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ABSTRACT: The morphology of the film created by the aggregation of
corrole molecules from ethanol solution onto the surface of gold substrate
was studied by scanning tunneling microscopy both: (i) in situ, namely in
quasi-equilibrium (wet sample), and (ii) ex situ, i.e., removing the substrate
from the fluid cell and leaving the residual amount of solution on the
substrate to desiccate (dry sample). Despite the different conditions, the
morphology of the corrole overlayer formed on the film of molecules is
reminiscent, in both cases, of the leopard skin; the “speckles” are actually
areas where the molecular overlayer of flat molecules is not completed. We
quantitatively compared these two similar morphologies by studying the
power spectral density of the images, the fractal dimension Dy of the hole
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perimeters, and the cumulative distribution function of the hole areas. We
found that the last layer of both films, in spite of very different formation conditions, differed from each other only by a scale factor.

B INTRODUCTION

The possibility to realize molecular materials with desired
properties by rational synthetic approaches through the
developments of organic syntheses and supramolecular
chemistry concepts has witnessed an extraordinary boost in
recent years, with the definition of several routes for the
preparation of molecules tailored with the desired function-
alities." The subsequent step for the realization of functional
devices is the transfer of the target organic compound from the
solution to the solid surface of the final device. While the
synthetic route and the characterization of the molecule have
been well rationalized, the subsequent step for the formation of
the molecular layer is far less developed, although several
techniques have been proposed for the formation of the organic
thin layers.”~* While the definition of the different factors that
influence the molecular packing in the formation of the solid
layer is self-rewarding from a theoretical point of view, it can also
offer useful hints for the control of the film morphology, a key
step for the realization of a reliable device.

In the present work, we want to investigate with a certain
detail some interesting similarities and dissimilarities in the
morphologies that corrole films display when they are grown in
quite different environments (dry or wet).

We previously studied the morphology to which the solution
of corrole molecules in ethanol gives rise, when placed in contact
with the Au(111) surface.” The experiments were performed for
two concentrations of the dihydroxy phosphorus (V) [10-(4-
sulfonatophenyl)-5,15-dimesityl-2-sulfonatocorrole] disodi-
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um,”” 1.1 X 107 and $.5 X 10™° mol/L, and the film was
characterized in fluid ambient. Here, the sample obtained from
the lower concentration is of our interest and, from now on, it
will be referred as wet. The latter, displayed a surface
morphology with an extremely variegated landscape; but,
among others, there were areas where the morphology was
characterized by small holes of different shape and size (leopard
skin look). Such morphology, which pertains to the last
molecular layer, is obtained after a long immersion time of the
gold crystal substrate in the solution, when variations are
insignificant.” In a second part of that experiment, the gold
sample was then removed from the fluid cell and the residual
amount of solution on the substrate was let dry in air (from now
on referred as dry sample). As in the wet case, the overlayer is
formed on top of an already existing film of molecules. Even in
the dry case, the morphology resembles that of a leopard skin.
The main difference which, at first glance (see Figure 2 ahead),
distinguishes the leopard skin of the dry sample from that of the
wet one is the size of the holes and their spacing, but nothing can
be said about their size distribution and whether we can deduce
from this any indication that justifies their alikeness and/or
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Figure 1. Schematic representation of dihydroxy phosphorus (V) [10-(4-sulfonatophenyl)-S,15-dimesityl-2-sulfonatocorrole] disodium and typical
STM image showing terraces of the clean gold surface in air; Vi, = =300 mV, I, = 1 nA.
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Figure 2. Representative STM images of the corrole film on the Au(111) substrate for the wet (a) and the dry (b) samples. The STM images were
recorded in the corrole/ethanol solution 1.1 X 10~ mol/L for the wet sample and in air for the dry sample, with V;;,; = — 300 mV and I}'", = 0.1 nA,
I3 = 0.02 nA. Line profiles indicate hole depth corresponding to the thickness of one or two flat corroles.

dissimilarity. To make a quantitative comparison between the
two overlayers, we made use of three quantities that translate the
morphology into numbers: the characteristic hole distance
(depar) returned by the power spectral density (PSD) of the STM
image, the fractal dimension Dy of the hole perimeters, and the
cumulative distribution function (CDF) of the hole areas.

B MATERIALS AND METHODS

Dihydroxy phosphorus (V) [10-(4-sulfonatophenyl)-S,15-di-
mesityl-2-sulfonatocorrole] disodium was synthesized following
the methods mentioned in the literature.® The schematic
representation of the molecule is shown in Figure 1.

The Au(111) single crystal (MaTeck GmbH, Germany) was
cleaned by flame-annealing and the clean surface (Figure 1) was
characterized as described elsewhere.® Ethanol solutions of this
corrole with a concentration C = 1.1 X 1077 mol/L, well below
the solubility limit, were prepared; UV—vis spectra of the
solution confirmed the absence of macrocycle aggregation.

12703

For the wet sample, STM measurements were performed in
2.5 mL of ethanol/corrole solution by a home-made electro-
chemical scanning tunneling microscope (EC-STM) ;57 tung-
sten tips were electrochemically etched and coated (except the
apex) with glue to reduce, far below the tunneling current level,
any faradic current flowing through the tip. Images showing the
leopard skin morphology were recorded well after the early
phases of film formation,” when an asymptotic morphology was
achieved (about 120 min).

The dry sample was obtained by removing the specimen from
the fluid cell after the in situ measurements and letting the
residual amount of solution (70 L) dry overnight; the following
STM images were recorded in air.

All the quoted bias voltages Vy;,, refer to the tip (images
acquired with negative bias correspond to tunneling into empty
states of the sample).

STM images were analyzed by WSxM,'’ Image],"" and
MATLAB'? software. The latter was also used for numerical
simulations.

https://doi.org/10.1021/acs.jpcc.3c01286
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Figure 3. (a) PSD and gq,,,, of the 2D-FFT analysis (inset) of a representative STM image for the dry sample. V},;,; = — 300 mV, 199 =0.02 nA. (b)
Values of characteristic average hole spacing dg,,, obtained from the q,,,, values of several STM images for the wet (blue) and the dry (red) samples.
Dashed lines correspond to the average values.
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Figure 4. Plot of log P vs log A for the holes in the corrole overlayer of the wet (left panel, blue) and the dry (right panel, red) samples, as observed in
several STM images (see for instance Figure 2). Open symbols correspond to experimental values of P and A of about 830 and 410 different holes from
several STM images of the wet and the dry samples, respectively. Best linear fit, represented with continuous line, provides the slope ¢ = D,/2.
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B RESULTS AND DISCUSSION

Figure 2a,b show typical STM images of, respectively, the wet
and dry samples displaying the leopard skin morphology. The
molecular overlayer, whose thickness corresponds to one or two
flat corroles molecules (see line profiles in Figure 2), forms on
top of an already existing film of molecules;> the analysis of
leopard skin STM images provides the fraction of surface area
covered by the holes, namely ©"** = 0.32 + 0.02 and ©®7 = 0.32
+ 0.0S.

The characteristic average hole spacing d ., is a key parameter
for a quantitative description of the morphology and can be
estimated using the two-dimensional fast Fourier transform (2D
FFT) of the STM images. For example, in Figure 3a (inset), we
show a representative STM topography of the dry sample
together with its 2D FFT; the radially averaged power spectrum
provides the intensity vs momentum q correlation plot (PSD).
The spatial correlation is characterized by a well-defined peak of
the PSD at g, which returns the in-plane characteristic
distance d,, among holes in the overlayer. Similar analysis on
several images for the wet and the dry samples returned the
characteristic distances reported in Figure 3b. The average
values are different within the error: (%7 ) = (10.2 + 0.6) nm,
(d%5) = (7.7 = 0.4) nm; the holes for the dry case are further
apart.

Remaining in the sphere of the geometrical characterization of
the two morphologies, we determined the fractal dimension D
of the hole rims by studying the perimeter (P) vs area (A§
relation, which is described by the following power law'*"*

Px A” (1)

where, according to Mandelbrot,'® the scaling exponent is 6 =
Dp/D,, with D, the fractal dimension of the area; however, D,
reduces to 2 for a compact image plane'® so that the scaling
exponent is ¢ = Dp/2. The log P vs log A" plot for both the wet
and the dry samples is reported in Figure 4. The resulting linear
behavior covers more than two decades of the area axes; the
linear regression best fit analysis to the data returns for the
perimeter fractal dimension the values Dy = 1.14 + 0.03 and
D§Y = 1.19 + 0.02, which are equal within the statistical error
(30), proving the geometrical similarity of the hole shape in the
wet and the dry cases.

The third quantity we studied in order to characterize the
films is the cumulative size distribution of the holes, in particular
the normalized cumulative distribution of their areas. The
behavior is displayed in Figure S, and we found that the
experimental data fit the Weibull function'” very well

Wx)=1- ¢ )

which is the curve passing through the experimental points in the
figure, here x indicates the hole area expressed in square
nanometers.

The most significant fit parameter #, called shape parameter, is
the same within a single standard deviation both for the dry and
wet samples: n"* = 0.55 + 0.02 and n% = 0.59 + 0.03. The
expected value of a stochastic variable that follows the Weibull
distribution (eq 2) is given as follows:

v
E[X] = —TI
(X1 z (v) 3)
where I'(v) is the Euler gamma function and v = i The

calculation from the fit parameters provides, for the expected
hole areas, the values EY*[A] = 20 nm? and E*V[A] = 54 nm?.
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Figure S. Symbols represent experimental hole area cumulative counts
for both the wet (blue) and the dry (red) samples normalized to unity.
Experimental data have been obtained from several STM images by
measuring the area of hundreds of holes. The points fit the Weibull
distribution (continuous line) written in the frame (eq 2); the best fit
parameters are: n"* = 0.55 # 0.02, k™ = 0.258 + 0.014, adjusted R-
squared = 0.997 and n% = 0.59 + 0.03, k% = 0.119 + 0.012, and
adjusted R-squared = 0.995. The first part of Weibull curve is dashed
since the theoretical point (0,0) is not included in the fitting process.

These results not only confirm what we have already stated
based on a simple visual inspection (namely, that the hole size of
the dry sample is greater than that of the wet sample) but, more
importantly, quantify the difference in about a factor 3 for the
area size. As far as the differences in the characteristic hole
distance and average areas are concerned, we believe that they
are due to a swelling effect of ethanol in solution: like a sponge,
when the solvent evaporates, the film shrinking induces the
increase of the hole size. Such phenomenon, in turn, gives rise to
the merging among neighboring holes with the consequent
increase of the average hole—hole distance.

The Weibull distribution has a lot of aplplications in many
different fields of science and technology, 8725 in particular,
among others, it has been profitably employed to describe the
size of particles obtained in fragmentation processes (e.g,
grinding, milling, and crushing op<erations).26_3 It goes without
saying that our size distribution has to do with a kind of
“particles” of completely different nature: they are holes, namely
lack of molecules. This simple fact is already interesting in itself,
and we wondered if we were dealing with something more
general. For this reason, we tried to test numerically whether the
Weibull distribution could be, at least under certain hypothesis,
universal.

Therefore, we wrote a code in MATLAB'? for simulating the
growth of clusters, where disks of equal radius r are generated at
random on a 2000 X 2000 square lattice, until an assigned
coverage O is reached; the 2D morphology results in clusters
(holes) each composed by a certain number of overlapped disks.
Figure 6a shows an example corresponding to the coverage © =
0.35. Notably, the cumulative area distribution of the simulated
clusters well fits the Weibull eq 2 (adjusted R-squared = 0.9992).
As the simulation disks are generated with an increasing degree
of spatial correlation, for instance introducing the constraint that
does not allow the disk centers to lay closer than a given distance
R (correlation radius) from each other, cluster areas gradually
deviate from the distribution of eq 2. This effect is evidenced in
the example reported in Figure 6b, where the points are
generated by introducing a spatial correlation with R = 75 and
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Figure 6. Symbols represent normalized cumulative counts of cluster areas obtained by averaging over S0 simulations for disks of radius r = 50 pixels,
on a 2000 X 2000 pixels lattice. Disks are generated: (a) at random, (b) with spatial correlation as described in the text. Each simulation is stopped at
coverage © = 0.35. The fits to the Weibull distribution (continuous line) return the adjusted R-squared 0.9992 and 0.9203, respectively. First part of
Weibull curve is dashed since the theoretical point (0,0) is not included in the fitting process. Insets: examples of simulated images after a single
iteration.

the continuous line is the curve fit (adjusted R-squared = that the process of the film formation is independent of the
0.9203). ambient conditions: the fractal dimension D}, of the rims and the
We emphasize that our simulations are only meant to test how exponent n of the Weibull function. The latter excellently
general the Weibull distribution is, once a spatial distribution of describes the distribution of hole sizes and allows to determine
clusters is given; we do not intend to reproduce exactly the that the dry and wet mean hole areas differ of about a factor of 3.
morp hOIOgY of the film. The hole formation in solution, which according to Vrij could
Summing up. take place because of instabilities with respect to thickness
(i) for both wet and dry samples, the cumulative size fluctuations, is too fast with respect to the typical time scale of
distribution of holes fit the Weibull distribution (eq 2); the STM image acquisition, and it is impossible to directly

in a sense, it is as if the carpet of molecules were to

) e ; monitor and/or study it. However, on the basis of the
undergo a tearing process that from the statistical point of

R . A ) experimental and simulation results, we have advanced a
view is equivalent to a process of grinding, for instance, of . .
rocks hypothesis to explain how the morphology of the film evolves
. y ) ) until it reaches the final look.
(ii) the simulations show that clusters obtained from ) o . .

. N Besides, it is worth pointing out that our choice of the PSD,

randomly generated disks, have areas that distribute o > :
Dy, and CDF quantities was winning, since they were proven to

according to the Weibull function (eq 2); e
(iii) if the simulation disks are generated with a spatial be excellent for describing the morphology of molecular films.

correlation, the Weibull distribution of eq 2 does not

describe clusters’ areas distribution satisfactorily. B AUTHOR INFORMATION
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