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This paper seeks to elucidate the influence on the surface wettability of a variety of substituents located in
different positions of the perylene bisimide (PBI) core (ortho versus imide) with distinct electron-donor or
-withdrawing character and diverse steric demand, using for this more than 20 planar PBIs. The correlation
between the polarity of the individual functional group on the PBI and the surface wettability has been addressed
by means of substituent descriptors in terms of Hansch-Fujita = parameter, Hammett Gpeta and Gpara constants,
and steric parameters (Taft-Dubois Es’ and Charton v). With these parameters, a quantitative structure-property
relationship (QSPR) analysis has been performed using multivariable linear regression (MLR) fittings. The
relationship of Surface Energy, determined by the static contact angle method with three different solvents, to
structural properties of PBIs is described. As well, the polar and dispersive contributions have been determined.
For planar PBIs, a predominant influence of the substituents in the imide position on the surface wettability has
been found despite of the electronic nature and steric hindrance of the substituents simultaneously located in
ortho positions. This effect is more pronounced with the longer alkyl substituents at the imide position. This
study paves the way for a rational chromophore design considering the on surface behavior, which will ulti-
mately condition the contact and thus their performance in optoelectronic devices.

1. Introduction [20], a systematic study on their wettability which determines the

interfacial interactions and therefore ultimately condition the devices’

Perylene bisimides (PBIs) have been widely investigated for optic
and optoelectronic applications during the last decades thanks to their
strong absorption of visible light, high fluorescence efficiency, n-type
semiconducting character, and (photo-)stability, together with their
relative easy synthetic methodology and numerous functionalization
strategies [1] as well as the possibility to form tailored supramolecular
structures [2]. Despite the widespread use of PBIs in high technological
applications such as dye sensitized solar cells [3,4], organic
light-emitting diodes (OLEDS) [5,6], lasers [7], singlet fission [8,9],
photocatalysis [10-12], water splitting [13], supramolecular exfoliation
[14], 2D materials surface passivation [15,16], gene vectors [17], bio-
imaging [18], sensing and pollutant degradation [19], among others

efficiency is still lacking. Surface wettability plays an important role as
well in many functional applications such as superhydrophobic
self-cleaning materials, antifouling surfaces, corrosion protection and
fluid control [21]. Thus, understanding the influence of PBIs structure,
nature of their side chains and substitution positions on the surface
wettability is of great interest.

Few studies address the wettability of some individual perylene
mono- [22] and bisimide derivatives [23,24] or PBI-coated surfaces
[25-28] highlighting the influence of the substituents in the contact
angle and surface interaction, which plays a crucial role in the final
device performance as shown in these examples. To the best of our
knowledge there is only one short systematic study including six PBI

; PBI, Perylene bisimide; QSPR, Quantitative structure-property relationship; MLR, Multivariable linear regression.
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derivatives with different imide substituents which focus on the
structure-wettability relationship [29]. Nevertheless, far from helping in
the understanding, it confuses by its counter-intuitive conclusions.
Strikingly, in this work highly hydrophilic contact angles ranging from
13.8 to 36.0° are described for core-unsubstituted PBIs bearing hydro-
phobic aliphatic chains such as nonan-5-yl, undecan-6-yl and n-butyl at
the imide positions. These values are far from the ones that we have
measured for very similar structures. Aware of the lack of studies in this
regard, and moved by the ever increasing applicability of PBIs, herein
we carried out a deep systematic study including 22 PBI derivatives
bearing various substituents with different electron-donor or -with-
drawing character and diverse steric demand at different positions of the
PBI (ortho versus imide). A QSPR analysis on the surface wettability and
surface energy will pave the way for guiding the molecular design of
PBIs in order to efficiently modifying the interfacial condition, thus
optimizing final device performance.

2. Results and discussion
2.1. Substituents influence in surface wettability

A set of 22 PBI derivatives has been synthesized and classified for
their analysis in four different series attending to their structural char-
acteristics (Fig. 1). Thereby, series 1 compares different substituents at
imide position of planar core-unsubstituted PBIs. Substituents bearing
alkyl chains of different length and symmetry (compounds 1, 2, 4 and
6), perfluorinated chain (5) and an arylalkylcarboxylic acid (7) are
examined. Series 2 includes the same unsubstituted core structure type
but focuses on polarity, comparing an alkylamino chain with the N-
oxide and ammonium salts with different counterions derived from it.
Series 3 and 4 compare planar PBIs with different substituents in ortho
positions and the same group at the imide: N-pentan-3-yl and N-tride-
can-7-yl, respectively. The ortho substitution was preferred over the bay
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position to preserve the planarity of the PBI core and therefore have a
more comparable geometry to that of the unsubstituted ones. Moreover,
distorted tetrachloro bay substituted PBI 10 has been included for
comparison to see the influence of the core twisting (dihedral angle of
36.7°) [30] with the same substituents. Some ortho-substituents are able
to form H bonds (11, 18, 19), others are electron donating (11, 12, 15,
17-19), electron withdrawing (8-10, 13) or bear very bulky groups
(12). Therefrom, along these four series, the steric effects, electronic
contributions and lipophilicity, which have a significant impact on the
wettability and surface tension, are analyzed.

Two different deposition methods (drop casting and spin coating)
have been compared with series 1 and 4 to consider possible contribu-
tions of some sort of surface nano-structure due to self assembly or ag-
gregation during the drying process that might affect the resulting angle.
The differences are more significant in series 1 probably due to the
unsubstituted perylene core that allows an easier interchromophoric
interaction via n-n stacking and self assembly on the surface. It is well
known that surface roughness through micro- and nano-structuration
lowers the surface energy and increases the hydrophobicity [31]. In
fact, this strategy is generally used for making anti-wetting surfaces. The
differences observed in series 4 are minor. As expected, for both series,
the experimental angles are slightly higher for the drop casting method
than for the spin coating deposition (except for compounds 4 and 7
where the higher steric demand of the substituent in the imide position
might be preventing their self-organization). Presumably, the slower
evaporation rate in the drop casting method allows for a better molec-
ular self-arrangement. Regarding this, the spin casting method should be
preferred to eliminate the contribution of the surface structuration.
However, the drop-casting method was chosen as better coverage was
reached and the statistics of different measures was more consistent (for
more information see SI, Tables S3 and S4). Nevertheless, very volatile
solvents such as dichloromethane and methanol were employed to
minimize the drying time and thus the self-assembly process.
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Fig. 1. Chemical structure of 22 PBIs analyzed in this study. The substituents at imide position are marked in pink and the ones at ortho in blue. The bay substituted
one (10, with R, = H) has been highlighted in black for clarification purposes. Images of the static contact angle in water are also included. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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The static contact angles were evaluated in three different solvents to
allow the further calculation of the surface energy. Water (as polar
solvent), ethylenglycol (EG) and diiodomethane (methylene iodide, MI)
(as non polar) were chosen in all cases except for series 2, where
formamide (partially polar) was used due to the high solubility in water
of the polar perylenes. The polar and disperse components of the surface
energies were obtained by the Owens-Wendt-Rabel-Kaelble (OWRK)
model [32] (for experimental details see SI, tables S2 and S5-S8). The
results are summarized in Tables 1 and 2. For series 1, the contact angle
values in water range from 62.49° to 129.86°. The most hydrophilic one
is compound 7 bearing arylalkylcarboxylic acid chains able to form
hydrogen bonds, with a value of 62.49°, in very good agreement with
other carboxy PBIs described in the literature which exhibit values from
58° to 67° [25]. Hydrophobic derivative 6 bearing an aliphatic swallow
tail shows the highest angle of 129.86° which is close to the values
described for structurally similar asymmetric PBI on silica [28] and PMI
with long alkyl chains at the imide position (118.6° and 112.3°,
respectively) [22]. The water contact angle for series 2 could not be
evaluated due to experimental limitations. These derivatives are soluble
in water, which prevents the measure since the drop dissolves the PBI
film immediately after deposition. Nevertheless, the high hydrophilicity
of these derivatives is as well in agreement with the contact angle
described for a similar amphiphilic zwitterionic PBI with 28° angle [24].
Despite their structural diversity, series 3 and 4 present more uniform
values ranging from 78.41° to 111.50°. This fact is related to the sub-
stitution position (ortho-), which influences the wettability to a lesser
extent than the substitution at the imide position, as it will be concluded
from this study.

To further rationalize the correlation between the polarity of the
individual functional group on the PBI and the surface wettability in a
quantitative manner, the results with water have been analyzed by
means of substituent parameters. As descriptors, Hansch-Fujita z
parameter (related to the octanol/water partition coefficient and
therefore to the substituent contribution to the lipophylicity), Hammett
Ometa and Opara constants (indicative of the electronic effect of sub-
stituents on an aromatic ring at meta or para position, respectively), and
steric effects (Taft-Dubois and Charton) have been employed.

In order to discriminate the more influencing substitution positons,
initially, monovariable analysis to observe the tendencies and correla-
tion of each parameter to the wettability and surface energy have been
addressed. Secondly, multivariable linear fittings were performed for a
proper quantification. Contact angles were plotted as a function of
calculated Gyeta, Opara and z values [33] or as function of Es’ or v values
extracted from the indicated references. [34-37]. Each series was
analyzed with different descriptors depending on their structure. Series
1 and 2 were not analyzed in terms of electronic parameters (Hammet
Ometas Opara) Since they refer to substituents located in the aromatic core

Table 1
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which is not applicable at the imide position. Lipophylicity trough
Hansch-Fujita descriptor z allowed us to compare most of the com-
pounds. Unfortunately, series 2 could not be analyzed in terms of
wettability since no values for the water contact angle can be obtained
due to their solubility, yet the surface energy as well as dispersive and
polar components could be calculated and compared to all others in a
global analysis.

2.1.1. Lipophylicity in series 1, 3 and 4: Hansch-Fujita = parameter

The representation of the contact angle against n (Fig. 2) clearly
demonstrates that the greatest influence of lipophylicity occurs in series
1 (Fig. 2a). On the other extreme lies series 4, where the = values of the
substituents show no effect on the observed contact angles (Fig. 2¢). This
can be attributed to the long alkyl chains on the imide positions which
dominate the lipophilic character of the molecules. Series 3 (Fig. 2b),
with alkyl chains shorter than in series 4, shows a light contribution of
the ortho substituents to the total lipophylicity of the molecule. The
lipophylicity of the substituents (expressed in terms of Hansch-Fujita
parameter) has only a determinant contribution to the total compound
hydrophobicity, and therefore to the contact angle, when the sub-
stituents are located at the imide position (series 1). This is probably
because of the planar geometry of these PBIs where the imide sub-
stituents will be pointing outwards, exposed towards the surface and
influencing much more the surface behavior. Orientation and self-
assembly of rylene bisimides on surface have received great attention
within the last years [2,38]. Depending on the interaction with the
substrate, the orientation might be flat with “face on” organization
driven by n-m interactions as in graphene, melamine, or black phos-
phorus coatings [39], self-assembled monolayers (SAMs) with the per-
ylene cores perpendicular to the surface when using high packing
densities [25] or on a tilted “edge-on” structure [40]. In all cases, the
imide substituents will be pointing outwards interacting with the surface
and therefore will play a crucial role in the wettability. It is well stab-
lished that substitution at imide position has negligible effects on ab-
sorption and emission properties since the frontier orbitals HOMO and
LUMO possess a node at the imide nitrogen, therefore, the substituents
are electronically decoupled from the aromatic core. However, for the
on surface behavior, our study demonstrates that the substituents placed
at the imide position are the ones with the greatest influence on the
wettability.

A trend is noticed between lipophilicity (x) and the contact angle for
series 1, a greater contact angle is observed corresponding to a more
hydrophobic character and higher = values of the imide substituent. A
deeper analysis of the differences in series 3, where both the imide and
ortho substituents take part, suggests the contribution of some other
factors, as compounds 8-11 show quite different angles for a close =
value (but different electron-donating/accepting character, vide infra),

PBIs static contact angles from series 1 and 2 evaluated in three different solvents and the resultant surface energies and dispersive and polar components. Substituent
descriptors have been calculated or obtained from the indicated references. a) By analogy with CH(n-Bu), b) By analogy with CFs. ¢) By analogy with CH(Et) (n-Bu). d)

The counterion was not considered in n calculation.

n [33] Es’ [34] v [35,36] Static contact angle 6 SE Components [mN/m]
Series 1 Water EG MI ytotal 4 P
1 2 -2 1.51 100.11 65.07 41.56 43.30 43.18 0.13
2 6.15 —2.08 1.56* 97.56 70.50 49.62 35.52 35.48 0.04
4 2.161 —0.69 0.87 66.43 58.39 40.43 37.39 27.94 9.45
5 2.463 —0.78° 0.91° 74.63 65.09 58.21 29.97 20.81 9.16
6 3.448 —2.03¢ 1.55¢ 129.86 97.86 54.83 49.40 41.38 8.02
7 2.167 - 0.57 [37] 62.49 43.85 49.06 39.50 24.17 15.33
Series 2 Formamide EG MI
3 0.557 - - 51.13 38.68 40.43 42.81 35.27 7.54
20 —1.993 - - 69.64 67.71 51.79 37.71 37.62 0.08
21 —-3.421¢ - - 22.58 28.17 26.47 49.96 34.26 15.70
22 —-3.421¢ - - 18.06 25.95 26.02 50.85 33.96 16.99
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Table 2
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PBIs static contact angles from series 3 and 4 evaluated in three different solvents and the resultant surface energies and dispersive and polar components. Substituent

descriptors have been calculated using an specific software [33].

Ometa Gpara n Static contact angle 6 SE Components [mN/m]
Series 3 Water EG MI Ytotal Yd Yp
1 0 0 0 100.11 65.07 41.56 43.30 43.18 0.13
8 0.392 0.282 0.967 96.65 74.27 53.39 32.00 31.80 0.19
9 0.378 0.2 0.836 78.41 64.04 45.71 33.82 29.57 4.25
10 0.378 0.2 0.836 71.20 53.21 44.86 36.67 28.53 8.03
11 —0.214 —0.718 0.663 111.50 90.62 28.62 55.19 50.46 4.73
12 0.111 -0.23 5.406 98.40 71.39 45.47 38.37 38.36 0.01
Series 4
2 0 0 0 97.56 70.50 49.62 35.52 35.48 0.04
13 0.392 0.282 0.967 94.93 71.79 50.60 33.49 33.23 0.26
14 0.008 0.097 1.235 109.75 84.43 60.20 31.81 31.42 0.40
15 0.023 0.017 1.941 100.37 76.77 59.80 29.03 28.90 0.13
16 0.198 0.122 2.15 98.47 76.56 57.89 29.51 29.31 0.21
17 0.174 0.028 2.738 100.51 73.54 43.54 40.37 40.22 0.15
18 —-0.214 —-0.718 0.663 105.76 80.21 38.39 46.05 44.64 1.41
19 0.138 —0.166 1.912 95.59 75.01 62.85 26.17 25.11 1.05
Table 3
MLR for the surface energies (black) and dispersive (blue) and polar (orange) components using the different sub-
stituents descriptors. The goodness of fitting in terms of r? is also included.
Yol = 217973 — 2.6344 m+ 20.2077 v ?=0.67 Eq. 8
Series 1 (1, 2, 4, 5 and 6) YP=3.7413 - 2.3109 t +29.3079 v =092 Eq. 9
Y? =18.0521 — 0.3257 - 9.0900 v ?=0.54 Eq. 10
Y = 46,1761 — 34.6049 0., — 0.6503 1t ?=0.96 Eq. 11
Series 3 (1, 8,9, 11 and 12) YP =43.4235-32.6207 o — 0.2527 1t ?=0.99 Eq. 12
Y?=2.7553-1.9987 o — 0.3980 1t > =0.18 Eq. 13
Yol = 351426 — 12.0518 op,—1.1429 ?=0.37 Eq. 14
Series 4 (2, 13-19) Y =34.7913 - 10.6215 op— 1.1727 ?=0.32 Eq. 15
Y? =0.3538 - 1.4231 op, +0.0292 it > =0.72 Eq. 16
a) Series 1 b) Series 3 c) Series 4
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Fig. 2. Contact angles versus Hansch-Fujita lipophilic n parameter for series 1 (a), 3 (b) and 4 (c). The labels correspond to each compound number.

while compounds 1 and 12 display similar angles for a very different
steric hindrance. A direct comparison between ortho- and bay substi-
tution can be made with compounds 9 and 10, where the bay substituted
PBI is more affected displaying more hydrophilic contact angles prob-
ably due to the nonplanar structure caused by the bay substitution.

2.1.2. Series 1: steric parameters Taft-Dubois Es’ and Charton v

Es’ stands for a revised definition by Dubois of Taft steric effects of
the substituents on a certain reaction rate defined on the basis of more
unified reactions and over a wider range of substituent. The values
decrease with increasing steric bulkiness being 0 for methyl. On the
other hand, Charton parameter is defined based on the substituent size

by assuming the Van der Waals radius as atom contour. Plotting the
contact angles versus the available Es’ values from literature shows a
clear trend where the bulkier groups exhibit also the higher angles and
therefore are the more hydrophobic (Fig. 3a). This trend is also reflected
in Charton’s analysis (Fig. 3b). Unfortunately, the experimental values
for these descriptors are very scarce and difficult to predict, thus the
analysis could only be done with series 1. Nonetheless, since the sub-
stituents located at the imide position are the ones affecting more the
overall hydrophobicity, this series is the most representative one to
consider this effect.
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Fig. 3. Influence of steric parameters a) Taft- Dubois and b) Charton descriptors on surface wettability for series 1.

2.1.3. Series 1: Combined lipophilic and steric parameters

For a quantitative analysis, multivariable linear regressions (MLRs)
for series 1 including = and Es’ or v alternatively, were calculated
(equations (1) and (2)). Equation (1) was calculated considering com-
pounds 1, 2, 4, 5 and 6 and equation (2) with 1, 2, 4, 5, 6 and 7. They
demonstrate a good correlation of the observed contact angles with the
lipophilic and steric parameters of the substituents at the imide positions
(regression coefficients, 12, 0.75 for Es’ and 0.80 for v). It is interesting to
note that steric factors of the substituents seem to be more influential on
the contact angle than their lipophilicity, as deduced from the co-
efficients in equations (1) and (2).

e0 = 52.2530 — 2.6283 ® — 32.9765Es’ 1’ =0.75 (Eq. 1)

0 = 28.6546 —2.3005 1 + 57.5977v 1’ =0.80

(Eq. 2)

Using these equations and introducing the corresponding sub-
stituents descriptors (n, Es’or v) allows the prediction of 0 values for
other planar PBIs with substituents at the imide position, which can be
very useful in guiding the molecular design to fulfill the specific appli-
cation requirements.

2.1.4. Series 3 and 4 electronic parameters Hammet 6metq and Gparq
constants

The electronic contribution of the substituents to a given process
depends on their relative position with respect to the reaction center. As
in present case we are dealing with a property of the whole molecule
rather than with an effect in a localized point, we will try to correlate the
contact angles with either 6mea OF Gpara, to elucidate which is the most
appropriate parameter to be used. The ¢ constants are relative to
hydrogen and they have been calculated using the same specific soft-
ware for quantitative structure-activity relationship QSAR analysis that
was previously mentioned for the estimation of « [33]. The experimental
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contact angle values show certain correlation to Hammett 6-constants of
the respective substituents. Electron-withdrawing substituents have a
positive ¢ value and PBIs bearing these substituents display generally
smaller and therefore more hydrophilic contact angles (see Fig. 4 and
Table 2).

The partial analysis considering series 3 and 4 shows again the same
behavior that the analysis of Hansch-Fujita parameter where series 3 is
more sensitive to the substituent variation than series 4. Thus confirm-
ing the strong influence of long alkyl substituents at the imide positions:
the overall hydrophobicity in series 4 is dominated by the tridecan-7-yl
substituent instead of the substituents located in ortho. The foregoing is
equally applicable to both 6yera and Gpara (Fig. 4 a and b).

2.1.5. Series 3 and 4: Combined lipophilic and electronic parameters

The quantitative analysis using these descriptors for series 3 and 4
demonstrated a worst correlation than in equations (1) and (2). For
series 3, MLR analysis using compounds 1, 8, 9, 11 and 12 afforded
equations (3) and (4). The slightly higher regression coefficient value for
eq. (3) may indicate that the electronic effects of substituents in ortho
positions are better approximated using o, parameters. Moreover, the
electronic effects play a more important role than the lipophilic ones. In
any case, the effect of the substituents are much weaker than the effect of
the substituent at the imide position represented by the parent com-
pound 1 (intercept value).

0 = 101.6825 — 38.1996 6, + 02714 1* = 0.68 (Eq. 3)

0 = 958131 —23.0753 6, — 0.6032 & 1* = 0.59 (Eq. 4)

On the other hand, carrying MLR analysis with compounds 2 and
13-19, corresponding to series 4, led to equations (5) and (6). In this
case, r? values are very low, indicating a poor correlation between
contact angles and the used parameters. As in the previous series, the

L2
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Fig. 4. Influence of electronic parameters, a) Gmea and b) Gpara, descriptors on surface wettability for series 3 and 4.
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electronic effects are more important than the lipophilic ones, and oy,
parameters yield a somehow better description than ¢, parameters.
Comparing the coefficients in equations (3) and (5) (or in equations (4)
and (6)), it is clear that the substituents’effect is much lower in series 4.

0 = 100.7607 — 20.7200 6,, + 1.0126 = 1% = 0.47 (Eq. 5)

o0 100.1206 — 6.1936 6, — 0.0102 & ?=0.13 (Eq. 6)

2.2. Substituents influence in surface energy

The wetting thermodynamics was experimentally investigated by
analyzing dispersive and polar component surface energies using the
Owens-Wendt-Rabel-Kaelble (OWRK) method represented by equation
(7), where D and P are the dispersive and polar components, respec-
tively, of the solid surface energy (Y'S) or the liquid surface tension (Y'L)
and 0 is the contact angle. Thus, the polar and dispersive contributions to
the total surface energy could be calculated (Tables 1 and 2). Surface
tension and its components for model liquids used in the calculations
(water, formamide, ethylenglycol and diiodomethane) can be found in
the SI (Table S2).

71 A(1 + cosf) =24 (\/7?47? + \/754\7/2’)

The cohesion between the molecules that causes the surface energy
of a material can be explained by dispersive and polar contributions.
Interactions caused by temporary fluctuations of the charge distribution
in the atoms/molecules are called dispersive interactions (London
dispersion force). Polar interactions comprise Coulomb interactions
between permanent dipoles and between permanent and induced di-
poles (e.g. hydrogen bonds). The surface energy is additively made up of
such dispersive and polar parts. Because Van der Waals interactions
occur between all atoms and molecules there is no substance with a
surface energy/tension that solely consists of a polar part. Indeed, a
predominant dispersive character of surface energy was measured for all
PBIs (Fig. 5). Moreover, polar contributions were only significant in
series 1 and 2 especially for PBIs bearing groups with the higher elec-
trondonating, electronwithdrawing and polar character (PBIs with per-
fluorinated tail 5, carboxylic acid 7, tertiary amines 3, 11, chlorine 9, 10
and quaternary ammonium salts 21 and 22). These results are in
agreement with our previous discussion on substituents descriptors
where the most affected series were the ones with the substituent at the
imide position (Series 1 and 2) followed by series 3 with a subtle in-
fluence of the ortho substituents. This influence is completely negligible
in series 4 where the long swallow tail chain oriented towards the
contact surface dominates the interaction and promotes an homoge-
neous behavior form very different PBIs. Thereby, there is practically no

(Eq. 7)
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polar contribution of the substituents to the total surface energy in series
4 as in unsubstituted PBI 2. Interestingly, the comparison of derivatives
11 and 18 having the same pyrrolidine substituents, which should have
some polar contributions, leads us again to the conclusion that the long
alkyl substituents located at the imide position in series 4 govern the
surface interaction and veil the ortho contribution. Consequently, de-
rivative 11 has a polar contribution of 4.73 mN/m meanwhile derivative
18 only have 1.41 mN/m of polar component.

However, some exceptions are not completely fitting the trend,
probably because the energetic differences that are being described here
are minuscule. Derivatives 4 and 6 are not following the correlation with
the chemical composition since their substituents are alkanes and should
have only dispersive contributions. Thus, the respective polar contri-
butions of 9.45 mN/m and 8.02 mN/m are unexpected although their
magnitude is low at the energetic scale. On the opposite side, derivative
20 has an unexpected low polar component, as it would have been ex-
pected for the amine oxide, which should be closer to the ammonium
salts component distribution for 21 and 22. The unraveling of this result
is out of the scope of this article and will be pursued in next studies.

The surface energy values (Fig. 5 and Tables 1 and 2) indicate that
most PBIs are low-surface energy materials (below 36 mN/m) and only
few of them can be included in the medium surface energy range (from
36 to 300 mN/m). The value of 29.97 mN/m for the perflourinated PBI 5
is slightly higher than the Teflon surface energy (PTFE 24.01 mN/m)
[41] but nevertheless in good agreement with other surface function-
alized materials like indium-tin oxide electrodes, titanium dioxide or
aluminiun oxide nanoparticles functionalized with perfluorinated tails
(energies ranging from 6 to 35 mN/m depending on the grafting density)
[42]. Chlorinated PBIs 9 and 10 with energy values of 33.82 and 36.67
mN/m, respectively, are in good agreement with the described values
for PVC polymers (35-39 mN/m depending on the plasticizers) [43].
Furthermore, the comparison of derivatives 9 and 10 evidences again
the fact the planar distortion affects the surface behavior since a higher
polar contribution is observed in the non planar bay substituted com-
pound 10.

MLRs were also calculated for the surface energy and the corre-
sponding components (Tables 3 and SI, Table S9). For series 1 the
dispersive effects show a good correlation with the studied parameters
(Eq. (9)), while the surface energy and, especially, the polar effects show
a poorer fit (Egs. (8) and (10)). In all three equations, the steric factors
dominate over the lipophilic ones.

For series 3, the fit of the experimental values of surface energy and
dispersive effects to oy, and = is very impressive, while for the polar
effects is rather poor. As observed previously (Eq. (3) vs Eq. (4) and Eq.
(5) vs Eq. (6)), the electronic effects of substituents in ortho positions are
better approximated using oy, parameters (See Eqgs.(11)-(13) using 6, vs

Surface Energy [mN/m]

50

m dispersive

polar

Fig. 5. Bar diagram corresponding to the surface energies of the 22 PBIs. The dispersive contribution is shown in blue and the polar one in orange. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Egs (20)—(22) in SI using o},). Moreover, the electronic effects seem to
have much more influence in Y than the lipophilic ones, and are in a
similar order of magnitude as the effect of the substituent at the imide
position represented by the parent compound 1 (intercept value).

Finally, series 4 shows bad fittings, with the exception, maybe, of the
polar effects. In these equations o}, seems to provide a better adjustment,
but the regression coefficients (r®) are so low that a conclusion on this
item can be hardly extracted.

3. Materials and methods

Reagents and solvents were purchased from commercial sources and
used without further purification. Column chromatography: SiOy
(40-63 pm). TLC plates coated with SiO2 60F254 were visualized by UV
light. NMR spectra were recorded at 25 °C using a Bruker AC300 spec-
trometer. The solvents for spectroscopic studies were of spectroscopic
grade and used as received. UV/vis spectra were measured with a Helios
Gamma spectrophotometer. IR spectra were recorded with a Nicolet
Impact 400D spectrophotometer. High-resolution mass spectra were
obtained from a Bruker Reflex II matrix-assisted laser desorption/ioni-
zation time-of-flight (MALDI-TOF) spectrometer using dithranol as
matrix or from a Bruker MicrOTOF using Electrospray ionization (ESI).

PBIs 1 [44], 2 [44], 3 [45], 4 [44], 5 [46], 6 [47], 7 [48],10 [49], 13
[50]1, 14 [51], 15 [52], 17 [52], 19 [52], 20 [53], and 22 [45], were
synthesized according to reported procedures.

Synthesis of N,N’-di(ethylpropyl)-2,5,8,11-tetrabromoperylene-
3,4:9,10-bis(dicarboximide) (PBI 8).

A mixture of dioxane (100 mL), methanol (20 mL) and water (10 mL)
was added, under inert conditions, to N,N'-di(ethylpropyl)-2,5,8,11-
tetra(4',4',5',5' -tetramethyl-1’,3',2'-dioxaborolan-2’-yl)perylene-
3,4:9,10-bis(dicarboximide) (500 mg, 0.48 mmol) and CuBr; (2.255 g,
0.01 mol). The reaction was refluxed 16 h at 120 °C, and after cooling, it
was extracted with toluene. The organic layer was dried over anhydrous
sodium sulfate, filtered and evaporated. Purification was carried out by
silica gel column chromatography using dichloromethane as eluent.

Yield: 55% (225 mg); orange solid; 1 NMR (300 MHz, CDCl3) 6 8.73
(s, 4H), 5.06 (m, 2H), 2.17 (m, 4H), 1.98 (m, 4H), 0.92 ppm (t, J = 7.4
Hz, 12H); 13C NMR (75 MHz, CDCl3) § 132.63, 132.16, 131.46, 129.15,
124.55, 121.52, 55.99, 32.18, 31.72, 29.14, 26.93, 22.57, 14.06 ppm;
MALDI-TOF m/z. [M] calc. for C34Ho¢BrsNoO4 841.8626, found
841.8628; UV vis (CH,Cly), A max/nm (log €): 394 (3.98), 413 (3.8), 443
(4.07), 473 (4.45), 507 (4.6); FT-IR (KBr pellet): v max 2961, 2874,
1707, 1672, 1590, 1567, 1538, 1334, 1223, 808 em™?

Synthesis of N,N’-di(ethylpropyl)-2,5,8,11-tetrachloroperylene-
3,4:9,10-bis(dicarboximide) (PBI 9).

A mixture of dioxane (15 mL), methanol (6 mL) and water (3 mL)
was added, under inert conditions, to N,N'-di(ethylpropyl)-2,5,8,11-
tetra(4',4',5',5'-tetramethyl-1’,3',2'-dioxaborolan-2'-yl)perylene-
3,4:9,10-bis(dicarboximide) (250 mg, 0.28 mmol), and CuCl, (380 g,
2.3 mol). The reaction was refluxed 16 h at 120 °C, and after cooling, it
was extracted with toluene. The organic layer was dried over anhydrous
sodium sulfate, filtered and evaporated. Purification was carried out by
silica gel column chromatography using dichloromethane as eluent.

Yield: 16% (30 mg); orange solid; 'H NMR (300 MHz, CDCl3) 6 8.55
(s, 4H), 5.06 (m, 2H), 2.21 (m, 4H), 1.98 (m, 4H), 0.94 ppm (t, J = 7.5
Hz, 12H); 13C NMR (75 MHz, CDCl3) 5; 141.14, 132.44, 128.09, 123.70,
119.97, 58.63, 29.69, 24.93, 11.41 ppm; MALDI-TOF m/z. [M]" calc. for
C34H26N204Cly 666.0641, found 666.0087; UV vis (CH2Cly), A max/nm
(log €): 391 (3.9), 415 (3.8), 443 (4.1), 472 (4.5), 502 (4.7); FT-IR (KBr
pellet): v max 2967, 2934, 2924, 1704, 1664, 1595, 1574, 1330, 1261,
1099, 1022, 816, 802 cm ™!

Synthesis of N,N’-di(ethylpropyl)-2,5,8,11-tetra(pyrrolidin-1'-yl)
perylene-3,4:9,10-bis(dicarboximide) (PBI 11).

Pyrrolidine (85 mg, 1.2 mmol), CsF (182 mg, 1.2 mmol) and 18-
crown-6 (720 mg, 4.8 mmol) were added to a solution of N,N’-di(eth-
ylpropyl)-2,5,8,11-tetrabromoperylene-3,4:9,10-tetracarboxydiimide
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(100 mg, 0.12 mmol) in dry THF (2 mL) in a cone-shaped flask. The
reaction was refluxed 24 h under argon atmosphere, and after cooling, it
was extracted with dichloromethane. The organic layer was dried over
anhydrous sodium sulfate, filtered and evaporated. Purification was
carried out by silica gel column chromatography using dichloromethane
as eluent.

Yield: 76% (73 mg); red solid; 'H NMR (300 MHz, CDCl3) 6 7.69 (s,
4H), 5.02 (m, 2H), 3.56 (br, 16H), 2.34 (m, 4H), 2.05 (br, 16H), 1.85 (m,
4H), 0.92 ppm (t, J = 7.4 Hz, 12H); 13C NMR (75 MHz, CDCl3) 5 167.74,
150.79, 133.89, 133.86, 133.82, 132.45, 130.87, 128.79, 113.05,
107.78, 68.15, 57.66, 52.04, 38.73, 31.95, 30.35, 28.91, 26.00, 25.87,
23.74, 22.97, 22.68, 14.03, 11.66, 10.95 ppm; MALDI-TOF m/z. [M]
calc. for CsoHsgNgO4 806,4520, found 806.4640; UV vis (CHCly), A
max/nm (log €): 336 (4.4), 363 (4.3), 392 (4.1), 507 (4.8); FT-IR (KBr
pellet): v max 2961, 2926, 2868, 1660, 1573, 1631, 1526, 1421, 1299,
1194, 1118, 1088, 948, 826 cm ™’

Synthesis of N,N’-di(ethylpropyl)-2,5,8,11-tetrakis(2’,6'-diphenyl-
phenoxy) perylene-3,4:9,10-bis(dicarboximide) (PBI 12).

2,6-diphenylphenol (420 mg, 1.68 mmol), CsF (182 mg, 1.2 mmol)
and 18-crown-6 (720 mg, 4.8 mmol) were added to a solution of N,N’-di
(ethylpropyl)-2,5,8,11-tetrabromoperylene-3,4:9,10-tetracarbox-
ydiimide (100 mg, 0.12 mmol) in dry THF (2 mL) in a cone-shaped flask.
The reaction was refluxed 24 h under argon atmosphere, and after
cooling, it was extracted with dichloromethane. The organic layer was
dried over anhydrous sodium sulfate, filtered and evaporated. Purifi-
cation was carried out by silica gel column chromatography using
dichloromethane as eluent.

Yield: 60% (110 mg); orange solid; TH NMR (300 MHz, CDCl3) 6 7.66
(m, 4H), 7.55 (m, 8H), 7.43 (m, 16H), 7.08 (m, 24H), 6.52 (s, 4H), 5.08
(m, 2H), 2.30 (m, 4H), 1.93 (m, 4H), 0.92 ppm (t, J = 7.4 Hz, 12H); 13C
NMR (75 MHz, CDCl3) § 159.45, 146.71, 136.84, 136.83, 135.56,
133.31, 132.75, 130.86, 129.00, 128.08, 127.55, 127.00, 116.21,
109.29, 107.71, 56.40, 24.92, 11.33 ppm; MALDI-TOF m/z. [M] calc.
for C106H78N20g 1506.576366, found 1506.5783; UV vis (CHCls), A
max/nm (log €): 421 (4.4), 459 (4.3), 492 (4.6), 531 (4.8); FT-IR (KBr
pellet): v max 3061, 3031, 2961, 2961, 2921, 2851, 1689, 1654, 1567,
1462, 1415, 1380, 1345, 1316, 1229, 1194, 1065, 908, 762, 698 em™?

Synthesis of N,N’-di(hexylheptyl)-2,5,8,11-tetra(p-tolylethynyl)per-
ylene-3,4:9,10-bis(dicarboximide) (PBI 16).

A solution of N,N'-di(hexylheptyl)-2,5,8,11-tetrabromoperylene-
3,4:9,10-tetracarboxydiimide (20 mg, 0.019 mmol) and dry triethyl-
amine (10 mL) in dry THF (10 mL) was added under argon to a mixture
of Pd(PPhs)4 (4 mg, 0.0035 mmol) and Cul (0.5 mg, 0.0026 mmol),
followed by the addition of p-tolylacetylene (24 mL, 17.4 mg, 0.15
mmol). The mixture was refluxed overnight. After cooling to room
temperature, the mixture was diluted with methylene chloride and
treated with conc. HCI (14 mL) and water (7 mL). The organic layer was
dried over anhydrous magnesium sulfate, filtered and evaporated. Pu-
rification was carried out by silica gel column chromatography using
toluene as eluent.

Yield: 91% (21 mg); red solid; 'H NMR (300 MHz, CDCl3) § 8.71 (s,
4H), 7.74 (d, J = 8.0 Hz, 8H), 7.31 (d, J = 8.0 Hz, 8H), 5.25 (m, 2H),
2.48 (s, 12H), 2.34 (m, 4H), 2.01 (m, 4H), 1.41-1.31 (m 12H), 0.89 ppm
(m 12H); 13C NMR (75 MHz, CD,Cly, 70 °C) § 161.95, 139.75, 132.28,
131.89, 130.68, 129.19, 128.74, 128.35, 127.74, 124.41, 123.38,
119.92, 100.55, 90.04, 54.74, 32.35, 31.62, 29.13, 26.94, 22.47, 21.54,
13.90 ppm; MALDI-TOF m/z. [M] calc. for CggHggN204: 1210.659;
found 1210.650; UV vis (CH,Cly), A max/nm (log ¢): 332 (4.78), 493
(4.63), 532 (4.64).; FT-IR (KBr pellet): v max 3448, 2924, 2854, 2133,
1900, 1691, 1645, 1601, 1503, 1642, 1377, 1270, 1174, 1115, 1037,
964, 809, 522 y 408 cm

Synthesis of N,N’-di(hexylheptyD)-2,5,8,11-tetra(pyrrolidin-1'-yl)
perylene-3,4:9,10-bis(dicarboximide) (PBI 18).

Pyrrolidine (85 mg, 1.2 mmol), CsF (182 mg, 1.2 mmol) and 18-
crown-6 (720 mg, 4.8 mmol) were added to a solution of N,N'-di(hex-
ylheptyl)-2,5,8,11-tetrabromoperylene-3,4:9,10-tetracarboxydiimide
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(130 mg, 0.12 mmol) in dry THF (2 mL) in a cone-shaped flask. The
reaction was refluxed 24 h under argon atmosphere, and after cooling, it
was extracted with dichloromethane. The organic layer was dried over
anhydrous sodium sulfate, filtered and evaporated. Purification was
carried out by silica gel column chromatography using dichloromethane
as eluent.

Yield: 81% (100 mg); red solid; 'H NMR (300 MHz, CDCls) § 7.69 (s,
4H),5.17 (m, 2H), 3.56 (br, 16H), 2.41 (m, 4H), 2.06 (br, 16H), 1.75 (m,
4H), 1.21 (br, 32H), 0.8 ppm (t, J = 7.3 Hz, 12H); 13C NMR (75 MHz,
CDClg) 6 164.36, 163.48, 150.96, 150.63, 133.79, 113.04, 107.74,
104.74, 54.55, 52.11, 33.32, 31.90, 29.37, 27.16, 25.93, 22.60, 14.07
ppm; MALDI-TOF m/z. [M]  calc. For CggHgoNgO4 1030.7029, found
1030.7024; UV vis (CH2Cly), A max/nm (log ¢): 337 (4.4), 363 (4.3), 393
(4.1), 507 (4.8); FT-IR (KBr pellet): v max 2950, 2921, 2845, 1666,
1614, 1567, 1526, 1439, 1415, 1310, 1199, 1112, 943, 826 em L.

Synthesis of N,N’-bis(3'-trimethylammoniumprop-1’-yl)perylene-
3,4:9,10-bis(dicarboximide) tetrabromide (PBI 21).

Hydrobromic acid (15 mL) was added over N,N'-bis(3'-trimethy-
lammoniumprop-1’-yl)perylene-3,4:9,10-bis(dicarboximide) di-p-tolue-
nesulfonate [54] (2g, 0.002 mol) and heated at 80 °C during 45 min.
After cooling, the product was precipitated with acetone and then
filtered and dried. The limited solubility of the compound precluded the
obtaining of a useful '3C NMR spectrum.

Yield: 81% (1.3g); red solid; 'H NMR (300 MHz, DMSO-ds) & 8.85 (d,
J = 8.2 Hz, 4H), 8.51 (d, J = 7.9 Hz, 4H), 4.09 (m, 4H), 2.96 (s, 18H),
2.09 ppm (m, 8H); ESI HRMS m/z. [M]*? calc. for CssHagN4O42"
295.1441, found 295.1433; UV vis (CHxCly), A max/nm (log ¢): 464
(4.1), 493 (4.6), 526 (4.8); FT-IR (KBr pellet): v max 3020, 2956, 2337,
1689, 1643, 1584, 1468, 1444, 1339, 1240, 814, 744 cm ™

3.1. Contact angle measurements

PBI solutions were prepared at a concentration of 2 mg/mL in DCM.
For PBI 5, additionally 3 drops of TFA were added. Series 3 were pre-
pared from methanol instead. The glass substrates (Ted Pella round glass
coverslips) were previously cleaned with acetone. Drop casting was
performed with a 50 pL Eppendorf pippete. Spin coating samples were
prepared with different velocities and finally optimized to 25 rps. The
concentration of the solutions for spin coating was raised to 4 mg/mL to
increase the thickness of the films.

The contact angles were measured with Dataphysics OCA 25 contact
angle measurement device. The dosing volume and dosing speed for
each solvent is specified in the supporting information (Table S1). The
solvent properties used for the energies calculations are also described in
the SI (Table S2).

4. Conclusions

These results present systematically and consistently data about the
wetting-structure relationship of the selected PBI coatings, furthermore
numerous correlations between the structural substituents descriptors
and the wettability and surface energy have been established. The QSPR
analysis on the surface wettability and surface energy will lay the
groundwork for guiding the molecular design of PBIs in order to tune the
interfacial interaction as demanded by the specific applications. We
believe that the use of different models helps in understanding the
different contributions. Finally, the most striking result suggests that
contrary to colorimetric/spectroscopic properties, the imide position
plays a decisive role in surface wettability.
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