(110). Energies (in eV) are given with respect to the lowest energy site.
The substrate unit cell is indicated with dashed lines. The benzene molecule is adsorbed edge-on, with a C—C bond parallel to the substrate plane
and to the substrate b, axis. The coordinates of the map points indicate the position of the midpoint of the lower C—C bond in benzene. Local
minima are indicated as S1 and S2 (Eg; = Eg, — 40 meV). (B) Accommodation of a H,TPP molecule on DKP:FA(110) in a down-buckled
conformation enabling occupation of PES minima S1 by all four phenyl rings (atoms closest to the surface are indicated by the pink dashed ovals).
The indicated angle is enclosed between the b, axis and the molecular axis connecting the midpoints of the C—C bonds of opposite pyrroles
(dashed blue line). (C) Potential energy surface for pyrrole adsorption on DKP:FA(110), flat-on. (D) Accommodation of a H,TPP molecule on
DKP:FA(110) in a flat conformation enabling occupation of S3 and S4 minima by the tetrapyrrole and simultaneously S2 minima (panel B) by the
phenyl rings. The indicated angles are enclosed between the a, and b, axes and the two molecular axes (dashed blue lines).

5—10 nm. At 8.0 A, the coverage of this 3D phase is 20% for DKP:FA (Figure 1C, coverage 90%), while isolated domains
DKP:FA and more than 50% for HOPG (Figure 1B,E, are retained in the case of HOPG (Figure 1F, coverage 60%).

respectively). At 32 A, the coverage increases and the film To verify the retention of a flat-on arrangement of H,TPP in
morphology changes into a percolation lattice in the case of domains grown on DKP:FA, we performed an AFM
7454 https://dx.doi.org/10.1021/acs.cgd.0c01114
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investigation on a molecular scale. Figure 2A shows the
morphology of a branched microdomain with a thickness of
almost 10 nm. High-resolution images were collected on
subsequent regions of the same domain. A zoomed image of
the area indicated with C’ in Figure 2A is reported in Figure
2C, together with a Fourier-filtered image of a 10 X 10 nm?
area as an inset, where a corrugation with a hexagonal
symmetry (H,TPP,.) is clearly visible. The hexagonal
symmetry of the domain surface extends all over its upper
part, whereas, in the lower part, a domain boundary is present,
separating a region with a different symmetry. This lower
region is indicated with D" in Figure 2A and is reported in
Figure 2D, which reveals the presence of an arrangement of
molecules with a square symmetry (H,TPP,;) (see also the
Fourier-filtered image of a 10 X 10 nm? area in the inset). The
square symmetry was already verified for the epitaxial wetting
layer of H,TPP on DKP:FA;” however, the phase visualized in
Figure 2D has slight metrical differences with respect to that of
the wetting layer and has a different epitaxial relation with the
substrate (vide infra). On the contrary, the hexagonal phase
was detected only on the 3D domains with a frequency lower
than 10%.

To allow for the analysis of the epitaxial relation between
film phases and substrate surface, we collected a high-
resolution image of the bare substrate in a region nearby the
H,TPP domain (region B’ in Figure 2A reported in Figure
2B). The surface corrugation is consistent with the bulk-
terminated (110) surface having a rhombic lattice with
parameters a, = 7.30 A, b, = 10.66 A, y, = 101.34° (see
Figure 3).

To establish the epitaxial match with the H,TPP overlayer,
we performed an analysis in the reciprocal space of the
molecular-scale corrugations reported in Figure 2. The output
of this analysis is summarized in Figure 3.

The superposition of the 2-D Fourier transforms applied to
the images of Figure 2B,D allows putting in evidence the quasi-
coincidence of periodicities corresponding to HZTPPSq(ZO)
and DKP:FA(10) (Figure 3A). This latter spacing is dpgp.ra(i0)
7.16 A, resulting close to half of the square unit cell
parameter of the overlayer (a, = b, = 15.5 & 0.8 A). Under this
orientation constraint, the H,TPP[01] and DKP:FA[01]
directions are parallel (Figure 3D, top-left). This epitaxial
relation represents a point-on-line coincidence which was
predicted on the basis of a tentative H,TPP,; phase with a, =
b, = 14.3 A but not observed in the wetting layer (see Figure
S2 of ref 29). Indeed, the wetting layer of H,TPP on
DKP:FA(110) was observed to have a line-on-line epitaxial
relation ensured by a square unit cell with H,TPP[01] and
DKP:FA[01] directions forming an angle of 4.1° and a slightly
denser molecular arrangement with a, = 12.4 + 0.8 A, b, =
112 + 0.7 A The superposition of the 2-D Fourier
transforms applied to the images of Figure 2B,C allows putting
in evidence the quasi-coincidence of periodicities correspond-
ing to H,TPP,,(20) and DKP:FA(11) (Figure 3B). Under
this orientation constraint, the H,TPP;.[10] and DKP:FA[—1
1] directions are parallel (Figure 3D, bottom-right). This
epitaxial relation also represents a point-on-line coincidence
where the spacing dpgp.pa(-1 1) = 543 A, results close to half of
the spacing dy rpp(10) = 12.8 + 0.6 A corresponding to a

hexagonal unit cell with parameters a; = b; = 14.8 + 0.7 A.
Finally, when the reciprocal lattices of HyTPP,, and H,TPP,,
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are superimposed (Figure 3C), a clear parallelism of the
horizontal parameters is demonstrated (Figure 3D, top-right).

The epitaxial match, while explaining the reciprocal
orientation of substrate and overlayer lattices, leaves
unresolved the identification of the precise substrate surface
sites occupied by the molecules of the overlayer and their
orientation. In order to get some quantitative insights into the
arrangement of H,TPP molecules on DKP:FA(110), we
performed potential energy surface (PES) calculations on a
single rigid DKP:FA(110) sheet. Since a full PES calculation
describing the H,TPP adsorption would be prohibitively
expensive due to the molecule’s size and floppy nature, we
instead looked separately at the adsorption of an edge-on
single benzene cycle and of a flat pyrrole ring, respectively. The
results, shown in Figure 4, illustrate the competing influence
between peripheral phenyl groups and inner tetrapyrrolic cycle
on the adsorption site selection.

The PES for a benzene molecule, edge-on aligned with the
direction of a C—C bond parallel to the substrate b, axis (see
Figure 3), is displayed in Figure 4A. The PES shows a clear
minimum (S1) lying roughly at the midpoint of the segment
connecting two adjacent DKP rings along the a, axis. A second
local minimum (S2, about 40 meV higher) is found at the
corresponding midpoint along the a, axis and is connected to
S1 by a shallow trough between the chains of DKP and FA
molecules along [—1 1]. Maxima occur over the DKP and FA
molecules and, in particular, the out-of-plane H atoms bonded
to DKP (Figures 4B and 3D).

This calculation suggests that the H,TPP molecule may be
advantageously oriented with its phenyl rings arranged such
that they lie as close as possible to the S1 minima. Since the
phenyl—phenyl distance (~10.5 A) is close to the DKP:FA b;-
axis length, this is best achieved if the molecule is oriented with
the vertical symmetry axis of the tetrapyrrole ring parallel to b,.
We thus performed DFT calculations of H,TPP adsorption on
a rigid 3 X 2 supercell of DKP:FA(110) for several orientations
and positions compatible with the benzene PES, but allowing
the molecule to relax and rotate freely. The optimum
configuration obtained after geometry optimization is depicted
in Figure 4B, with the corresponding key parameters
summarized in Table 1. The final structure is well oriented
with respect to the b, axis, with the porphyrinic core only
misaligned by 3.2°. The average distance between the
tetrapyrrole macrocycle and the substrate is 3.41 A, typical
of physisorption, although the lower phenyl H atoms are much
closer (see Table 1). The molecule exhibits a noticeable

Table 1. Adsorption Energy of Isolated H,TPP on the
DKP:FA(110) Substrate from DFT Calculations for Two
Possible Geometries”

adsorption vdW
energy (eV) total component  non-vdW  dyi, (8)  duciing(A)
phenyl-guided —-2272 -2.164 —0.108 1.97 1.45
(4B) (95%) (5%)
pyrrole-guided  —2.426  —2.020 —0.406 1.75 0.61
(4D) (83%) (17%)

“The total, defined as E, g, = Eypym,rpp — Equb — E%?ZST%}}?“, is split into

vdW and non-vdW components. E, and E%&%h;“ are the energies of
the substrate and isolated molecule. d,;, is the minimum vertical
distance between the substrate plane and the molecule; dy,qqy,

measures the maximum vertical distortion of the (saddle-shaped
porphyrinic core. Energies are in eV.
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distortion from planarity: the inner macrocycle becomes
saddle-shaped with a maximum out-of-plane extension of
145 A (Figure S2 and Table S2), and the phenyl rings
flattened by 23°. The adsorption energy of —2.272 eV is also
typical for the physisorption of a large molecule, and indeed
95% of this energy comes from vdW interactions. This value
includes an energy penalty of +0.108 eV due to the molecular
distortion with respect to the gas phase geometry.

The PES for a single pyrrole ring aligned flat-on is displayed
in Figure 4C. There is a clearly favored adsorption site S3 over
the midpoint of the FA molecule, and a second favored area S4
over the DKP. The pyrrole PES thus suggests another possible
adsorption geometry for the full H,TPP molecule that
maximizes alignment of the four pyrrole rings over the four
S3 and $4 sites. The optimum geometry is shown in Figure 4D.
In this orientation, two of the opposite pyrroles (7.15 A apart)
align well with the DKP cycles, separated by 7.30 A, if H,TPP
is not buckled and is oriented with its horizontal symmetry axis
parallel to a;. One must note that, under this configuration,
phenyl groups are also well aligned with the local S2 minima of
the benzene PES (Figure 4D). Thus, this configuration
manages to find a good trade off between phenyl adsorption
site and pyrrole adsorption site. Although the average distance
between the inner tetrapyrrole ring and the substrate is the
same as before (3.41 A), the phenyls are less flattened and
their lower H atoms draw closer to the substrate. The
porphyrinic core is only weakly buckled (0.6 A, Figure S2 and
Table S2). The adsorption energy of —2.426 eV, still typical of
a physisorption, is substantially larger than that of the “phenyl-
driven” configuration in Figure 4B. As shown in Table 1, the
stronger coupling arises from the significant non-vdW
contribution of —0.406 eV. As the energy penalty from strain
is about the same as before (+0.096 V), the larger adsorption
energy can thus be traced to the balanced pyrrole-substrate
alignment. In contrast, the strong phenyl-S1 interaction in the
geometry of Figure 4B leads to a large saddle-shaped distortion
of the tetrapyrrolic core, lowering the net non-vdW
contribution to —0.108 eV, which is not compensated by the
increased vdW interaction.

These calculations establish two favored adsorption geo-
metries of the isolated H,TPP molecule. To infer some
possible structural models showing the arrangement of H,TPP
molecules on the top layer of 3D H,TPP,, and H,TPP,,
domains, we estimated the energy gained in forming a single
molecular layer by means of DFT calculations of freestanding
2D sheets of H,TPP, as a function of the lattice parameter a.
For simplicity, the two in-plane lattice parameters are assumed
equivalent. The (fixed) 4B and 4D molecular geometries were
used in tandem with the square and hexagonal packing
orientations observed experimentally. The sheet formation
energy for square (sq) packing based on the 4B geometry is

E94B = psadB where the final term is the energy of an

— Eff1ep,
isolated molecule with the 4B geometry; an equivalent
expression is used for the other possible geometries.

Results are shown in Figure 5. Formation of a molecular
sheet results in a gain of 30—300 meV, depending on the
precise geometry and lattice constant. For H,TPP,,, the 4B
and 4D geometries differ in energy by about 40 meV within
the experimental range (a, = b, = 15.5 + 0.8 A), considerably
less than the difference between their adsorption energies
when considered as single molecules (140 meV). A minimum
in the formation energy curve occurs for the 4D geometry at a
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Figure S. Formation energy of 2D sheets of H,TPP in square E{? and
hexagonal Ef™* packing conformations. For square lattices, the rigid 4B
and 4D molecular geometries are used. Hexagonal packing of rigid
molecules is forbidden due to overlap of phenyls (see the inset, top);
hence, in this case, they are allowed to rotate (red dashed circles).
Energies (in eV) are given with respect to that of a molecule with 4B
or 4D geometry. Molecular models for the square and hexagonal
surface lattices are drawn by highlighting the similarity with close-
packed structured of rigid spheres.

lattice constant close to double the DKP:FA(10) one. The
relative stability of the 4D adsorption geometry, coupled with
the favorable square packing, suggests this is a good candidate
to explain the experimental square phase. H,TPPy, using fixed
geometries is not allowed, however, due to an overlap of
adjacent phenyls: if the latter are allowed to rotate, a hexagonal
packing can form at the upper range of g, but at the expense of
an (unknown) energy penalty in the adsorption energy. In this
case, the less rotated 4B geometry yields the maximum packing
energy. These results are therefore consistent with the rare
observation of a hexagonal lattice.

We stress that the actual local molecular geometries within
the adsorbed film will differ from the ideal 4B and 4D ones,
due to the weak point-on-line coincidence. Nonetheless,
typical sheet formation energies are an order of magnitude
smaller than the molecular adsorption energies, proving that
the molecule—substrate binding is the dominant force driving
the adlayer formation.

Note that, in the model of Figure S, molecules are arranged
taking into account the frozen tautomeric form of H,TPP.*°
This implies that two molecular orientations rotated by 90° are
not energetically equivalent. Therefore, the interaction
between the H,TPP molecules and the DKA:FA(110) which
select a unique domain of the H,TPP wetting layer is expected
to be retained also in subsequent layers. In the H,TPPy,,
configuration, molecules are arranged by considering an
isoperimetric transformation of the square lattice with
conservation of the vector bases. It is interesting to note that
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the relationship between H,TPP,, and H,TPP},, lattices can
be modeled as the result of a plane close-packed arrangement
of hard spheres. Indeed, circles with diameters equal to the cell
parameter are superimposed on the models of Figure 5. It is
evident with this simple analogy that the two structures
correspond to those expected by forming square and hexagon
close-packed arrangements of hard spheres.

4. DISCUSSION

H,TPP films deposited on HOPG(0001) and DKP:FA(110)
follow a layer-plus-island (Stranski—Krastanov) growth mode,
with formation of a one-monolayer-thick wetting layer and
subsequent 3D crystalline islands (Figure 1). While a packing
with flat-lying molecules is somehow expected and has been
demonstrated for the wetting layer, it is not obvious to be
retained in 3D islands. Figure 2 proves that a packing with flat-
on molecules is also assumed in 3D islands grown on
DKP:FA(110). We revealed the presence of two different
phases, both epitaxially locked to the substrate through a point-
on-line type coincidence but having a different symmetry: a
square one and a hexagonal one (Figure 3). We note that the
epitaxial wetting layer of H,TPP on DKP:FA(110) with square
symmetry has a slightly different epitaxial relation with respect
to that observed in this work.” The square and hexagonal
phases of H,TPP 3D islands on DKP:FA(110) are close-
packed structures with a plane unit cell showing an
isoperimetric relation with a conservation of the length of
the base vectors (Figure 3). To understand this latter relation
and to infer the orientation of molecules on substrate site
occupation within the overlayers, DFT calculations provide
some fruitful hints. The results of Figure 4 indicate that,
depending on the competition between peripheral phenyl rings
and inner tetrapyrrole in stabilizing H,TPP on DKP:FA(110),
two orientations of H,TPP are predicted: In one orientation,
the molecule’s symmetry axis is parallel to the substrate b, axis
and the phenyl rings occupy sites in-between DKP cycles
(Figure 4B). In the other orientation, the orthogonal symmetry
axis is parallel to the substrate a, axis and two pyrrole rings are
well overlapped with DKP cycles (Figure 4D), while preserving
a favorable accommodation for phenyl rings. The results of
DEFT calculations show that this latter orientation for the single
molecule ensures a maximization (in absolute value) of the
adsorption energy. Under this orientation and the geometrical
constraints imposed by the experimentally measured lattices,
one can build exclusively a monomolecular layer with square
symmetry, having the close-packed structure reported in Figure
S. On the other hand, the sole molecular orientation
compatible with the observed hexagonal lattice is that one
having the vertical molecular axis parallel to b, (Figure 5). This
molecular orientation cannot take advantage of the pyrrole-
DKP interaction, but only of the occupation of S1 sites by
phenyl rings (Figure 4B).

Starting from these arguments, we must also take into
account that the development of crystal domains is the result
of the interplay between local interactions, involving substrate
and single H,TPP molecules, and collective eftects deriving
from intermolecular and substrate-overlayer interactions. Local
interactions are crucial during the early stages of the layer
growth bringing about the formation of a stable nucleus, since
molecules are free to diffuse on the substrate surface and are
mostly influenced by its interactions. The orientation assumed
by a single molecule on the substrate dictates the structure of
the overlayer. In our system, isolated molecules can assume
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two orientations which generate a square and a hexagonal
overlayer, respectively. One must note that, due to the
differences in symmetry and metrics between substrate and
overlayer lattices, each molecule that adds to the growing
overlayer would not always occupy the most favorable site on
the substrate. However, this negative effect is compensated by
the epitaxial match, through an advantageous interaction
deriving from the molecular aggregate as a whole, and by the
in-plane molecular aggregation energy. This latter contribution
was evaluated to be —(30—300) meV for the experimentally
obtained lattice parameters, i.e., of the order of 1-10% of the
molecule-substrate adsorption energy.

We underline that, in accordance with the evaluation of the
adsorption energies and substrate-molecule distances (Table
1), the analyzed overlayers, even if apparently influenced by
the template effect of the substrate, are only physisorbed.
Physisorption explains the spontaneous tendency of aggregates
of H,TPP on DKP:FA(110) to give rise to plane close-packed
arrangements (Figure S). This means that the square and
hexagonal phases might be involved in a homoepitaxial
relation, giving rise to alternated layers of different symmetries.
On the other hand, the two phases might be involved in an
equilibrium state and it would be remarkable to verify in the
future that transition from one phase to the other one might be
thermally induced.

The results reported here appear somehow in contrast with
previous results published on the behavior of H,TPP
aggregates on a crystalline surface. In particular, contrary to
the shown tendency to retain a close-packed arrangement in
different phases, low density wetting layers with hexagonal
symmetry were reported.”” >’ We note that, besides the results
obtained for the in-plane interactions in the isolated 2D
H,TPP overlayer, also some entropic arguments would support
a higher stability of a square symmetry toward a hexagonal
one.™ Accordingly, we revealed very rare domains with
hexagonal symmetry, and their existence is ensured by the
formation of dense (i.e., close-packed) phases.

5. CONCLUSIONS

In flat-on assemblies of disc-shaped molecules on a surface, it is
apparent that substrate-molecule interactions prevail upon
intermolecular interactions. Our system comprising H,TPP on
DKP:FA(110) follows this rule, as substantiated by DFT
calculations. However, this simple comparison between in-
plane and out-of-plane interactions is not sufficient to account
for the occurrence of different symmetries of the overlayer. For
a molecule as symmetric as H,TPP, it is far more common to
reveal molecular monolayers with a square symmetry than a
hexagonal one, in contrast with a lower compactness of the
former arrangement with respect to the latter. Nonetheless, we
identified a peculiar mechanism of selection of this symmetry,
driven by the interaction between DKP rings of the substrate
surface and pyrrole rings of H,TPP. This interaction effectively
favors the arrangement of H,TPP in such a way that two of its
opposite pyrrole rings are aligned along the substrate surface a;
axis. Additionally, the square packing brings about the
formation of a molecular layer epitaxially matched with the
substrate, allowing for a further stabilization of the substrate-
overlayer interface. The far rarer occurrence of a close-packed
hexagonal arrangement of H,TPP is justified by the
impossibility to retain under this symmetry the beneficial
DKP-pyrrole interaction. Nonetheless, also in this case, an
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epitaxial coincidence can be accomplished, appearing as a
fundamental requirement for stabilizing the H,TPP overlayer.
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