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We have recently discussed how organic nanocrystal dissolution
appears in different morphologies and the role of the solution
pH in the crystal detriment process. We also highlighted the
role of the local molecular chemistry in porphyrin nanocrystals
having comparable structures: in water-based acid solutions,
protonation of free-base porphyrin molecules is the driving
force for crystal dissolution, whereas metal (Zn") porphyrin
nanocrystals remain unperturbed. However, all porphyrin types,
having an electron rich m-structure, can be electrochemically

1. Introduction

Organic molecular aggregates represent the main dross in
agricultural waste™ and an important percentage of rubbish in
industrial production.”® Their treatment and disposal strategies
can have a significant impact in the environment. On the other
hand, organic nanocrystals dissolution plays a key role in the
current pharmaceutical and drug delivery investigations.”*® The
importance of these researches in so different technological

oxidized. In this scenario, a key question is: does electro-
chemistry represent a viable strategy to drive the dissolution of
both free-base and metal porphyrin nanocrystals?

In this work, by exploiting electrochemical atomic force micro-
scopy (EC-AFM), we monitor insitu and in real time the
dissolution of both free-base and metal porphyrin nanocrystals,
as soon as molecules reach the oxidation potential, showing
different regimes according to the applied EC potential.

fields of our society explains the wide interest in (organic)
crystal dissolution, whose study can be dated back to the late
50’s when F. C. Frank started the first fruitful studies.”® Crystal
dissolution has been mainly studied in terms of reverse process
respect to the growth. This approach has focused many studies
on the crystal evolution in vacuum and/or solid/liquid and
liquid/liquid environments. However, from a practical point of
view, crystal dissolution generally occurs in not-equilibrium
conditions and this should require a specific investigation. The
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possibilities offered by atomic force microscopy (AFM) in giving
a direct view of the dissolution process helped in the develop-
ment of models, such as the one proposed by Lasaga and
Littge, where the crystal dissolution is triggered by the
evolution of dominant morphological motives called pits.” The
latter are crystallographically oriented deep holes resulting
from the detachment of growth units accomplished at a critical
undersaturation of the solution."” Recently, some of the
authors exploited a model system (porphyrin nanocrystals
deposited onto a highly oriented pyrolytic graphite (HOPG)
substrate) immersed in a diluted sulfuric acid solution to prove
that the dissolution process shows a multifaceted and complex
scenario."” The protonation reaction and the resulting crystals
dissolution are only possible with free-base porphyrins (H,TPP),
while metal porphyrins (ZnTPP, in the present case) are shown
to be stable inside the acid solution if simply immersed.
However, both H,TPP and ZnTPP molecules can be further
oxidized through electrochemical procedures, such as cyclic
voltammetry (CV), and therefore converted in their radical
cation species, which constitutes an alternative step towards
nanocrystals dissolution.!>'

In this work, by exploiting electrochemical-AFM (EC-AFM),
we investigate the porphyrin nanocrystal dissolution as a
function of the applied EC potential. This analysis can confirm
the role of porphyrin molecule oxidation as the driving force in
organic crystal dissolution and, on the other hand, is helpful in
defining differences between free-base and metal porphyrin
species during the dissolution process.

2. Results and Discussion
2.1. EC-AFM Analysis of the H,TPP Sample

The CV is acquired in the traditional EC potential range where
the oxidation of graphite is usually studied (between 0.3V and
1.3 or 1.6 V vs Pt-QRef, accordingly to the electrolyte pH)."”"™
During HOPG oxidation, the HOPG basal plane undergoes a
significant anion intercalation process and a consequent
swelling of the surface (blistering) due to gas evolution.”**" The
HOPG intercalation process has clear features in the CV (not
shown here): some shoulders appears above 1.0V (vs Pt-QRef)
during the anodic swept and a broader peak (placed at around
0.95 V) characterizes the cathodic one."”” Conversely, in Fig-
ure 1, where we report two subsequent CVs of the H,TPP/HOPG
electrode, the anodic faradaic current enhancement is com-
pletely featureless, and no cathodic (negative) currents are
detected during the CVs. This suggests that the HOPG basal
plane is well protected by the organic film when the electrode
is immersed in the 1 mm H,S0O, electrolyte.”?

During the first scan (see panel a), the CV is inverted before
reaching the main faradaic current enhancement at around
0.9 V. Two peaks clearly appear at 0.42 and 0.70 V, which are
related to two subsequent oxidations. The exchanged Q, and
Q, charges, related to the two EC processes can be evaluated
after a proper background subtraction. Their values are almost
comparable [Q;=(0.20£0.05) mC and Q,=(0.30+£0.05) mC]
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Figure 1. Voltammograms of the H,TPP/HOPG electrode acquired at a scan
speed of 1.5 mV/s during the AFM image scan (see below). In panel a, we

report the first scan, where two peaks at 0.42 and 0.70 V are clearly visible.
During the second scan (b), only one broader feature at 0.80 V is detected.

and correspond to about 10" elementary charges. This fact,
considering the molecular arrangement discussed in Ref. 11
and references therein, suggests that the uppermost molecules
are those mainly affected by the EC processes. Starting from the
second CV (see panel b), the two peaks are hardly recognizable
while an apparent single wide feature at 0.80 V characterizes
the EC potential range explored in panel a. Here, the exchanged
charge is about Q;=8.5 mC that is more than one order of
magnitude higher than the (Q,+Q,) value measured in the
previous scan. Probably, more porphyrin molecules are now
involved in the EC process, as a consequence of the crystal
detriment [higher surface-to-volume ratio (see also AFM images
below)], thus justifying the faradaic current enhancement and a
peak broadening, which results in the presence of an apparent
single peak. Moreover, we observe that the H,TPP film is able to
protect the buried HOPG electrode from any anion intercala-
tion: in fact, no characteristic intercalation or de-intercalation
peaks"” are measured during the CV swept.

Figure 2 a shows the morphology of the H,TPP/HOPG
electrode surface when immersed in the 1 mm H,SO, electrolyte
at an EC potential of 0.3 V. The porphyrin crystals show some
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Figure 2. AFM images of the H,TPP/HOPG electrode when immersed inside the electrolyte (H,SO,, 1 mm) at 0.3 V (vs. Pt-QRef) before the CV (a) and after an

EC potential swept up to the first protonation reaction (b).

pits on the terraces, in close agreement with previous results.""

The pits are seen as soon as the AFM tip starts the scanning
(about 5 minutes after the sample immersion) but their number
and shape does not evolve as a function of time.

If the sample undergoes a CV extended only to the first
oxidation potential (at about 0.40-0.50 V), the surface morphol-
ogy is almost unperturbed (porphyrin crystals still have sharp
edges and angles). However, the pits density increases, and pits
appear wider and deeper (see panel b). The electrochemical
treatment in the diluted acid electrolyte thus results in the
sample etching, i.e. a strategy that does not dissolve crystals or
alter their quality but only produce sharp pits. The porphyrin
gains a net charge by oxidation and thus it becomes soluble in
water-based electrolytes. However, only molecules weakly
bounded in the crystals (edges, pit borders, strain regions,
defect areas) can be removed with the consequent
enhancement in the number, dimension and depth of pits.

This scenario is significantly changed when the second
oxidation potential (at 0.65-0.80V) is reached. In Figure 3, we
report a real-time morphology evolution of a freshly prepared

electrode surface during three subsequent CVs extended
beyond the second EC process.

For a better comparison, panel a shows the sample surface
at an EC potential of 0.3V with respect to the Pt-QRef. The
dashed white line refers to the surface cross-section reported at
the bottom. The computed surface roughness of the full image
[defined as the arithmetic mean value (R,) between the peaks
and the minima of different image cross-sections] is R,=
11.7 nm. The porphyrin crystals show the usual morphology,
with terraces affected by some pits naturally produced immedi-
ately after the electrode immersion inside the electrolyte. In
panel b, the AFM scan proceeds from the bottom to the top
while the EC potential is continuously changed for the
simultaneous voltammogram acquisition. In particular, the EC
potential is kept at 0.3 V before the start of the first CV and after
the end of the third and last one. The topographic intervals
where the EC potential is changed for the CV acquisition
(0.3V-+1.6V) are highlighted by dashed white lines. Before the
start of the | CV, the porphyrin crystals are those already
observed in Figure 3a. During the | CV, a sudden morphological

Figure 3. AFM image scan of the H,TPP/HOPG electrode (a) at 0.3 V and (b) during three subsequent CVs, marked by dashed white lines. In the image, the
dotted line locates where the second EC reaction is reached. Surface cross-sections are also reported at the bottom of the panels, dashed white line in (a) and

the full black one in (b).
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change occurs at the potential (0.80 V) marked by the dotted
white line. Here, the second oxidation is reached. The
morphology is now characterized by gnarly terraces caused by
small bulges formed on the surface. The mean surface rough-
ness increases to R,=26.7 nm. The detriment and dissolution of
crystals continue during the following two CVs (see also the
surface cross-section reported at the bottom of the image,
which refers to the black line in panel b) and the electro-
chemical processes progressively round the crystal edges (R,=
35 nm and 21 nm, respectively). Such a significant difference in
the dissolution process between the first and second oxidation
requires an explanation. Clearly, the second oxidation doubles
the exchanged charge and reasonably increases the porphyrin
reactivity. However, we believe that counterions also play a key
role. Porphyrins, in fact, by exposing the main inner cavity to
the electrolyte,'" offer an easy place to accommodate the
counterion after the first oxidation reaction. Conversely, the
second process requires that a second counterion is placed
close to the molecule inner cavity. This is not possible at the
crystal-electrolyte interface because almost all the molecules of
the uppermost layer must host the corresponding counterion
related to the first oxidation. Consequently, we speculate that
the second counterion, trying to reach the opposite side of the
inner cavity, undermines the porphyrin molecule from the
crystal structure thus promoting the dissolution process and
the evolution of bulges.

2.2. EC-AFM Analysis of the Complete H,TPP Crystal
Dissolution

In the previous section, we focused on differences between the
first and second oxidation with respect to the dissolution
process. We started to observe a progressive detriment of the
porphyrin crystals due to the oxidation process, which
represents the driving force of the crystal dissolution. Nonethe-
less, 3D structures are still visible in Figure 3. On the other
hand, we have already proved that crystals are completely
dissolved in pH=0 solutions."™™ It is thus important to
demonstrate that a complete crystal dissolution is also possible
in 1mm H,SO, electrolytes (pH=3) as a consequence of
subsequent EC oxidations. For this reason, tens of CVs are
acquired in an extended EC potential range (namely, —0.8 V +
1.6 V). With these parameters, (i) porphyrin molecules periodi-
cally undergo both oxidations and reductions (an important
requirement to avoid reaction quenching due to charge
accumulation), and (i) the H,TPP/HOPG electrode works at
relative high potential values (above 1.0V) where an unpro-
tected graphite electrode suffers intense anion intercalation."”
All the acquired voltammograms are essentially superimposed
to the representative CV reported in Figure 4.

The CV reproducibility proves that, on the one hand, the EC
process is reversible and repeatable but, on the other hand, the
CVs are not sensible to possible further changes on the
electrode surface. In particular, we note that only an apparent
single wide anodic (positive) peak is detected in the voltammo-
gram, as the one reported in Figure 3b. In the cathodic regime,

ChemistryOpen 2021, 10, 748755 www.chemistryopen.org
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Figure 4. Representative voltammogram of the H,TPP/HOPG electrode
during tens of subsequent CVs (CV scan rate =25 mV/s).

before the hydrogen evolution potential, two features are
visible at —0.1V and —0.55V that contribute for an overall
exchanged charge of about 8 mC. The presence of two peaks
suggests that the main anodic structure is the superposition of
two oxidation reactions.””

During the CVs, no shoulders appear in the voltammograms
above the oxygen evolution potential. In addition, the charac-
teristic cathodic de-intercalation feature, placed between
0.4V-=1.1V, is not observed, confirming that the buried HOPG
electrode is protected by any detriment caused by the basal
plane swelling."”?” However, despite the presence of the
organic film, the H,TPP/HOPG system properly works as an
electrode, being the faradaic current enhancement due to the
water electrolysis clearly visible.

Figure 5 shows the final morphology evolution of the
porphyrin organic film.

The image is acquired from the bottom to the top while CVs
continuously run. In the first half of the image, some porphyrin
crystal residuals evolve to the final dissolution, proving that the
3D phase can be completely removed from the sample, i.e.,

scan direction

Figure 5. AFM image scan of the H,TPP/HOPG electrode during subsequent
CVs. The crystal residuals progressively disappear confirming the complete
dissolution of the sample.
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porphyrin molecules are removed from the islands and the
latter disaggregate. However, the surface morphology reported
in the upper part of the image is qualitatively different from the
pristine graphite surface,"""”’ due to the presence of some curds
and the absence of any graphite step and terrace.

In view of proving the persistence of an organic film on the
HOPG surface, we exploited reflectance measurements on the
H,TPP/HOPG electrode in real time during the EC processes.
Figure 6a compares the reflectance spectra acquired on the
bare HOPG surface, the pristine H,TPP/HOPG electrode and the
sample after about ten CVs. The pristine porphyrin film (a
picture is shown in panel b) spectrum shows optical transitions
typical of porphyrin-based molecules, characterized by clear
peaks related to the main Soret band transition (at about

T
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7
———H,TPP after CV 5x10
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Figure 6. (a) Comparison among reflectance spectra acquired on bare HOPG
(dotted line), pristine H,TPP/HOPG electrode (solid black line), and H,TPP/
HOPG electrode after ten CVs (solid grey line). (b) Picture off H,TPP/HOPG
sample before and (c) after the electrochemical treatments.
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Figure 7. Contour plot of the first three CVs acquired on the H,TPP/HOPG
electrode. The white horizontal lines enclose the EC potential region
explored during each CV, while the dashed black lines pinpoint the
maximum EC potential value reached during each scan.
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430 nm) and the less intense Q-bands at higher wavelength
(above 500 nm, marked by dashed vertical lines).*” This
spectrum reduces its intensity during subsequent CVs.

However, even after ten CVs, the reflectance spectrum
shows the characteristic porphyrin pattern, proving that the
electrode surface is still covered by an organic film (see panel
).

The reflectance spectrum characterization is also able to
monitor the electrode evolution during the very first CVs, when
the first oxidation peak is reached and when the second
oxidation starts and a significant dissolution of the porphyrin
film is observed. The acquired results are reported as a contour
plot in Figure 7.

Here, white horizontal lines delimit the EC potential region
of a single CV, while the dashed black lines pinpoint the
maximum EC potential value reached during the scan. Starting
from the bottom, the three dashed black lines thus refer to the
first and second oxidation and to the nominal graphite
intercalation stage. We can clearly observe that the first
oxidation (when EC-AFM highlights only pits, Figure 3b) does
not affect the spectra while a progressive signal intensity
reduction occurs starting from the second oxidation (crystal
dissolution and bulges evolution in Figure 5).

Finally, after the above EC treatment, the sample was
extracted from the cell and gently dried by fluxing pure
nitrogen. A ToF-SIMS analysis was finally acquired in view of
comparing similarities and differences in the surface chemistry
with respect to samples only immersed inside a diluted acid
solution™ We monitored the intensity evolution of the
molecular ion peak of the porphyrin macrocycle at 614.25 m/z
(Figure S1 in the Supporting Information) and a related
characteristic fragment ion at m/z 141.05 (Figure S2) for the as
grown sample, the sample immersed in T mm H,SO, solution,
where etch pits have been observed, and the sample immersed
in solution (H,SO,, 100 mm), characterized by the presence of
bulges. The signal intensity drops together with the increase of
the acid concentration, suggesting the degradation of the
H,TPP macrocycle. In particular, the molecular ion peak intensity
in the electrochemically treated sample is very low compared to
the pristine and immersed samples.

A detailed description of the results is reported and
commented in the Supporting Information, where we prove
that even if a 1 mm H,SO, electrolyte is employed, its effect
when aided by electrochemistry is comparable to what
observed on the H,TPP/HOPG electrode when simply immersed
in solution (H,50,, 1 m)."

2.3. EC-AFM Analysis of the ZnTPP Sample

In Figure 8, we show the CV acquired on the ZnTPP/HOPG
electrode sample immersed inside the electrolyte (H,SO,,1 mm).

A peak is detected at 0.47 V, which has to be related to the
ZnTPP oxidation. The exchanged charge is about Q=3 mC. If
we consider a single porphyrin oxidation, about 2x10'
molecules are involved in this charge transfer, i.e. a large

752 © 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 8. Voltammogram of the ZnTPP/HOPG electrode acquired at a scan
speed of 1.5 mV/s in view of following changes on the AFM image, the latter
being acquired simultaneously.

enough number of molecules to cover the whole surface
considering the molecular packing assumed in Ref. 11 and 25.

Figure 9a shows the electrode morphology when immersed
inside a 1 mm H,SO, electrolyte at an EC potential of 0.3V (vs.
Pt-QRef). The surface is characterized by many crystals having
sharp edges and angles. The morphology is in close agreement
with that one observed on samples only immersed in the acid
solution as reported in our previous investigation."" This means
that crystals are not affected by the acid electrolyte before the
oxidation.

In panel b, we report the electrode morphology during the
CV (refer to Figure 8). The image is scanned from the bottom to
the top. The ZnTPP crystals are stable till around 0.45 V, beyond
which the oxidation process starts, causing the surface quality
to undergo a clear detriment as a consequence of the evolution
of bulges, and an increase of the surface roughness.""
Interestingly, we observe that no pits are visible on the crystals
surface. When the EC potential reaches 0.7 V, that is, when the
oxidation process is almost completed, crystals almost disap-

o))
P R———

scan direction

pear: now, the residual 3D structures have not sharp edges,
both bulges and pits affect the electrode surface.

From this analysis, we can conclude that ZnTPP crystals,
that we demonstrated to be stable even when the sample is
immersed in pH=0 solutions,"" are dissolved in a pH=3
electrolyte as soon as the molecule oxidation is completed. The
latter is definitively the driving force of the dissolution process
even when metal porphyrins are employed.

3. Conclusions

Nowadays, dissolution process of organic nanocrystals plays a
key role in waste treatment and drug delivery, research fields
where there is still a lack of experimental data useful for
simulations and possible applications. In this context, we
studied a prototypical system, namely porphyrin/graphite
electrode, and the evolution of the surface morphology during
EC processes. Some interesting results were presented and
discussed. i) If free-base porphyrin molecules are involved in
the EC investigation, the molecule oxidation is the main
mechanism for the nanocrystal dissolution. However, being
possible a double oxidation, we exploited an EC-AFM system to
monitor in situ and in real time the crystal evolution matched
with both the EC processes. We found that only the second
process causes the crystal dissolution. ii) Porphyrin 3D nano-
crystals can be completely removed from the electrode surface.
iii) Metal (Zn") porphyrin nanocrystals, stable when immersed in
acid solutions even at pH=0, can be dissolved in diluted acid
electrolytes if the molecules are oxidized. Oxidation represents
the driving force for the nanocrystals detriment. iv) At the end
of the crystal dissolution process, the graphite electrode is still
protected by a porphyrin film of few layers. This film is able to
avoid anion intercalation inside the electrode and an overall
detriment of the buried graphite. Finally, in all our experiments,
CV analysis seems to be not suitable to highlight the different
stages of the dissolution process.

oy
_

scan direction

Figure 9. AFM images of the ZnTPP/HOPG electrode when immersed inside the 1 mm H,SO, electrolyte at (a) 0.3 V (vs Pt-QRef) and (b) during the CV. In the
latter panel, the dashed lines highlight the EC potentials where significant changes in the surface morphology are observed.
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EC techniques must be thus coupled with microscopy-based
ones to analyze the surface morphology.

Experimental Section

Z-grade HOPG was provided by Optigraph and used as substrate
for porphyrin (both H,TPP and ZnTPP) deposition. The substrate
surface (about 0.2 cm?) was manually exfoliated before each experi-
ment by using an adhesive tape. A 1 mm sulfuric acid (H,SO,)
electrolyte was prepared starting from a concentrated H,SO,
solution (95-97 % w/w, Merck) and de-aerated by bubbling pure Ar
in a Squibb separator funnel for some hours.

Meso-tetra-phenyl porphyrin (H,TPP, C,H;N,) and zinc(ll) tetra-
phenyl porphyrin (ZnTPP, C,H,N,Zn), provided by Merck (purity
>97%), were outgassed in high vacuum before their use (base
pressure in the low 107 Torr range) by ramping the temperature
up to the sublimation value (about 300 °C).

H,TPP and ZnTPP films were grown by physical vapor deposition
(PVD) at a pressure of low 107 Torr inside a Kenosistec KE-500
deposition chamber equipped with four effusive (Knudsen) sources.
The sample is placed at 30 cm distance from the Knudsen (K-) cells
and kept at room temperature during the organic film growth. The
K-cells are thermally controlled by a thermocouple inserted inside
the crucible. 30-40 mg of the porphyrin powder are loaded into
the K-cell crucible and used for many depositions. A quartz-crystal
microbalance, placed close to the sample, monitors the material
flux. The sample thickness (d=20 nominal layers) is the time-
integrated molecular flux. The d value represents a good compro-
mise between a great number of crystals (for statistical analysis)
and a thin molecular film. The growth rate was set at 0.4-0.5 A/s
and the source temperature at approximately 350°C and 370°C for
H,TPP and ZnTPP, respectively, while the substrate was kept at
room temperature.

The experimental set-up is described in detail elsewhere."” Briefly,
a home-made Teflon cell is positioned on the prepared sample and
filled with the solvent (about 1 ml in volume).™ A Viton O-ring
avoids leaks in the cell. Three electrodes were mounted in the cell.
One of these was the sample itself that represents the working
electrode (WE). Two platinum wires were employed as counter (CE)
and reference electrode (RE), respectively. More precisely, the latter
is a quasi-reference, because it does not exploit a redox couple.®
Nonetheless, the platinum quasi-reference (Pt-QRef) ensures a good
stability (within few mV) when immersed in acid electrolytes and a
stable EC potential shift (+740 mV) with respect to the standard
hydrogen electrode."”

AFM images were collected by a Keysight 5500 model in non-
contact mode, with specific tips (NanoSensors) for tapping
measurements. Resonance frequency in liquid was around 130 kHz
and images were collected in attractive regime. Images with a scan
area of (3x3) um® were collected at a frequency of about 1 mHz.
The very low scan rate was required to avoid damages of the
crystals during the tip scan.

ToF-SIMS experiments (see Supporting Information) were per-
formed using a customized ToF-SIMS V instrument (ION-TOF GmbH,
Munster, Germany). A 30 keV bismuth liquid metal ion gun (LMIG)
was used as primary ion beam providing Bi, Bis, Bi,*>", Bis**. Positive
and negative ion mass spectra were acquired with the high-current
bunched mode using Bi;?" (target current 0.3 pA). lon beam dose
rates were maintained below the static limit (<5x 10" ions/cm?)
per analysis. The sample was held at room temperature during the
ion bombardment. Secondary ions were collected into a two-stage
reflectron ToF analyzer by applying an extraction pulse of 2 kV, and

ChemistryOpen 2021, 10, 748755 www.chemistryopen.org

then post-accelerated to 10 keV. The cycle time of the ToF analyzer
was set to 100 ps, allowing the acquisition of the spectra in the
mass range 1<m/z<850. Negative mass spectra were calibrated
using C-, CH™, G, GH, C,7, G~ peaks, respectively. The resolution
achieved (Am/m) was equal to 12000 at mass 72 (Cg). ToF-SIMS
spectra were normalized to the sum of selected peaks characteristic
of the porphyrin fragmentation.

An optical set-up,® consisting of (i) a 20 W tungsten halogen lamp

enclosed inside a thermal radiator, (ii) an optical fibers bundle to
illuminate and collect the reflected light (via a central optical fiber),
and (iii) a multi-channel UV-vis spectrometer (Hamamatsu), was
employed to analyze the electrode surface during and after the
CVs.
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