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Abstract. Controlling the molecular arrangement of properly designed materials is the ultimate
target of studies in surface protection by organic thin films. The properties of the films are even
more critical when the protection ability must be match with the function of the underneath
active surface as in the case of electrodes covered by suitable protective as well conductive
materials. In this context, we demonstrate that the electrode protection against anion
intercalation, exerted by a vacuum deposited thin film of meso-tetraphenylporphyrin (H>TPP) on
a highly-oriented pyrolytic graphite (HOPG) electrode, can be maximized by tailoring the
peripheral groups of the porphyrin skeleton. From atomic force microscopy and cyclic

voltammetry investigations, our results highlight the important role played by the



molecular/electronic structure of the porphyrins to enhance the molecule-substrate interaction
and molecular assembly in the case of a perfluorinated derivative, thus resulting in effective

protection ability in acid environment outperforming the result of HoTPP films.
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1. Introduction

Porphyrins are macrocycles consisting of four pyrrole rings linked together through their a-
positions by methine bridges. Their molecular structure is particularly suitable to allow the
introduction of various substituents, either on the P-pyrrolic position and/or on the methine

bridge (meso-position) [1-3]. In addition, the tetrapyrrolic core can host and coordinate almost all
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metal ions through the nitrogen atoms. Thus, a careful and rational molecular design allows to

broadly tailor their exceptional and peculiar optical and electronic properties.

Porphyrins and porphyrinoid compounds, where the tetraphenylporphyrin (H2TPP) is the parent
system, fit into plenty of research fields and applications, ranging from supramolecular chemistry

to catalysis, biomedical science, sensor systems and nanotechnology, including solar cells [4-13].

Their chemical stability and ease of processability (via wet methods or thermal vacuum
evaporation) along with the ability to build densely packed supramolecular architecture is
advantageous in the realization of continuous compact film. In these contexts, the study of their
assembly behavior on surface as well as their charge transport properties in thin film is

fundamental [14-16].

The molecular arrangement of porphyrins on solid substrate has been mostly investigated by
atomic force microscopy (AFM) and scanning tunneling microscopy (STM), both of them on
metal surface [17-19] as well as on non-metallic substrate, such as highly-ordered pyrolytic
graphite (HOPG) [20]. These studies demonstrate two limiting aggregation mode during film
growth: the so-called face-on molecular arrangement (with the macrocycle lying flat and parallel
to the surface) and the edge-on configuration (resulting in herringbone-like disposition). The
former arises from the predominance of molecule-substrate interactions, whereas the latter is

triggered by prevalence of steric hindrances or strong molecule-molecule interactions [21].

A recent interest on porphyrin thin films was connected to their role in electrode protection.
Electrodes often operate under harsh conditions, e.g. acid solution (lead-acid batteries) and/or
high electrochemical potentials, which may damage the surface and alter the performance [22-
25]. Since one of the most important electrode material is graphite [26], a model system to

investigate these issues is by exploiting HOPG as an electrode in acid electrolytes. When



electrochemical (EC) potentials are applied, HOPG undergoes significant detriments due to
carbon oxidation and surface blistering (i.e. a significant swelling of the basal plane). In order to
limit these alterations, a promising strategy to protect the graphitic electrode is the use of thin
compact organic overlayers [26]. In this context, we proved the role of the HoTPP as prototypical
protective agent [27, 28]. H2TPP grows on HOPG by a Stranski-Krastanov mode which implies
the formation of a 2-D structure (wetting layer) covering uniformly the HOPG surface and 3-D
crystals randomly distributed on the wetting layer. The compact arrangement of vacuum
deposited thin films of HoTPP proved to preserve the HOPG surface from damages related to

intercalation and blistering.

In this work, with the aim of elucidating and determining the relationship among molecular
structure, interfacial interaction of the coating layer and its protective activity, we explore a
series of metal free tetraarylporphyrins, with different substitution pattern on the meso-phenyl
rings (see Chart 1). We studied meso-tetramesitylporphyrin (H2TMP), meso-tetra(3,5-di-tert-
butylphenyl)porphyrin (H2TBP), meso-tetra(2-butyloxyphenyl)porphyrin (H2TOC4P) and meso-
tetra(pentafluorophenyl)porphyrin (H2TPP-F20). This series allows, in comparison with HoTPP,
to understand the effect of molecular features including: i) molecular hindrances (increasing the
bulkiness of the substituents, i.e. methyl, fert-butyl or butyloxy); ii) presence of heteroatoms able
to interact with the surface or enhance the molecule-molecule interaction (i.e. oxygen in the
butyloxy group or fluorine atoms); iii) electronic properties of the macrocyclic core (i.e. position
of frontier energy level HOMO and LUMO in presence of strong accepting fluorine atoms or

donating groups).

Chart 1. Molecular structures of the tetraarylporphyrins investigated.
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2. Materials and Methods

H>TPP was purchased from Sigma-Aldrich while H; TMP [29], H,TBP [30], H.TOC4P [31] and

H>TPP-F2[32] were synthesized by us as reported in the literature.

EC measurements in solution were performed by using potentiostat-galvanostat AUTOLAB
PGSTAT of EcoChemie (Utrecht, The Netherlands), equipped with software GPES version 4.9.
Cyclic voltammetry (CV) was carried out in 5 x 10 - 10 M solutions in dimethylformamide
(DMF, Sigma Aldrich) or dichloromethane (CH2Cl, Sigma Aldrich) with 0.1 M
tetrabutylammonium perchlorate (TBAP, Sigma Aldrich) as the supporting electrolyte. The
solutions were de-aerated by N> bubbling. CV investigations were carried out in a 4 cm? cell, at
scan rates typically ranging from 0.05 to 2 V/s with ohmic drop compensation [33]. The working
electrode (WE) was a glassy carbon one (AMEL, diameter = 1.5 mm), cleaned by synthetic
diamond powder (Sigma Aldrich, diameter = 1 pm) on a wet cloth (STRUERS DP-NAP); the
counter electrode (CE) was a platinum disk or wire. The operating reference electrode (RE) was
an aqueous saturated calomel electrode, but the potentials were ultimately referred to the Fc*/Fc
(ferrocinium/ferrocene) couple (the inter-solvental redox potential reference currently

recommended by IUPAC [34, 35] by both external and internal standardization). To prevent



water and chloride leakage into the working solution, a compartment filled with the operating
medium and ending with a porous frit was interposed between the RE and the cell. The potentials
were then converted to standard hydrogen electrode (SHE) reference, by considering a positive

shift of 0.624 V.

Z-grade HOPG substrate (Optigraph) was mechanically exfoliated with adhesive tape and kept at

room temperature during the deposition.

Porphyrin films were grown on HOPG by physical vapor deposition (PVD) from a Kenosistec
KE500 system equipped with Knudsen Cells (KCs), whose temperature is accurately controlled
by thermocouples. The solid compounds (~ 20 mg) in the KCs were pre-heated at temperature
close to the effusion for 30 minutes prior to the deposition. The base pressure of the PVD

chamber was 1-2 x 10 mbar.

A quartz crystal microbalance allowed for both monitoring the deposition rate, which is kept
constant at 0.5 A/s, and measuring the nominal thickness of the film, equal to 12 A. This film
thickness was set experimentally as a good compromise to have an almost continuous wetting
layer covered by the first 3-D crystal structures. Prior to the deposition on HOPG, each material
was calibrated by correlating the reading of the quartz crystal monitor and the real thickness of
the film as obtained by a Bruker DektakXT contact profilometer, using a 12.5 pm radius stylus

in Low-Force mode (See Figure S7 in SI).

0.5 M H>SO4 electrolyte solution was deaerated by bubbling argon for several hours prior to the
use. The electrolyte solution was placed in a three-electrode cell, where the HOPG was the WE,
a Pt wire acted as CE and a second Pt wire was used as a quasi-reference electrode (PtQRef),

having a stable shift of + 0.743 V with respect to the SHE. A single CV sweep (scan rate = 25



mV/s) was acquired on each sample. When extracted from the electrochemical cell, the sample

was dried accurately with a stream of pure nitrogen.

A commercial 5500 Keysight system was used for the ex-situ AFM measurements, before and
after the CV. The ex-situ measurements have an important drawback: some residuals can affect
the acquired topography image; nevertheless, considering the target of our investigation,
microscopy measures on dry samples allow, on one hand, to avoid sample damages caused by

the tip scanning, on the other, to better detect the sharpness of the organic structures.

3. Results and Discussion

3.1 Porphyrin electrochemistry in solution

Porphyrins are typically characterized by two well-defined and reversible oxidation processes,
involving the electron rich macrocycle [36, 37]. HoTPP overlayer on HOPG shows two distinct
anodic electron transfer processes, before the graphite intercalation potential at about 2.0 V [27],
and the measured potentials seem to nicely correlate with the redox values of the H,TPP in
solution. This suggested to firstly study the EC properties of the investigated porphyrins in
CH>Cl; solution, by using tetrabutylammonium perchlorate (TBAP) as the electrolyte; porphyrin
cyclic voltammetries were measured in the same conditions for comparative purposes. Figure 1
reports the collected anodic CV patterns and the corresponding peak potentials are summarized

in Table 1.
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Figure 1. CV anodic patterns of the investigated porphyrins in TBAP in CH>Cly; potential (Vec)

are referred to Fc'|Fc redox couple.

Table 1. First (Ep1a) and second (Ep,a) oxidation potentials (peak potential) of the investigated

porphyrins (Figure 1).

Ep1a/V | Ep1a/V | Epua/V | Epia /V

(Fc|[F¢*) | (SHE) | (Fc|Fc¢') | (SHE)
H.TPP 0.573 1.197 0.819 1.443
HTMP 0.549 1.173 0.992 1.616
H.TBP 0.486 1.11 0.929 1.553
H2TOC4P 0.543 1.167 n.p. n.p.
H2TPP-F2o 1.114 1.738 1.239 1.863

n.p.: not present



Compared to our HoTPP reference system, the introduction of the different substituents at the
phenyl rings results in a significant shift of the first redox potential, that clearly reflects their
inductive effect. The presence of three donating methyl groups in H-TMP (in the two ortho and
in the para positions of the phenyl rings) contributes to a cathodic shift of the first oxidation
process of 24 mV. The tert-butyl group has a higher donating inductive effect compared to the
methyl group and, as a matter of fact, in HoTBP (with two tert-butyl groups on the meta
positions) the first oxidation peak appears at a potential of 87 mV lower with respect to H,TPP.
The effect of the alkoxy chain in H,TOC4P (with a butyloxy group in the ortho position)
represents an intermediate case between H;TMP and H.TBP showing an oxidation potential
negative shifted of 30 mV vs H,TPP. Therefore, the presence of donating group promotes an
easier oxidation process of the macrocycle depending on the strength of the inductive effect and
on their position in the meso phenyl rings. Contrary, the strong electron withdrawing effect of the
fluorine atoms dramatically affects the electronic features of the HyTPP-F2¢ molecule resulting in
a remarkable shift of the oxidation potential, 541 mV higher than H.TPP. The pentafluorophenyl
substituents lead to a sort of umpolung of the electronic properties of the porphyrin macrocycle,
turning into an electron poor system and making the porphyrin more resistant to the oxidative

processes.

In all the cases, it has been observed a perfect chemical and electrochemical reversibility both in
oxidation and reduction processes (these latter are reported in the SI). At least a second oxidation
process is present (except for HyTOC4P) and the separation with the first oxidation process

becomes wider with the donor substituents, whilst it shrinks in HyTPP-Fo.



3.2 Porphyrins growth and film morphology

12 A-thick films of the different porphyrins were grown by slow effusion from thermally
controlled Knudsen cells on exfoliated HOPG substrate in a high vacuum chamber at a base
pressure of 1-2 x 10 mbar. The pristine topographies of the porphyrin layers on HOPG are
reported in Figure 2 (panels a-e), while their phase-contrast images are reported in panels f-/.
Phase-contrast analysis has already proved its potentialities in detecting the presence of
porphyrin wetting layers on the buried HOPG substrate [38]. The homogeneity of the phase-
contrast data suggests that the graphite electrode is well covered by porphyrins in all the cases
investigated in this work. Differences among the pristine prepared samples arise from the 3-D
structures. HoTPP-sample (a) shows wide crystals (on the micrometric length scale) with sharp
edges. HTMP specimen (b) is characterized by the presence of crystals of different length scale
(ranging from hundreds of nanometers to micrometers). Their border appears irregular
suggesting possible molecular desorption from the crystals during the permanence of the sample
inside the growth chamber in high vacuum (ultimate limit pressure 1 x 10”7 mbar). H;'TBP (c)
shows a more layer-by-layer growth mode with respect to the other samples and a couple of
crystallites are visible in the image, but they are quite scarce. The different growth behavior can
be ascribed to the position of the tert-butyl groups on the meso phenyl ring. In fact, the meta
positions direct the substituents outward and leave the macrocyclic cores free to interact each
other, thus the HoTBP molecules can stack one on the other in a tilted fashion. Indeed, despite
the bulkiness of tert-butyl group, its location at the meta positions may produce a lower
hindrance to porphyrin stacking with respect to smaller substituents, like the methyl one, even at
the ortho positions. A different situation is observed with the H,TOC4P system (d): the

morphological analysis evidences a wetting layer (i) covered by many round shaped porphyrin
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clusters having diameters of tens on nanometers. These structures seem to be mainly aligned
along the graphite step edges, which represent a preferential nucleation area for these molecules.
The formation of such clusters completely different from the former situations can be traced back
to peculiar character of this molecular system. Actually, the Ho-TOC4P is indeed synthetically
obtained as a mixture of atropisomers, where the ortho butyloxy substituents of the four phenyl
groups, are randomly distributed above or below the porphyrin plane [39]; therefore, a more
regular homogeneous molecular packing is prevented. Moreover, the butyloxy chains have a
slight lipophilic character [39] and, unlike the other cases, would be prone to interact also by Van
der Waals forces (as it occurs in the formation of micelles). Lastly, the HyTPP-F20-HOPG sample
(e) presents crystal structures characterized by sharp edges. Conversely to the HoTPP sample,

some angles of these crystals are close to both 60° and 120°.

The comparison between panels a-e clearly evidences that the molecular assembling of the 3-D
structures of the investigated porphyrins are completely different and this fact is expected to have
a significant impact when the covered graphite electrodes are immersed inside the electrolyte and
the molecular film mediates the charge exchange between the acid solution and the graphite

electrode.
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Figure 2. Topography (a-e) and phase-contrast (f-j) AFM images of vacuum-deposited 12 A-

thick films of HyTPP, H,TMP, HTBP, HoTOC4P and H,TPP-F»o, respectively, on HOPG.

In order to investigate the stability and protecting ability of porphyrin overlayers, cyclic
voltammetry was performed using the HOPG coated system as the WE, immersed inside a 0.5 M
H>SO4 solution. Samples were subjected to CV scans up to the observed oxidative potentials for

this kind of electrodes [26, 27].

For comparison, we report in Figure 3 the CV pattern of the unprotected HOPG electrode,

obtained by cycling at 25 mV/s up to 2.2 V vs. SHE [27].

Jec (MA/em?)

HOPG

10 12 14 16 18 20 22
Ve (V) vs SHE

Figure 3. CV pattern on bare HOPG (WE) in 0.5 M H2SOa.

The oxygen evolution potential is at about 1.85 V. Here, the faradaic current shows an
enhancement due to the start of the water electrolysis process. The anodic peak at 2.0 V
corresponds to the intercalation of solvated anion [23]. At this EC potential, the evolution of CO,
CO: and O gases is expected, resulting in the swelling of the graphite basal plane, producing

blisters on the electrode surface, as reported in Figure 4.
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Figure 4. Topography AFM image of the unprotected HOPG electrode, after the solvated anion
intercalation by CV in 0.5 M HxSOs. In the left-top side of the image, the cross-section of a

blister (white dotted line) is reported.

When the electrode is protected by HoTPP, we observe two distinct electron transfer processes
between 1.3 V and 1.7 V; those peaks nicely correlate with the CV feature of HyTPP as reported
in Figure 1 in the anodic scan and have been already attributed to porphyrin related processes,
suggestive of a good electronic coupling of the coating with the HOPG surface (see Figure 5a)

[28].
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Figure 5. CV patterns in 0.5 M H>SO4 of the HOPG electrode, covered by a 12 A-thick film of
a) HoTPP, b) H,TMP, ¢) H,TBP, d) HoTOC4P, e) HyTPP-F20. The limit potential of the CV

sweep corresponds to the expected intercalation potential for the unprotected HOPG (2.0 V).

Figure 5 compares the CV features of the porphyrin-HOPG system along the series of the
substituted porphyrins (panels b-e). Noticeable, we measured current densities (Jec) closely
comparable to that one acquired on the H;TPP-HOPG, both at the end of the scan windows and

in the 1.7-1.8 V range in the reverse direction. A significant exception to this picture is found for

14



H>TBP-HOPG electrode, whose Jec is roughly half. Interestingly, this behavior is observed with
the system whose morphology is significantly different (layer-by-layer growth) compared to the
others (layer-plus-island) (see Figure 2¢). Solvated anion intercalation features are present in all
the porphyrin-HOPG samples. This fact is not surprising on the account that the deposited
amount of molecules can be insufficient to wholly protect all the multi-atomic graphite steps of
the overall exposed electrode area (about 0.2 cm?). Being the HOPG steps the preferential sites
of anion intercalation [23, 24], we cannot exclude that the latter process occurs in some areas of
the electrode surface. The CV features related to the porphyrin electron transfer processes in
panels b-e of Figure 5 are not clearly visible in contrast to the HyTPP one. The faradaic current
starts increasing at an EC potential that does not exceed 1.85 V, which is the value measured on

the unprotected HOPG.

Finally, to define the protective ability of porphyrin films we advantage from a clear fingerprint
that is the blister formation on the electrode surface once potential higher than 2 V are reached.
Granted that the unprotected graphite largely develops blisters at the potential of 2.2 V [22-25],
we expect that a protected area must avoid graphite surface blistering. To this target, after the
CV, the samples were dried and analyzed ex-situ by AFM. The H,TPP layer, as reported,
significantly avoid the formation of blisters on the surface basal plane. HOPG shows terraces
covered by porphyrin 2-D regions (see Figure 6a), the latter being probably residuals of the

pristine 3-D structures.
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Figure 6. Topography AFM images acquired ex-situ after a single CV scan in 0.5 M H>SO4 of
the HOPG covered electrode, covered by a 12 A-thick film of a) H.TPP, b) H.TMP, ¢) H,TBP,

d) H TOC4P, ) HoTPP-Fao.

The electrode covered by HTMP molecules, instead, develops (in dimension and concentration)
more pronounced blisters after a single EC treatment (panel b). A similar situation is also found
with the H; TOC4P-HOPG specimen (see panel d). In both panels b and d, the organic film is
significantly damaged by the electrochemical process and hence the H,-TMP and H>TOC4P do
not guarantee an effective protection in comparison with parent HoTPP. This poor resistance to
the electrolyte may be related, on the one hand, to the instability of the wetting-layer due to the
presence of the ortho substituents which decreases the stacking interaction with the HOPG
substrate [15] and, on the other, to their significantly different assembling characteristics (see
Figure 2 panels b and d). H;yTBP-HOPG sample is characterized by a cathodic shift of the
oxidation process similar to that found with HyTMP and HyTOC4P porphyrins but, in contrast to
them, the film morphology shows a continuous 2-D layer as previously discussed. In this case,
blistering is significantly hampered and the HoTBP protection ability is comparable to that of
H>TPP. The last case-study, HyTPP-F2o (Figure 2e), is indeed the most noticeable one given the
astounding persistence of 3-D crystal structures even after the EC treatment. As the result, this
coating is the strongest and effective among those studied and blistering is completely prevented.
To our knowledge, this is the first example reported were crystallites survive a CV scan at such
high potentials; even the well-studied H2TPP samples results in degradation of the 3-D systems
after CV scan. The presence of fluorine atoms in the aryl ring of the porphyrin skeleton has thus

played a significant role that tender for the electrode protection enhancement and several factors
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sum up. In particular HoTPP-F» film provides a more stable wetting-layer resulting from the
stronger molecule-substrate interaction due to quadrupole—quadrupole interaction between the
electron-poor pentafluorophenyl and the electron rich aromatic system of graphite, which

maximize a face-to-face configuration like in the C¢He-CesFs adduct [40].

In addition, the perfluorinated moieties enhance the film hydrophobicity, as already reported in
the literature for comparable systems [41]; likewise, the molecular oxidation process shifted
towards higher EC potentials and the more resistant C-F bond toward oxidative reactions jointly
contribute to the stability of the 3-D structures observed, even after the CV scan, since the
pristine morphology is similar to that one observed on H>TPP (wide crystals onto a wetting

layer).

4. Conclusions

Graphite electrode protection is a key technological problem because when the stratified
structure of graphite is immersed in an acidic medium, solvated ion intercalation occurs at
sufficiently high applied voltages. The presence of ions and water molecules at positive (anodic)
potentials activates chemical reactions that develop gases and swell and blister the graphite basal
plane with consequent detriment of the electrode activity. We proved that a metal free porphyrin
(H2TPP) thin film can effectively protect graphite against blistering, Aiming to study and
identify the key factors that promote a stable protection of a porphyine overlayer, in this work,
we rationally designed and selected four porphyrins (namely H2-TMP, H2TBP, H2TOC4P and
H2TPP-F20) that differ from HoTPP for the sterical hindrances of meso-phenyl rings, the
electronic properties of the macrocyclic core and the presence of heteroatoms. We proved, by

studying the electronic molecular features of the systems and the growth and aggregation mode
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of the systems, that the protecting efficiency of a nanometric thick film can be widely tuned and
enhanced by tailoring the peripheral groups linked to the porphyrin skeleton. In particular,
among the other system, we give evidence that the HoTPP-Fo film can outperform the H,TPP
one as coating material used in electrode protection. Most importantly, we observed for the first
time that the HoTPP-F»9 overlayer can resist to cyclic voltammetry cycles without degradation of
the 3-D phase even in acidic condition. The effectiveness of this system has to be ascribed to the
peculiar molecular and electronic features including that the sterical demands of H,TPP-Fz is
closed to that of HoTPP, the quadrupole—quadrupole interaction between the electron-poor
pentafluorophenyl groups and the electron rich aromatic system of the graphite maximizes a
face-to-face configuration like in the C¢H¢-CsFs adduct; in addition the enhanced hydrophobicity
provided by the fluorine atoms, the higher oxidation potential and resistance of C-F bonds to
deterioration make the film stable while allowing the electronic communication between the

surrounding electrolyte solution and the graphite electrode.
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