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Abstract: Peculiar hydrogen-bonded molecular chains are spontaneously created from the self-
assembly on a gold surface of a porphyrin functionalized with four aromatic amine moieties. The
molecular chains are formed by a sequence of dyads, where the same molecule behaves alternately
as a hydrogen bond acceptor or donor as a whole, at all its four aromatic amino groups. This
remarkable bifunctional behavior is due to the conformational flexibility of the functionalizing
amino groups, that switch from a planar, aniline-like conformation in donors, to a pyramidal,

amine-like one in acceptors. Furthermore, we show that the acceptor porphyrins can trap

gold adatoms underneath their center. Combined scanning tunneling microscopy (STM)

experiments and density functional theory (DFT) calculations characterize the structural and
electronic modifications suffered by such molecules to establish amino-amino interactions. Notably,
scanning tunneling spectroscopy (STS) measurements show that the HOMO-LUMO gaps of the
acceptors and donors are respectively larger and smaller with respect to the isolated molecule,
according to the reduced extent of conjugation occurring in the acceptors. In summary,
experimental and theoretical results reveal a remarkable hydrogen-bonded complex where the
amino groups act both as hydrogen bond donors and acceptors and suggest how hydrogen bonding
can modify the geometrical and potentially also the electronic structures of highly conjugated

molecules.
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1. Introduction

The exploitation of the functionalities of organic molecules is at the basis of new-concept electronic
devices (such as OLEDs, biosensors) and could help to circumvent the drawbacks of the traditional
technologies based on semiconductors, which are expected to reach their performance and
miniaturization limit in the next few years. Among other molecules, porphyrin derivatives have
attracted particular attention!~* because of their preeminent role in important biological processes
such as light harvesting and oxygen transport. As organic semiconductors, porphyrins exhibit good
stability and electronic transport properties. Porphyrins can be functionalized with a wide range of
functional groups at their sides and metal atoms at their center, which can tailor their electronic

properties and their self-assembly geometries.

Although many studies in literature have reported different properly functionalized porphyrins
forming complexes through hydrogen,>7 covalent,®'° or metal-organic®!'~'* bonds, the effect of the
bonds on the electronic structure of the molecules has been poorly explored. Only recently, Chen et
al.'® have reported a study of the local electronic structure of a porphyrin in a covalent organic
framework (COF) by showing how the HOMO-LUMO levels in the COF are shifted with respect to

the single unbonded porphyrin.

Primary aliphatic amines (R-NH,) have flexible geometry, can establish hydrogen bonds with each
other, both as donors and acceptors, and can coordinate a metal atom.!>1¢ Conversely, in solution
and in crystalline structures, aromatic amines (Ar-NH,) are usually found in a planar geometry and
can act as hydrogen bond donors only, as their electron pair is involved in conjugation with the p
system of the aromatic molecule.!” This is the case, for instance of the amino groups of DNA
nucleotides, which are involved only as donors in the recognition processes of Watson — Crick base
pairing. The N-Au coordination bond has been used to form molecule-gold junction for single

molecule conductance studies,!>!7-1° and it is characterized by a very fast charge transfer between
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amines and gold substrates,”® which makes this functionalization promising for potential
applications in electronic devices. However, so far, except for self-assembled complexes in amino-
carboxylic junctions,?'2*> the potential use of the amino-amino interaction for building

supramolecular assemblies has been poorly explored.'¢

In this work, we present a peculiar donor-acceptor system formed on a gold surface from the self-
assembly of an amino-functionalized porphyrin, the 5,10,15,20-tetra-(4-aminophenyl)-porphyrin
(TAPP, Figure 1a). We chose to use a porphyrin with amino terminations for the properties
mentioned above. Our combined STM experiments and DFT calculations reveal that the TAPPs
form hydrogen-bonded chains via their amino-terminations by a donor-acceptor mechanism, despite
the fact that the amino groups are aromatic. We show that aromatic amino groups can rearrange
their structure to establish hydrogen bonds with each other and with the gold substrate, and that the
acceptors usually trap gold adatoms at their center. Typical hydrogen-bonded systems are either
formed by two (or more) different units (like the already mentioned DNA base pairing where
aromatic amino groups always act as donors and oxygen carbonyl groups always act as acceptors)
or by identical molecules where different atoms act as donor and acceptor (like in water and ice).
Conversely, in our chains, each molecule behaves alternately as acceptor or donor as a whole.
Furthermore, we investigated by STS the local electronic structure of the chains revealing larger
and smaller HOMO-LUMO gaps of the acceptor and donor TAPPs, respectively, with respect to the
single isolated TAPP. Our results present a unique hydrogen-bonded complex and provide insight
on the role of hydrogen bonds in the modification of the geometrical and electronic structures of
molecules. Moreover, the reported structure represents, to our knowledge, a unique example of

hydrogen bonding involving aromatic amine nitrogen groups as acceptors.
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30 Figure 1. (a) Chemical structure of 5,10,15,20-tetra-(4-aminophenyl)-porphyrin (TAPP). (b) TAPP
32 chains on Au(111), the maximum length of these chains being limited by the herringbone
reconstruction of the surface. (c¢) High-resolution image of a TAPP chain, where the alternated
37 appearance (due to the donor-acceptor alternation) of the molecules is evident. “Bright” TAPPs
39 have a bright feature at their center, likely due to the presence of a gold adatom underneath the
4 molecule. Image parameters: (b) V= -1.0 V, I = 0.05 nA, 50x50 nm?; (¢) V=-1.0 V, I = 0.3 nA,

44 10%3 nm?.

50 2. Methods
2.1 Experimental Method

57 Experiments were performed in UHV conditions at a base pressure of 1x10-8 Pa. 5,10,15,20-tetra(4-
59 aminophenyl)porphyrins (abbreviated TAPP, PorphyChem, purity 98%) were evaporated from a

Knudsen cell at 520 — 570 K on a clean monocrystalline Au(111) sample at room temperature. The
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Au(111) sample was previously cleaned via standard Ne™ ion sputtering followed by annealing to
870 K for 10 minutes. STM imaging was performed with an Omicron Low Temperature STM,
working at ~ 4.3 K. Images were acquired in the constant current mode, with the bias voltage
applied to the sample and the tip at ground. Electrochemically etched tungsten tips were used for

imaging.
2.2 Theoretical Method

DFT calculations were performed with the plane-wave pseudopotential package QUANTUM
ESPRESSO (QE)** using GGA-PBE? ultrasoft pseudopotentials.?® The wave function energy cut-
off was set at 408 eV. Considering the large size of the cell, the Brillouin zone sampling included
only the Gamma point. Since van der Waals interactions play a non-negligible role in self-
assembled organic structures, the calculations were performed including the semi-empirical
dispersion-corrected DFT (DFT-D) method proposed by Grimme,?” implemented in the QE
package?® and already used by us in a previous publication to successfully study the gold adatom

stabilization by dimethyl sulfoxide on Au(111).?

The Au(111) surface was modeled with a three-layer slab for the simulations of the single TAPP
molecule adsorption and only two layers for the chain, allowing in both cases a vacuum spacing of
~ 1.4 nm. For the single TAPP adsorption, the bottom layer of the slab was kept fixed at the bulk
Au calculated structure (lattice parameter ay,;=0.407 nm, equal to the experimental one) to mimic
the behavior of the metal substrate. For the chain model, the two gold layers were kept fixed, except
for the gold atoms underneath the center of the two porphyrins. The forces were relaxed up to 0.26
eV/A. STM images were simulated within the Tersoff-Hamann approximation®® using the energy-
integrated local density of states (ILDOS) and mapping its iso-surfaces to simulate the experimental
“constant current” condition. The images were simulated at various biases, at an ILDOS value for
the iso-surface of 4x10 nm3, lying at an average distance of approximately 0.5 nm from the

outmost atomic layer.
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3. Results and discussion

Figure 1b shows an STM image of TAPP molecules deposited on Au(111), where they form chains
along the herringbone reconstruction®!' of the substrate, which limits their length. A closer look at
these chains in Figure 1c raises questions concerning the interaction linking TAPPs in a chain, and
more specifically, the reason why the units along the chain, which are identical TAPP molecules,
display alternate appearance in the STM images. We point out that such alternated appearance
contrast of TAPPs is imaging bias-dependent: at low bias voltage the alternated contrast is present,

but it is weaker (see Figure S1).

To answer these questions, we performed DFT simulations on this system and compared them with
our experimental results. First, a single TAPP was modeled in the gas phase and on the Au(111)
surface (see Supporting Information, Figure S2 and S3). In the gas phase, our DFT results suggest
that the most stable geometry is characterized by a saddle-shaped macrocycle with the two pairs of
opposite pyrroles tilted by 15° degrees in different directions, and the phenyl rings alternately
twisted by 46° degrees with respect to the molecular plane. The presence of the two inner H atoms
does not alter the inclination of the pyrroles (Figure S2). Conversely, when the molecule is
adsorbed on the surface, two different conformations are possible. We call k-pyrroles the two
opposite pyrrole rings with N atoms tilted upwards (following the notations of Seufert et al.3?), and
a-pyrroles those tilted downwards, respectively (see Figure S3). The two different conformations
of the isolated adsorbed TAPP are characterized by the two inner hydrogens located on the a-
pyrroles (conformation saddle-A) or k-pyrroles (conformation saddle-B). The twisting angle of the
aminophenyl terminations is 20 degrees, strongly reduced with respect to the gas phase, while the
coordination geometry of the N atoms of the amines is halfway between planar and tetrahedral. The
inclination of the a-pyrroles is strongly increased (see Figure S3 for details). The two

conformations are very close in energy, with saddle-A slightly favored by 0.22 eV. The simulated
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STM images shown in Figure S3e are practically indistinguishable from each other, since the inner
hydrogens are little visible, and both conformations are compatible with experiments where TAPPs
are in monolayer phase (“dark” molecules in Figure S4a) or a single TAPP molecule is imaged
(Figure S4b). We point out that the saddle-shaped macrocycle and the tilted phenyls are typical
geometries of tetraphenylporphyrins in gas phase or adsorbed on metal surfaces, as widely reported
in the literature.3>3¢ The recent work of Chen et al!® also reports a saddle-shaped TAPP
macrocycle on Au(111) (equivalent to our saddle-A) obtained from DFT calculations, but,

surprisingly, a planar conformation for the free-standing molecule.

For the TAPP chains, we expected that some hydrogen bonds between the amino terminations of
TAPPs are linking the molecules. Indeed, the possibility to separate the TAPPs from the chains by
STM manipulation (Figure S5) suggests that weak interactions between the molecules drive the
chain formation. We cannot exclude a possible role played by the Au(111) herringbone
reconstruction in facilitating the formation of the chains; in any case, since tetraphenylporphyrins
without amino-terminations do not align along the herringbone reconstruction and do not form
chains,’” the amino terminations of the TAPPS must have an active role in the process. We
simulated an ideal endless TAPP chain on Au(111) using the smallest periodically repeated unit cell
commensurate with the substrate and compatible with the experimental chain period (cell period of
36 apux = 3.00 nm along the [112] direction, slightly smaller than the experimental one of 3.30 =
0.20 nm), containing two adjacent TAPP molecules close to each other. We performed also the
simulation with the next larger commensurate unit cell (cell period of 3.5 V6 Apuik = 3.5 nm) which
we excluded since it resulted in no chain formation, with each of the two TAPP molecules relaxing
to the isolated molecule geometry. We tested several conformations, involving different orientations
of the TAPP molecules, and none of them yielded a good match between the simulated and
experimental STM images. In particular, the alternate appearance of the porphyrins in Figure 1¢

could not be reproduced in the simulations.
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We thus hypothesized the alternate presence of a gold adatom underneath the center of TAPPs in a
chain, suggested by the well-known fact that native gold adatoms on Au(111) can detach from
surface steps and diffuse across the surface terraces’®4? where they can interact with ligands such as
cyano (CN) groups,'4#1-44 thiols,*4¢ or even small solvents.?® Indeed, in two recent works, Mielke
et al>’ and Pham et al*” demonstrated that gold adatoms can be trapped underneath porphyrins on
Au(111), both spontaneously and by STM manipulation. In their STM images, Mielke et al. find
two types of porphyrins, “bright” ones and “dark™ ones, and they show that the “bright” porphyrins
have a gold adatom underneath. This is similar to what we observe in both TAPP chains (Figure
1¢) and compact phases at high coverage (Figure S4a). We point out that at coverage above 0.5
monolayers, TAPPs change their self-assembly from molecular chains to a compact phase. Since
the latter process involves just adding more molecules at room temperature on the surface, the
“bright” TAPPs in the chain and in the compact phase, having the same appearance in the STM
images, must be the same type of molecule. Furthermore, the “bright” TAPPs resemble the TAPPs
at surface steps (Figure S4b), where it is more likely for the porphyrins to have adatoms

underneath, being next to the source of the adatoms.??

Therefore, we placed a gold adatom underneath one of the two adjacent TAPP molecules on
Au(111) in our model and compared several possible conformations combining saddle-A and
saddle-B TAPPs, in any case with an alternated perpendicular orientation of the macrocycle (see
Figure S6). This was suggested by the STM image in Figure 1¢, where the couple of bulge features
visible at the sides of each molecule was taken as an indication of the alternated perpendicular
orientations of the protruding a-pyrroles, on the basis of the simulations reported in Figure S3. Our
resulting best model (shown in Figure 2a-c), yielding the energetically most stable structure and the
simulated STM images that best match the experimental ones, is obtained by placing two saddle-B
TAPPs (one with adatom, the other without) perpendicular to each other, meaning that the lines

connecting the opposite k-pyrroles inside each of the two saddle-TAPPs are perpendicular. Upon
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relaxation, the two molecules have a geometry similar to the isolated saddle-B TAPP, apart from a
small uniform compression along the chain for the one with k-pyrroles aligned in that direction,
which changes its global shape from square to rectangular. In the chain, the aminophenyl
terminations are tilted into a conformation that favors the interaction of amino groups of two
neighboring molecules. Upon DFT relaxation, the coordination geometry of the N atom of the
amine, which in the isolated saddle TAPP is halfway between planar and tetrahedral (zoomed
model in Figure S3d), becomes more tetrahedral in the acceptor amine and flatter in the neighbor
donor amine (zoomed model in Figure 2¢). This geometry favors the interaction of the lone pair of
the N atom of the acceptor amine (hydrogen bond acceptor) with a hydrogen of the donor
(hydrogen bond donor), with the formation of an amino-amino hydrogen bond. The four amino
groups of a TAPP must have the same behavior since they all have the same appearance in the STM
images and indeed our DFT model confirms such symmetry. Thus, in the TAPP chain, each
molecule behaves alternately as acceptor (Figure 2, left) or donor (Figure 2, right) of hydrogen
bond as a whole, with the acceptor trapping a gold adatom underneath. The simulated STM image

of this model (Figure 3a) closely resembles the experimental one (Figure 1c).
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42 Figure 2. (a) Top view, (b) side view and (c) perspective view of the stick and ball model of a
44 TAPP chain on Au(111) obtained by DFT. The unit cell is periodically repeated along the [112]
46 direction. The saddle shape of the acceptor and donor in the present model is essentially the same of
49 the TAPP saddle-B, apart from a small squeezing of the donor along the direction of the chain and a
51 small rearrangement of the geometry of the amino groups responsible of the intermolecular
53 interaction along the chain. A zoomed image of the (c) perspective view highlights the donor-
acceptor scheme of the aminophenyl terminations. The gold adatom trapped by the acceptor is
58 painted in green to ease its identification. In panel ¢ the k-pyrroles and a-pyrroles are labeled k-pyr

60 and a-pyr, respectively, with the inner hydrogens always located on the two k-pyrroles. Notice the
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“orthogonal” disposition of the acceptor with respect to the donor, meaning that the lines
connecting the opposite k-pyrroles inside each of the two saddle-TAPPs, i.e., the orientations of the

macrocycles, are perpendicular.

DFT: acceptors
with adatom
(acceptor-2)

donor acceptor-1 donor acceptor-2 donor

‘ “ ‘ q ‘ Experimental

no adatom adatom
underneath underneath

DFT: acceptors
without adatom
" (acceptor-1)

Figure 3. Comparison of an experimental STM image with the simulated ones. (a) Simulated STM
image of the model with the acceptors including an adatom at their center (acceptor-2). (b)
Experimental image (V' =-1.0 V, I = 0.2 nA, 10x3 nm?) of a TAPP chain showing an acceptor-1
and an acceptor-2. (c) Simulated STM image of the model with the acceptors without adatom at

their center (acceptor-1).

The donor-acceptor TAPP interaction is visualized in Figure S7, which shows the electron density
rearrangement calculated in a chain where neither the trapped Au adatom nor the substrate are
present, to focus on the amino groups: the polarization in the sequence N(acceptor)---H-N(donor) of
the amino-amino group is the typical polarization of a hydrogen bond (red/blue: excess/depletion of
electrons). The calculated atomic projected charges indicate that the donor TAPP has about 0.4

electrons more than the acceptor. Figure S8 refers to a situation where both the substrate and the
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Au adatom have been put back in place: on average each TAPP gives more than one electron to the
gold substrate, and the acceptor TAPP trapping the adatom now has about 0.4 electrons more than
the donor TAPP. These findings suggest that, while the acceptor TAPP loses electrons to the donor
through the amino-amino interaction, it gains electrons from the substrate, also via the amino-gold
interaction (Figure 2 and S8). Remarkably, the N atom of the aminophenyl groups appears to be
able to rearrange its coordination geometry relative to its gas phase structure in order to interact
with the substrate and its neighbor molecules. This behavior is unknown, to our knowledge, also in
the solid state, and a query on the Cambridge Crystallographic Data Centre for X-ray structures
containing the aminophenyl moiety gave no results showing the nitrogen group acting as a
hydrogen bond acceptor, while the amino group was acting as the donor in almost all the

structures.*®

To experimentally confirm the presence of the adatoms underneath the acceptors, we also carried
out manipulation experiments similar to those performed by Mielke et al.3” They firstly pulled a
single tetraphenylporphyrin from the elbow of the herringbone reconstruction, revealing the
presence of an adatom underneath, and secondly pushed the molecule back onto the elbow,
restoring the original appearance of the porphyrin. Our attempts to pull single TAPP molecules,
sitting on the herringbone elbows, away from their position were unsuccessful: the molecules can
be rotated but not moved aside. This suggests that TAPP binds its adatom more strongly than
tetraphenylporphyrin. Indeed, as mentioned above, far from the herringbone elbows, we can easily
move the acceptors, with the molecules always maintaining their original appearance, suggesting
that the adatom is strongly bound to the molecule and moves with it on the surface (Figure S5).
From the elbow, instead, the TAPP cannot be moved because it is strongly bound to the adatom
which, in turn, is strongly bound to the substrate. Mielke ef al. could perform successfully their
manipulation experiments only for molecules sitting at the herringbone elbows, where the adatom is

strongly bound to the substrate, while after moving tetraphenylporphyrins with adatom sitting in
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other positions they could not find any adatom below because it was lost. The different behavior
can be rationalized considering that, in our case, the acceptor TAPP sits centrally above the adatom
and binds it through its internal N-atoms, while in Mielke ef al.’s work, the tetraphenylporphyrin
sits asymmetrically on the adatom (it appears asymmetric in the STM images). Therefore, we
conclude that the amino-terminations help the TAPP molecule to bind more strongly the adatom
underneath. We tried also the reverse experiment by creating adatoms on the surface and then
pushing a single TAPP molecule on the adatom: these experiments were unsuccessful because the

amino-terminations always bind the adatom before the TAPP can go above it.

We also stress that in our model the acceptors trap one gold adatom underneath by coordination
bond through the N atoms of their a-pyrroles (Figure 2), but they do not metalate. The metalation
process of porphyrins has been widely studied in the literature, especially their self-metalation on
metal surfaces, such as Cu, Fe or Ni,* and their direct metalation by evaporating metal atoms on
the surface.’>>7 However, to our knowledge, in the literature, no study of spontaneous metalation of
porphyrins with gold atoms on surfaces has been reported up to now, likely because the size of gold
atom prevents their spontaneous metalation. Indeed, the simulated STM image of the model in
which the acceptor is metalated (Figure S9) has a poorer matching with the experimental image.
Furthermore, from our DFT calculations we exclude also the possibility that the adatom may be
sitting above the center on the TAPP: when we place it there, upon DFT relaxation it moves
spontaneously below the porphyrin. Pham et al*’ and Bischoff et al’® reported “manual”
metalation of porphyrins with single adatoms by applying voltage pulses with the STM tip onto
single porphyrins. We tried to perform the same sequence of STM manipulation experiments on our
TAPPs in chains, but the high voltage pulses required for manipulating the acceptors-2 disassemble
the chains. However, by exploiting the FAST module developed in our laboratory**-¢! we verified
that above room temperature the gold adatoms can diffuse underneath the TAPPs in the compact

monolayer phase, in accordance with recently published literature.5> Indeed, as shown in Figure
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S10, during the acquisition of a high speed sequence of STM images, several molecules switch on
and/or off (changing their appearance from bright to dark and viceversa), suggesting that gold
adatoms are diffusing underneath the TAPP molecules, which therefore cannot be metalated. As
mentioned above, as the acceptor-2 in the chains (and also when it is separated from the chain,
Figure S5) must be the same type as the bright TAPPs in the compact monolayer, this argument

can be used to rule out metalation of the acceptor-2.

TAPP chains like the one showed in Figure 1¢ and modeled in Figure 2 are by far the most
common imaged on the surface, but exceptions can be found. Figure 3b shows an experimental
STM image of a TAPP chain where two acceptors have different appearances: the first one, named
acceptor-1, appears like its neighbor donor TAPPs after 90° rotation, while the second one, named
acceptor-2, strictly resembles the acceptor TAPPs in Figure 1¢. Most of the acceptors found on the
sample are similar to the acceptor-2, with a bright protrusion at their center, while acceptors-1,
without bright protrusion, are rarely found. The simulated STM image (Figure 3c) of a TAPP chain
model where the acceptors have no trapped adatoms underneath well reproduces acceptors-1. The
corresponding model is practically the same as the one in Figure 2, just without adatom underneath
the acceptor. This finding further supports our adatom hypothesis: the bright protrusion at the center
of the acceptors-2 is likely associated with the presence of a gold adatom underneath each of them,
which we found to be necessary to reproduce the experimental images in Figure 1c, especially the

bright feature at the center of the acceptor-2. We point out that the appearance of the donors and all

the aminophenyl groups in Figure 3a, c is also in good agreement with the experimental images: In

particular, the pairs of bright features visible in both the experimental and simulated images at the

sides of each donor and acceptor are associated with the a-pyrroles.

It remains to discuss whether it is the formation of the TAPP chains that leads to the trapping of an
adatom by the acceptors or vice versa. On the one side, the interaction between molecules within a

chain seems to be weaker than the interaction between macrocycle and adatom (Figure S5) and we

ACS Paragon P%és Environment



oNOYTULT D WN =

The Journal of Physical Chemistry Page 16 of 28

find single TAPPs with adatom (Figure 1b), which would suggest that the trapping of the adatom

comes first, thus leading then to the chain formation. On the other side, since most of the acceptors
and none of the donors are found to trap adatoms, we can hypothesize that the geometrical
conformation of the acceptors in the chains, characterized by a slightly more spacious tetrapyrrole
cage than the donors, favors trapping of gold adatoms. Indeed, according to our models, the
structure of the acceptors remains essentially the same with or without an adatom located
underneath. Conversely, donors in the chain undergo a small squeezing along its direction, reducing
the space inside their macrocycles and thus preventing the trapping of adatoms underneath their
center (see Table S1). In addition to pure steric arguments, a different charge distribution between

acceptor and donor TAPPs could also explain their different behavior with respect to adatoms

trapping. In a recent paper, Lepper et al.® reported that the cyano-terminations on a

tetraphenylporphyrin reduce the self-metalation rate of the molecules on Cu(111). By a combination
of STM experiments and DFT calculations, Lepper ef al. showed that the cyano-terminations draw
charge from the Cu substrate to the porphyrin. As a consequence, the latter switches to an inverted
saddle-shape geometry and reduces the self-metalation rate. Even though the TAPPs don’t undergo
metalation, a similar mechanism might explain the peculiar behavior of donor TAPP, where the
charge drawn from the neighboring acceptors by its amino-terminations could induce a change in
the macrocycle geometry. We could argue whether the alternating trapping of a gold adatom by
donors and acceptors in the chain is related to a different position of their centers. From the
experimental side, it is very difficult to obtain specific information regarding the position of each
molecule with respect to the substrate. From DFT simulations, after the optimization of the atomic
positions which allows also translational displacements of the chain with respect to the surface, the
centers of both donor and acceptor sit onto a hollow site (Figure 2), which can potentially
accommodate an adatom. A slightly different period (like the next larger period of 7 V6 / 2 apuy ~
3.5 nm commensurate with the substrate) could correspond to donor and acceptor centered in non-
equivalent surface sites, thus favoring the trapping of an adatom by one TAPP rather than by the
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other (Figure S11). However, we cannot confirm this picture, since, as previously mentioned, DFT
simulations performed using the larger unit cell resulted in no chain formation. Summarizing, we
have elements that point to both directions and therefore cannot provide a conclusive solution to the
dilemma. In any case, as mentioned above, the main point of our discussion - the amino
terminations of the TAPPs are crucial for the formation of the molecular chains since

tetraphenylporphyrins without amino-terminations do not form chains’ - remains valid.

We also performed STS on the TAPPs along the chain to investigate their electronic structure. As
shown in the normalized dI/dV spectra in Figure 4, for TAPPs chains we observe that the HOMO
and LUMO peaks of the acceptors-2 and donors are significantly shifted with respect to the isolated
TAPP. The HOMO (-0.40 eV) and LUMO (+1.40 eV) energies of the single isolated TAPP are
compatible with the values found by Chen et al.'® The acceptor-2 has its HOMO (-0.70 V) and
LUMO (+1.55 eV) levels shifted to lower and higher energy, respectively, and therefore a larger
HOMO-LUMO gap (2.25 eV) with respect to the single TAPP one (1.80 eV). Conversely, the
donor has a smaller gap (1.35 eV), with both its HOMO (-0.85 eV) and LUMO (+0.50 eV) peaks
shifted to lower energy with respect to the single TAPP. The bigger HOMO-LUMO gap of the
acceptor-2 and the smaller HOMO-LUMO gap of the donor with respect to the single TAPP are in
agreement to the reduced extent of conjugation occurring in the acceptors. We tried to acquire also
STS spectra on acceptor-1, but because of poor statistics (too few acceptor-1 molecules on the
surface) and unstable STS condition, likely due to chemical reactions such as deprotonation or
tautomerization,®*%> we could not obtain a reliable set of spectra for acceptor-1. We also observe
that, at variance with the present results, Mielke et al’’ and Pham et al*’ found that
tetraphenylporphyrins with adatom trapped underneath or metalated tetraphenylporphyrins have
their STS spectrum rigidly shifted towards occupied states with respect to those without adatom.
However, a direct comparison between our results and those of Mielke et al.>” and Pham et al.*’ is

not appropriate, since, whereas in the latter cases the tetraphenylporphyrins are mostly isolated and
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differ only for the presence of an adatom, our TAPPs belong to chains and differ also for being in a
donor or acceptor state. DFT calculations of the electronic density of states (DOS) give a TAPP
HOMO-LUMO gap of 1.2 eV, almost independent on the specific conformation, and an almost
rigid energy shift of about 0.3 eV toward occupied states for the acceptor-2 with respect to the
donor in the chain. This result is similar to that reported by Mielke et al.3” and Pham et al.#’” when
adding an adatom below a porphyrin. Therefore, we can conclude that the DFT calculated DOS
correctly account for the effects related to the presence of the trapped adatom, but do not explain
adequately all the features of the STS spectra of the TAPP chains. In addition to the limitation of
DFT in describing the unoccupied electronic states, a possible reason could be our simplified chain
model, whose periodicity, as mentioned above, is forced to match the one of the substrate in the
smallest possible simulation cell compatible with the experiment. This choice sets some constraints
on the donor and acceptor shape and on their relative registry with respect to the Au(111) substrate,
whose details could be relevant in the description of space and energy resolved quantities like the
local DOS. In conclusion, our STS results show that the hydrogen bond is responsible for the
HOMO-LUMO gap decrease in the donors and increase in the acceptors-2 with respect to the
isolated TAPP. We point out that, since we could not compare the STS spectra of acceptor-2 with
acceptor-1 due to lack of data, we do not have a clear evidence of the effect of the hydrogen bond in
the HOMO-LUMO gap modification in the acceptors with or without a trapped adatom. However,
it is likely that the hydrogen bond plays a relevant role, since we know from literature that the

adatom is responsible for only a rigid shift of the HOMO and LUMO peaks, without affecting the

gap.
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Figure 4. dI/dV (normalized to I/V) spectra acquired at the center of the acceptor-2 (green), the
donor (red) in a chain, and onto an isolated single TAPP without adatom (black). Dashed red
vertical lines indicate the HOMO, while red vertical lines indicate the LUMO. With respect to the
isolated TAPP (HOMO = -0.40 ¢V, LUMO = +1.40 eV): the acceptor-2 has its HOMO (-0.70 eV)
and LUMO (+1.55 eV) shifted to lower and higher energy, respectively, giving thus a wider energy
gap of 2.25 eV. The donor has both its HOMO (-0.85 ¢V) and LUMO (+0.50 eV) peaks shifted to
lower energy and a smaller energy gap of 1.35 eV. The states between the HOMO-LUMO peaks of

TAPPs are associated to the Au(111) substrate.

Finally, we verified the stability of the TAPP chains on Au(111) by annealing the sample to
increasing temperatures. Isolated TAPP molecules appear to be stable up to ~ 520 K, while undergo
chemical modification (cyclodehydrogenation) at higher temperatures, assuming a mostly flat
rectangular-shaped configuration, as reported by Di Santo et al.%® (see Figure S12). Since these
cyclodehydrogenated TAPPs feature a bright spot at their center (at least at a bias of -1.0 V), we
hypothesize that they might be metalated due to the high annealing temperature (Figure S12). As to
the TAPP chains on Au(111), we performed STM imaging also at 77 K and room temperature. At
77 K the images have a similar appearance as at 4 K, but they are fuzzy because the chains can
move under the effect of the STM tip electric field. At room temperature, it is impossible to image
the chains, since the molecules are very mobile on the surface, while, on the contrary, a compact
monolayer can still be imaged above room temperature (see also Figure S10, where T=373 K).
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Since we need to cool down the sample to at least 77 K to obtain STM images, we do not have clear
information on the stability of the TAPP chains above 77 K, as we cannot exclude that they form
during the cooling down process in the STM. Summarizing, the TAPP molecules are stable on

Au(111) up to 520 K, while the chains are stable till at least 77 K.

4. Conclusions

To summarize, in the present work, we have studied a unique hydrogen-bond donor-acceptor
complex formed from the self-assembly of an aminophenyl-functionalized porphyrin (TAPP) on
Au(111). Our combined experimental STM images and DFT calculations demonstrated that the
TAPP molecules, via amino-amino interactions of their terminations, form chains on Au(111),
where each TAPP behaves alternately as a hydrogen bond donor or acceptor as a whole. We have
shown that the amine functional groups can undergo a significant rearrangement, with their N atoms
modifying their coordination geometry from planar to tetrahedral, to establish the hydrogen bonds
with their neighbors. Moreover, in the STM images most of the acceptors have a bright protrusion
at their center (acceptor-2), which we demonstrated by STM experiments and DFT calculations that
can be associated to a gold adatom located just below their center. The dI/dV spectra show a bigger
HOMO-LUMO gap of the acceptor-2 and a smaller HOMO-LUMO gap of the donor with respect
to the single TAPP, in accordance with the reduced extent of conjugation occurring in the acceptors.
Our alternated donor-acceptor chain is a remarkable complex because it is generated from the self-
assembly of a single molecule and our results provide insight on how hydrogen bonds can induce

modifications in the geometrical and potentially also in the electronic structures of molecules.
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