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ABSTRACT: Cationic imidazolium-functionalized polythiophenes with single- or double-
methylation of the imidazolium ring were used to study the impact of imidazolium-
methylation on (i) the solution concentration-driven aggregation in the presence of
paramagnetic probes with different ionic and hydrophobic constituents and (ii) their surface
free energy (SFE) as spin-coated films deposited on plasma-activated glass. Electron
paramagnetic resonance spectroscopy shows that the differences in film structuration
between the polymers with different methylations originate from the early stages of
aggregation. In the solid state, higher degree of imidazolium-methylation generates smaller
values of total SFE, γS, (by around 2 mN/m), which could be relevant in optoelectronic
applications. Methylation also causes a decrease in the polar contribution of γS (γSp),
suggesting that methylation decreases the polar nature of the imidazolium ring, probably
due to the blocking of its H-bonding capabilities. The values of γS obtained in the present
work are similar to the values obtained for doped films of neutral conjugated polymers, such
as polyaniline, poly(3-hexylthiophene), and polypyrrole. However, imidazolium-polythio-
phenes generate films with a larger predominance of the dispersive component of γS (γSd), probably due to the motion restriction in
the ionic functionalities in a conjugated polyelectrolyte, in comparison to regular dopants. The presence of 1,4-dioxane increases γSp,
especially, in the polymer with larger imidazolium-methylation (and therefore unable to interact through H-bonding), probably by a
decrease of the imidazolium−glass interactions. Singly-methylated imidazolium polythiophenes have been applied as electrode
selective (“buffer”) interlayers in conventional and inverted organic solar cells, improving their performance. However, clear
structure−function guidelines are still needed for designing high-performance polythiophene-based interlayer materials. Therefore,
the information reported in this work could be useful for such applications.

■ INTRODUCTION

Conjugated polyelectrolytes (CPEs) possess physical−chem-
ical properties related to both “π” systems, like acting as
chromophores and fluorophores, and properties of polyelec-
trolytes, such as solubility in high dielectric media (e.g., water
and other polar solvents). They also possess the capability of
coordination through electrostatic forces and hydrogen
bonding (H-bonding) either with solvents, therefore helping
in solubilization, or with other dissolved molecules.1−3 The
ionic groups in the polymers introduce ion−dipole and ion−
ion forces.4

Furthermore, when CPEs contain functional groups with
cationic π-rings (such as the heteroatomic imidazolium or
pyridinium rings), the coaction between the noncovalent
cation and π forces (also known as π+) has to be taken into
account. In recent years, π+−π and π+−π+ interactions have
been recognized as a distinctive contributing factor in
structuring in the context of host−guest chemistry and

fundamental ab initio studies of π−π interactions.5 In ionic
liquids (ILs) containing the imidazolium ring, dispersion and
π−π interactions also compete with hydrogen bonding (H-
bonding), which in part determines the structuring in the IL.5

When protonated, imidazoliums can establish H-bonds
through their N−H group as it happens in the “doubly
ionic” low-energy H-bonds present between histidine and
aspartate during enzymatic catalysis.6 According to qualitative
molecular orbital computational analyses, methylation of the
nitrogen atoms in imidazolium rings (known as aprotic
imidazolium rings) does not cancel the H-bonding capabilities
of the ring, which considers the cationic C−H group (C−H+)
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to possess H-bonding donor capabilities.7 This has also been
considered in molecular dynamics simulations in order to
explain the cooperative−competitive interplay between H-
bonding and π-type interactions in an IL consisting of aprotic-
imidazolium and oxalatoborate.8

Notice that because of the different definitions of H-
bonding, in numerous studies, the classification of any
interaction considered may be equivocal, as pointed in the
review by Grabowski.9 For example, numerous C+−H···Y
interactions have been classified as H-bonds; however, they
could not be classified as such in the Pauling definition because
carbon is not an electronegative atom.9 In his review, Steiner
pointed that despite the role of C−H groups as H-bond donors
being underexplored, it could be predicted to occur when very
acidic C−H group donors or very basic acceptor groups are
involved.6,10

If present in CPEs, all of these forces are expected to impact
their (i) solubility, (ii) conformation in solution, (iii)
aggregation between polymer chains (intermolecular aggrega-
tion) and between different segments of the same chain
(intramolecular aggregation), and (iv) interaction with other
molecules either in solution (e.g. complex formation and
assembly) or in solid state.
In the solid state, the solubility of CPEs is important in the

fabrication of optoelectronic devices. For example, the use of
water-soluble polythiophenes with ionic ammonium pendant
groups allow orthogonal processing on top of the photoactive
layer of organic solar cells (OSCs). This grants the formation
of a capacitive double layer, enabling improved charge
extraction and, thus, device efficiency.11

The power conversion efficiency of OSCs can be improved
significantly by using electrode selective (“buffer”) interlayers
made of cationic or anionic CPEs, regardless of the ion
functionality.12 Such phenomena improve the efficiency of
organic photovoltaics,11−13 and therefore CPEs containing
different ionic moieties are frequently used as electrode
selective “buffer” layer materials.
Kelvin probe force microscopy (KPFM) or ultraviolet

photoelectron spectroscopy (UPS) has been used to gain
insight into the structure-function dependence and effect on
the working mechanism of these buffer layers.13 From these
studies, different mechanisms have been proposed, such as (i)
preferred orientation of the ionic moieties, (ii) energy level
alignment at the organic/metal interface or active layer doping,
(iii) formation of an image charge, causing alterations in the
work functions,13 or (iv) capability to show spontaneous
permanent dipoles, poling-induced dipole alignment, and
interfacial energy barrier control.14,15

Besides KPFM and UPS measurements, another approach is
to characterize the photovoltaic properties of OSCs after
including buffer layers made of CPEs, among other materials
(e.g., LiF and Cs2CO3 of fullerene derivatives), affording
remarkable improvements in conversion efficiencies.16

In the particular case of cationic polythiophenes used as
buffer layers in a conventional OSC architecture (i.e., the
bottom-metallic electrode act as the cathode, extracting
electrons), Seo et al.17 reported one of the first studies on
improvement of OSCs by adding a cationic trimethylammo-
nium polythiophene next to the metallic cathode. Later,
Kesters et al.16 compared the effect of applying cationic
polythiophenes with either trimethylammonium or imidazo-
lium side chains as buffer layers. The results showed that the
presence of a cation−π system is desirable because the

imidazolium functionality generates better device performance.
In a subsequent study, the same group compared two
polythiophenes containing either imidazolium or pyridinium
side chains.11,13 From their studies, it was concluded that a
larger cation−π system is preferred, whereas the polymer
having a pyridinium functionality performs better than that
with an imidazolium group. With regard to the use of cationic
polythiophenes in inverted architectures (i.e., with the metallic
electrode acting as the anode by extracting holes), Zilberberg
et al.18,19 applied an ultrathin cathode buffer layer made of the
same imidazolium polythiophene used by Kesters et al.13,16 It
was found that the buffer layer reduced the work function of
the indium tin oxide (ITO) electrode (which under inverted
architecture extracts electrons). In another work, Rider et
al.20,21 reported stable inverted OSCs fabricated using a
cathodic buffer layer consisting of a mixture of a cationic
pyridinium polythiophene and poly(3,4-ethylenedioxythio-
phene) polystyrene sulfonate.
Despite the mentioned studies, a clear mechanistic model to

explain the working mechanism of buffer layers is not available
yet. Therefore, clear structure-function guidelines are still
needed for designing high-performance polythiophene-based
interlayer materials.11

Contact angle (CA) goniometry is a useful route to gain
insight into the properties of films of CPEs because it allows
estimating the surface free energy (SFE or, simply, surface
energy) of polymeric films. For example, in OSCs, increments
in the total SFE (γS) of around 4 mN/m have been observed
in poly(3-hexylthiophene) (P3HT) films because of a decrease
in polymer regioregularity.22 This was interpreted as a
difference in the packing of the alkyl chains in P3HT,
following previous studies on pentacene films, which showed
(by means of CA goniometry) that a decreased film order
increases γS (in less than 1 mN/m).23 This result allowed
explaining the high miscibility observed between P3HT and
[6,6]-phenyl-C61-butyric acid methyl ester PC60BM

24 and later
PC70BM.25 SFE also has an impact on the morphology,
miscibility, and segregation between adjacent layers or between
layers and electrodes in OSCs, in the end affecting the
efficiency of the devices. For example, a difference of around
10 mN/m in γS between layers (29.1 and 41.1 mN/m)
promotes poor miscibility, producing a slightly larger phase-
separated film morphology.22,25,26 However, when this differ-
ence decreases to around 2.5 mN/m (29.1 and 31.6 mN/m),
penetration and diffusion of the fullerene into the polymer
region are promoted.11,22,25,26

SFE analyses have been utilized to study the following: (i)
the impact of CPE buffer layers on the short-circuit current
and fill factor of OSCs,27 (ii) the impact of surface treatments
of buffers on the adhesion and power conversion efficiency of
OSCs,28 and (iii) the adhesive properties of the constituent
layers in OSCs, which impact the mechanical stability of the
device.29

The energy level, electrical conductivity, and SFE of films
made of CPEs can be modified by means of molecular
structure, for example, by changing the polymer backbone and
the lengths of alkyl side chains.15

It is also possible to dope the films; for example, the
archetypical P3HT generates films with a low surface energy.
However, doped P3HT generates high surface energies mainly
due to its conductivity, namely, the presence of radical cations
and anions. The use of dopants with strong hydrophobic
groups (e.g., tolyl groups), hydroxyl groups, and carboxyl
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groups also promotes intermolecular hydrogen bonds,
modifying the wetting properties of the polymer. Polypyrrole
(PPy) possesses Lewis acid−base contributions, predominately
Lewis acidity. The most energetic part of the molecule is the
acidic sites, possibly due to N−H bonds on the pyrrole acting
as electron-pair acceptors (i.e., act as H-bonding donors) and/
or the cationic nature of the backbone.30

Besides modifying the molecular structure of the polymer
and/or doping the polymeric films, a judicious selection of the
polarity of the solvent mixtures allows modulation of the
nanomorphology of self-assembled aggregates (e.g., vesicles,
rods etc.) as well as the optical properties of conjugated
polymers and CPEs.11 Cosolvents (also known as “additives”
in the field of OSCs) provide an extra level of control over the
main parameters that dominate the OSC formation during
solution processing: (1) in solution, the thermodynamic
parameters, such as the solubility of donor and acceptor
materials in the solvent(s), their ability to undergo
crystallization/aggregation, and the mutual interactions
between the solvents and the donor and acceptor solutes
and (2) the kinetic parameters, such as the vapor pressure of
the solvents and the deposition conditions that collectively
define the drying kinetics of the mixture.31 CPEs are
particularly tunable by means of solvents because these
molecules allow the use of high dielectric media (e.g., water
and hydroxylic solvents), offering a wider window of
conditions and maximizing the possibility to study interaction
forces. For the particular case of cationic imidazolium
polythiophenes, Urbańek et al. have found that an imidazolium
polythiophene shows solvatochromic concentration-driven
aggregation, with methanol decreasing the extent of
aggregation.32 Our previous studies agree with this reference
because we observed that a cationic isothiouronium poly-
thiophene (which possess H-bonding donor capabilities)
shows larger Stokes shifts when dissolved in water than
when dissolved in mixtures with decreased polarity/H-bonding
capacity, both in disaggregated33 and aggregated34 states.
This work presents a study on the effect of methylation of an

imidazolium functionality in cationic polythiophenes. The
focus is on their (i) concentration-driven aggregation in water
and (ii) SFE of films processed from solvents with different
polarities. The study of aggregation in aqueous media is
studied by electron paramagnetic resonance (EPR) spectros-
copy with the aid of paramagnetic probes of different polarities.
The computer-aided analysis of the EPR spectra of polymers

that are able to self-aggregate in aqueous solutions has
demonstrated to be a useful tool to obtain information on
the aggregation behavior and the interactions occurring in
solution,35,36 as shown in our previous study on the
concentration-driven aggregation of cationic polythiophenes
in water.34 Therefore, EPR spectroscopy is an ideal
complementary technique to further study the concentration-
driven aggregation of imidazolium polythiophenes reported
previously.32

The SFE was studied by CA goniometry measurements on
spin-coated films of the polymers on plasma-activated
microscope glass coverslips. The effect of the polarity and H-
bonding capacity of the processing solvent was studied by
using either water or a water−1,4-dioxane (DI) 50:50 (v/v)
mixture (W−DI).
With regard to the imidazolium polythiophenes used here,

the one with less extent of methylation is analogous to that
used previously in studies in solution32 or applied as buffer
layers,13,16,18 whereas that with methylation in the C+−H
group (see Figure 1b) has not been analyzed yet in such type
of studies, to the best of our knowledge.
With regard to the solvents selected, DI is a nonpolar aprotic

solvent with a boiling point and density similar to water, which
also is miscible with water in all proportions. DI is also capable
of disrupting the H-bonding structure in water by accepting
two H-bonds, without donating any, because of its relatively
bulky structure consisting of ether groups.37 Besides this, the
50:50 v/v mixture of water and DI (W−DI), has a dielectric
constant ≈50% smaller than that of water and a viscosity
double that of water (see Table 1). Density functional theory
studies have shown that complexation of molecules can be
modulated by changing the amount of DI in water.37

Molecular dynamics simulations of the interactions between
the oligomers of an anionic phenylene−fluorene copolymer in
water or the W−DI mixture showed that DI forms a “coating,”
displacing water from the immediate environment of the
molecule, whereas the ionic parts are preferentially solvated by
water. This coating reduces interchain and side-chain
interactions and leads therefore to aggregation.38 This coating
effect is in agreement with the experimental study by Luong et
al.,39 who reported that heteromolecular water−DI H-bond
dominates only at low concentrations of water, whereas at
water mole fractions above 0.1, it generates a bulklike,
intermolecular, three-dimensional H-bonded water network
dynamics. Experimental studies of quenching in solution have

Figure 1. EPR spectra of the paramagnetic probe 5DSA in solutions of (a) PIMa and (b) PIMb at 25 °C and 0.5 mM.
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used the W−DI system because it provides a wide range of
variation of solvent dielectric constant and viscosity, allowing
to analyze their effects.40

Besides the computational and empirical studies in solution,
with regard to studies focused on films, to the best of our
knowledge, DI has been used as a cosolvent at very low
concentrations (1−2%) when studying OSCs made of
hydrophobic molecules.41,42 It has not, however, been used
in studies on thermodynamics in solution or drying kinetics of
films using either hydrophobic or hydrophilic molecules.31

With regard to the glass substrates used, the polymeric films
produced in this work can be considered as model surfaces
similar to buffer layers in contact with oxide electrodes because
both ITO43,44 and plasma-activated glass45 possess surface
−OH groups. As mentioned before, in the context of OSCs,
cationic imidazolium polythiophenes next to ITO substrates
has been reported in devices with inverted architecture, in
which the ITO electrode acts as the cathode, extracting
holes.18,20

However, regardless of the surface properties of the
substrate, the present work allows to study the effect of
modifying the conjugated nature of the cationic functionality,
as observed in the works of Kesters et al. cited before, having
films of cationic polythiophenes next to aluminum substrates as
a part of OSCs.13,16

Furthermore, the films obtained in this work allow
comparisons with previously reported films made of neutral
(nonionic) conjugated polymers, such as P3HT, polyaniline
(PANI), and PPy, doped with different dopants (and also
dedoped). These polymers showed similar ratios between the
polar and dispersive contributions of the SFE, regardless of
whether they were deposited onto glass or metallic (e.g., gold)
substrates.30

■ MATERIALS AND METHODS
Unless otherwise stated, all reagents and solvents used are of
analytical reagent grade, commercially available, and used as supplied
(Sigma-Aldrich). Deionized water was used for the preparation of the
stock solutions.
Scheme 1a shows the skeletal structure of the cationic imidazolium

polythiophenes used in this work: poly-3-(1-methylimidazolium)-
hexy loxy-4-methy l th iophene (PIMa) and poly-3-(1 ,2-
dimethylimidazolium)hexyloxy-4-methylthiophene (PIMb), whose
self-assembling capacity has been previously described.46

These polymers are assumed to have mainly head-to-tail
regioregularity because the syntheses were performed using 3-
alkoxy-4-methylthiophene monomers in an oxidative polymerization
(using FeCl3), conditions that are known to generate mainly 2,5

linkages.47 The polymers are also assumed to have a similar degree of
polymerization (20−30 repeating units) and dispersity (D̵ =Mw/Mn =
1−3). For further details on these assumptions, please see ref 33.

Scheme 1b shows the structures of the paramagnetic spin probes
used in this work. 4-hydroxy-2,2,6,6-tetramethyl-piperidine-1-oxyl
(TOH) and 5-doxyl-stearic acid (5DSA) are commercially available,
and 4-octyl dimethyl ammonium, 2,2,6,6 tetramethyl-piperidine-1-
oxyl bromide (CAT8) and 4-cetyl dimethylammonium, 2,2,6,6
tetramethyl-piperidine-1-oxyl bromide (CAT16) are a gift from Dr.
Xuegong Lei, Columbia University, NY, USA. These probes were
selected after accurate screening and found to be the most suitable to
get information about the formation of aggregates and about the
interacting ability of PIMa and PIMb in water because they were
previously demonstrated to be informative on the structure and
aggregation of polymers and surfactants.35,36 These spin probes have
also been used in our previous EPR study on the concentration-driven
aggregation of cationic polythiophenes.34

EPR Spectroscopy. EPR spectra were recorded by an EMX-
Bruker spectrometer operating at X band (9.5 GHz) and interfaced
with a PC (software from Bruker for handling and recording the EPR
spectra). The temperature was controlled by a Bruker ST3000
variable temperature assembly cooled with liquid nitrogen. The
reproducibility was verified by repeating each experiment at least
three times.

The concentration of 0.05 mM was selected for all probes because
it showed to be nonperturbative of the systems on the basis of the
invariability of the spectral line shape by further decreasing this
concentration.

The computation of the spectra was accomplished by means of the
well-established procedure of Budil et al.48 The EPR spectral line
shape is determined by the molecular reorientational dynamics of the
spin probe and its constraints over correlation times ranging from
10−11 to 10−6 s. According to the Kubo−Tomita theory, it is possible
to simulate EPR spectra on the basis of peculiar dynamic models.48

Anisotropies of the reorientational motion of anisotropic molecules,
for example,, nitroxide molecules, mainly surfactants, were accounted
for by introducing simple potentials. A modification of the
Levenberg−Marquardt minimization algorithm was used for the
analysis of the EPR spectra. The dynamic parameters describing the
slow motion are obtained from the least-squares fitting of model
calculations based on the stochastic Liouville equation of the
experimental spectra. The correlation time obtained provides a
measure of microviscosity at the nitroxide site.

The main parameters extracted from computation were the
following: (i) the Aii components of the hyperfine coupling tensor
A for the coupling between the electron spin and the nitrogen nuclear
spin. These components measure the environmental polarity. Unless
otherwise specified, for simplicity, the Axx and Ayy components were
assumed to be constant (6 G), whereas only Azz was changed. The

Table 1. Values of Physical−Chemical Parameters Relevant
for the Studies, from All Solvents (at 20 or 29 °C)a

solvent
density
(g/cm3)

dynamic viscosity
(mPa s)

dielectric
constant

refractive
index

water 0.9949 b0.75450 80.3851 b1.3350

W−DI 1.0352 b1.450 36.8951 b1.4050

solvent
H-bonding
capacityc

δD
dispersiond

δP
polard

δH hydrogen
bondingd

water strong 15.5 16.0 42.3
DI moderate 17.5 1.8 9.0

aAlso shown are the H-bonding capacities of each pure solvent
(according to the Hildebrand scale) and the values of the H-bonding
interactive force (δH) of the Hansen solubility parameters of each
pure solvent. Next to each value is provided the reference number.
bAt 29 °C. cRef 53. dRef 54.

Scheme 1. Skeletal Structures of (a) the Cationic
Imidazolium Polythiophenes PIMa and PIMb and (b) the
Paramagnetic Probes Used in the EPR Aqueous Study,
TOH, CAT8, CAT16, and 5DSA
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accuracy of this parameter is ±0.01 G; (ii) the correlation time for the
diffusional rotation motion of the probe (τ), which measures the
microviscosity around the probe, in turn monitoring the interactions
occurring among the molecules at the probe site. The accuracy in this
parameter is ±1 ps.35

The total intensity of well-reproducible EPR spectra was evaluated
by the double integral of the spectra in arbitrary units (A.U.).
Quantitative EPR measurements of spin concentration cannot be
performed in the absence of an internal reference, but, in the present
case, we trusted the intensity values only in a comparative way for a
series of samples for an indirect measure of the spin-probe solubility.
Solvent Systems. Table 1 shows some relevant physical−

chemical properties of water and W−DI.
Spin-Coating Preparation of Glass Blanks and Polymeric

Films. Spin-coated films of PIMa and PIMb were deposited either
from water or W−DI on air-plasma-cleaned microscope borosilicate
glass coverslips (VWR International). Air-plasma decreases the
number of siloxane groups while increasing the surface concentration
of H-bonding donor OH groups55 and thus increasing the value of the
“silanol number.”56 Besides the polymers, the plasma-activated glass
slips were spin-coated only with water or DI in order to obtain the
“glass−water” and “glass−DI” blanks, respectively.
The polymeric films were produced by adding 3 μL of 0.2 mg/mL

solutions of PIMa or PIMb (for concentrations ≈ 0.8 mM, monomer
based) dissolved either in water or W−DI on an already 500 rpm
spinning substrate (i.e., dynamic dispense). Previously, a PIMa
concentration of 0.25 mg/mL in water was used in this group to
produce self-assembled multilayers of CPEs.46 Also, in the previously
mentioned studies of Kesters et al. using cationic polythiophenes,
concentrations ≤ 0.25 mg/mL (in methanol) showed to be optimal to
observe differences in OSC efficiencies as a function of the cationic
functionality in the polythiophene.13

Despite these references, we analyzed the effect of increasing the
surface concentration by using multiple depositions (with a drying of
60 s between each) using different cationic polythiophenes. Larger
surface concentrations did not increase the difference between
polymers (results not shown).
All solutions were obtained from the same aqueous stock solution

(2.1 mM). The polymers are expected to interact with the plasma
glass through electrostatic interactions between the cationic
imidazolium units and the partial negatively charged surface −OH
groups.
In order to maximize reproducibility (i.e., decrease the

experimental error), all films were produced from the same batch
solutions and by the same operator. In order to minimize the biased
data due to the learning curve of the process, the production of films
and the CA measurements were randomized as much as possible by
avoiding to systematically produce or measure films exposed to the
same treatment (i.e., same polymer or processing solvent) or similar
measurements (e.g., same probe liquids).
Expected Interactions with Plasma-Glass. Scheme 2 shows the

expected interactions between the plasma-activated glass substrates
and the polymers.
CA Goniometry and SFE Estimations. CA measurements allow

estimating the SFE of films made of conducting polymers in a
relatively simple way (when compared with other techniques such as
inverse gas chromatography), however, providing high sensitivity.30

The CA between a liquid and a surface of interest can be related to
the surface tension or energy via Young’s equation together with
different models (details ahead).30 If CA values with two or more test
(or “probe”) liquids, with known and convenient surface tension
components, are available, then it is possible to estimate the total free
energy and also its Liftshitz−van der Waals (dispersive) and Lewis
acid−base (polar) components.30

The estimations of the total SFE (γS), together with their polar
(γSp) and dispersive (γSd) contributions, of the substrate blanks and
polymer films were obtained using two models: the Owens, Wendt,
Rabel, and Kaelble (OWRK) model and the Wu model (also known
as the harmonic mean method).60 Both methods have been described
elsewhere,61 and it is known that they require less measuring data

than other models for estimation of γS, γSp, and γSd while avoiding
generating negative values as other methods (e.g., the acid−base
method).61 Wu’s model has already been used to study films made of
conjugated polymeric molecules.30,62−64

The SFE estimations by Wu’s method were obtained considering
the four probe liquids shown in Table 2 (glycerol, ethylene glycol,
formamide, and diiodomethane), whereas the OWRK estimations
were obtained considering two probe liquids (glycerol and diiodo-
methane).61

The calculations to estimate the SFE were performed with the aid
of the software KSV Surface Free Energy Analysis (version 3.0),
copyright KSV Instruments, Ltd. (1997−2005), using the averages of
at least triplicate CA measurements from different experimental units.

In this work, the CAs between the blank surface or polymeric films
and different probe liquids (glycerol, ethylene glycol, formamide, and
diiodomethane) were measured using the sessile drop method, with 3
μL drops of each probe liquid. The CA value was taken from the
stabilized reading. The surface tension values of the respective liquids
(γL) and their constituting polar and dispersive forces (γLp and γLd,
respectively) are shown in Table 2.

Notice that the surface tension of liquids and SFE of solids are
commonly reported in the literature either with units of force/unit
length (mN/m) or energy/unit area (mJ/m2), with both scales being
numerically equivalent.

■ RESULTS AND DISCUSSION
EPR. EPR spectroscopy was successfully applied to

investigate the aggregation mechanism of the differently
methylated polymers described above. Characterization of
the interaction between EPR probes and the polymer system is
given by the interpretation of the experimental data by the use
of the computer aided analysis described in the experimental
section. The completely hydrophobic probe (5DSA) generated

Scheme 2. Expected Interactions between the Imidazolium
CPEs Used in This Work and the Plasma-Activated Glass,
Modified from Refs 57−59; Notice That the Glass Substrate
Here Is Presented as Partially Activated, i.e., with a Partial
Surface Concentration of Si−OH Having Also Si−O−Si
Groups

Table 2. Total Surface Tension (γL) of the Probe Liquids
Used in This Work Together with Their Constituting
Dispersive (γLd) and Polar (γLp) Contributions

glycerol ethylene glycol formamide diiodomethane

γL (mN/m) 63.4 47.7 58.2 50.8
γLd (mN/m) 37 26.4 39.5 48.5
γLp (mN/m) 26.4 21.3 18.7 2.3
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different results with respect to probes containing hydrophilic
and hydrophobic groups (TOH, CAT8, and CAT16).
Therefore, the results obtained with 5DSA will be discussed
separately.
Figure 1 shows the spectra recorded for 5DSA with (a)

PIMa and (b) PIMb at 0.5 mM.
The spectra shown in the figure were recorded under the

same experimental conditions as used for the other spin
probes, for a matter of comparison. These spectra are quite
noisy, demonstrating the low intensity due to the low solubility
of 5DSA in these systems because it only solubilizes into the
hydrophobic region formed by polymer aggregates. However,
we clearly see that the noise is lower for PIMb than for PIMa,
indicating higher solubilization of the hydrophobic probe in
PIMb aggregates because of methylation of the imidazolium
ring, which increases hydrophobicity.
The computations of the spectra (red lines; the main

parameters Azz and τ are listed in the figure) interestingly
indicate that the radical group (at position 5 of the stearic
chain) is located in a region at low polarity and quite high
microviscosity, as expected for the hydrophobic core of a lipid
aggregate. A significantly higher microviscosity (more than the
double) was calculated for PIMb with respect to PIMa,
indicating that methylation of the imidazolium function
increases the microviscosity in the environment of the
hydrophobic probe inserted into the polymer aggregates.
Effect of Imidazolium Methylation on the EPR

Intensity. With regard to the results from the probes TOH,
CAT8, and CAT16, Figure 2 shows the intensity variation
(measured as a double integral of the spectra) as a function of
the polymer concentration (in the 0−0.5 mM polymer
concentration range) for TOH (a), CAT8 (b), and CAT16
(c).
Figure 2 shows that for all paramagnetic probes, a maximum

intensity is observed at about 0.25 mM of polymer
concentration. Assuming that the intensity measures the
probe solubility, this result indicates increased probe solubility
around this concentration. All probes contain a hydrophilic
and hydrophobic portion and solubilize better when they insert
in aggregates where the hydrophobic part is protected from the
hydrophilic one. Therefore, we may consider the intensity
increase as a proof of the formation of polymer aggregates,
where the hydrophobic parts of the polymers condense
surrounded by the hydrophilic parts. A previous study from
our group using steady-state fluorescence on solutions of
cationic isothiouronium polythiophenes also showed aggrega-
tion of the polymers around a polymer concentration of 0.2
mM.34

The equivalent solubilization of TOH in the aggregates of
PIMa and PIMb shown in Figure 2a is reasonable because
TOH is the most hydrophilic probe and therefore interacts
with the cationic imidazolium groups regardless of their degree
of methylation.
The fact that both polymers interact to a similar extent with

TOH, despite the difference in the H-bonding capabilities
between them, can be explained because water (and other
hydroxylic solvents) is known to compete for intermolecular
H-bonding; this is why they are known as “competitive
solvents” in the contexts of molecular recognition65,66 or
polymer solvation.67 Therefore, in this case, water would
compete with TOH for the H-bonding, nulling the structural
difference between PIMa and PIMb with regard to their H-
bonding capabilities.
On the other hand, Figure 2b shows that for polymer

concentrations associated with aggregation of cationic
polythiophenes,33,34 CAT8 generates larger intensities in the
presence of the polymer with less extent of methylation in the
imidazolium ring (PIMa). This is because this probe solubilizes
at the hydrophilic/hydrophobic interface of the aggregates, and
the methyl groups partially impede solubilization.
Interestingly, Figure 2c shows that, for a probe with a larger

hydrophobic nature (CAT16), larger intensities are obtained
in the presence of the polymer with larger extent of
methylation in the imidazolium ring (PIMb). In this case,
the methyl groups favor the solubilization in the disordered
aggregates of the CAT16 probe whose hydrophobic portion
has good affinity for hydrophobic methyl groups.
Figure 2b,c shows that, when interacting with CAT8 and

CAT16, the highest polymer concentrations cause the curves
of PIMa and PIMb to diverge. This behavior is opposite to that
observed during the concentration-driven aggregation of
isothiouronium polythiophenes with spacers of different
lengths, under identical experimental conditions to the present
work.34

In the previous study, the intensity increase to the maximum
and, then, the decrease at the highest concentration have been
ascribed to the formation of aggregates at the maximum, which
became progressively less organized with the further increase in
the concentration. For the isothiouronium polythiophenes, the
longer spacer provokes the formation of better organized
aggregates at the maximum, whereas the highest concentration
of polymers equivalently leads to disorganization of the
aggregates for the two polymers, despite the spacer length.
In the present case, the methyl group is not perturbing the
aggregate formation at the maximum, but only a high
concentration of the polymer lets the methyl group differently
affect the disorganizing process. This is because the methyl

Figure 2. EPR spectral intensity (measured as a double integral of the spectra in A.U.) as a function of the concentration of PIMa (green upward
triangles) and PIMb (blue downward triangles) in the presence of 0.1 mM TOH (a), CAT8 (b), and CAT16 (c).

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.9b03095
Langmuir 2020, 36, 2278−2290

2283

https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03095?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03095?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03095?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03095?fig=fig2&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.9b03095?ref=pdf


group is located at the charged head and starts being
perturbative only when the concentration of polymers is high
and the charged head groups start repulsing each other.
Effect of Imidazolium-Methylation on Microviscosity.

Figure 3 shows the microviscosity (interaction) parameter (τ)
as a function of the concentration of PIMa and PIMb (also in
the 0−0.5 mM polymer concentration range) for TOH (a),
CAT8 (b), and CAT16 (c).
In Figure 3, it is observed that the differences between PIMa

and PIMb at high concentrations are small (e.g., in Figure
3a,c); however, these differences are above the experimental
error and in agreement with the other results. Figure 3a,c
shows that the more hydrophilic and more hydrophobic
probes, respectively, indicate a larger viscosity in the aggregates
of the polymer with less extent of methylation in the
imidazolium ring. Interestingly, Figure 3b shows that the
probe with a middle extent of hydrophilic and hydrophobic
components (compared with TOH and CAT16) indicates the
same viscosity, regardless of the polymer. As suggested on the
basis of the intensity data, the positively charged CAT group of
CAT8 is hosted at the hydrophilic/hydrophobic interface, and
it is repulsed by the positively charged polymer head.
Therefore, the interactions do not feel the presence of the

methyl groups. Conversely, both the neutral probe (TOH) and
the largely hydrophobic probe CAT16 feel the presence of the
methyl groups in the aggregates, which perturb the hydrophilic
interactions at the highest PIMb concentrations, thus
decreasing the microviscosity.
To better understand the intensity and microviscosity

variations and the consequent information on the system
structures, it is interesting to compare the behavior of two
more hydrophobic probes, 5DSA and CAT16, with respect to
the two polymers. Both probes show higher solubilization in
PIMb aggregates because of methylation and increased
hydrophobicity. However, the microviscosity for the methy-
lated-PIMb sample, compared to PIMa, increases for 5DSA,
whereas it decreases for CAT16. The radical group of 5DSA is
at position 5 of the carbon chain, and hence it is embedded
into the hydrophobic portion of the aggregates in proximity to
the interface. Therefore, PIMb aggregates are more packed in
their hydrophobic region than PIMa aggregates because of the
presence of the methyl group in PIMb, which is thus located in
the lipidic region where the doxyl group of 5DSA is situated,
close to the interface, and increases the PIMb aggregate
packing. Conversely, the radical CAT group of CAT16 is
positively charged and stays outside the lipidic region. The

Figure 3. Microviscosity (interaction) parameter (τ) as a function of the concentration of PIMa (blue upward triangles) and PIMb (green
downward triangles) in the presence of 0.1 mM TOH (a), CAT8 (b), and CAT16 (c).

Table 3. CA Values of the Four Probe Liquids onto (i) Plasma-Activated Glass, (ii) Plasma-Glass Spin-Coated with Water
(Glass−Water), and (iii) Plasma-Glass Spin-Coated with DI (Glass−DI)

blank surface

probe liquid plasma glass CA (deg) ± SDa glass−water CA (deg) ± SDa glass−DI CA (deg) ± SDa

glycerol 37.55 ± 7.35 39.39 ± 6.6 44.44 ± 5.39
ethylene glycol 21.87 ± 5.14 24 ± 5.82 30.05 ± 2.76
formamide 7.23 ± 1.94 14.4 ± 1.57 16.76 ± 1.87
diiodomethane 38.46 ± 3.86 43.22 ± 3.71 43.35 ± 2.66

aSD values based on at least triplicate (see Table S1 in the Supporting Information).

Table 4. SFE and Its Components Estimated from Films Processed from Water and the W−DI Mixture According to OWRK
Model (Estimated Using Data from Glycerol and Diiodomethane) and Wu’s Model (Estimated Using Data from the Four
Probe Liquids)

SFE

surface OWRK γS (mN/m) OWRK γSp (mN/m) OWRK γSd (mN/m) Wu γS (mN/m) Wu γSp (mN/m) Wu γSd (mN/m)

blank plasma-glass 54.13 13.76 40.38 54.89 13.64 41.25
glass−water 52.39 14.43 37.95 53.16 14.1 39.06
glass−DI 49.86 11.98 37.89 51.78 12.44 39.34

PIMs PIMa from water 58.79 13.95 44.84 57.72 13.28 44.45
PIMa from W−DI 58.9 15.46 43.44 57.52 14.2 43.32
PIMb from water 56.37 11.98 44.39 55.84 11.43 44.4
PIMb from W−DI 54.25 10.43 42.81 55.43 12.33 43.10
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long C16 chain forces this probe to solubilize in the PIMb
aggregates (while CAT8 can escape!). However, by itself, the
CAT group of CAT16 is also forced to approach the positively
charged imidazolium group. Therefore, charge repulsion
provokes the weakening of hydrophilic interactions and the
consequent decrease in microviscosity.
CA Goniometry and SFE. Table 3 shows the average CA

values of each of the four probe liquids on three blank surfaces:
(i) plasma-activated glass (plasma glass), (ii) plasma glass spin-
coated with water (glass−water), and (iii) plasma glass spin-
coated with DI (glass−DI). Table 4 shows the OWRK and Wu
estimations of the total SFE (γS) in the three blank surfaces
and in the films of PIMa and PIMb on plasma glass. The values
of the polar (γSp) and dispersive (γSd) contributions are also
shown.
The data presented in Table 4 shows that OWRK and Wu

models do not generate the same values of γS, γSp, and γSd. In
the case of PIMa, Wu’s model estimates smaller values than
OWRK, regardless of the processing solvent. In the case of
PIMb, when processed from water, the OWRK model
estimates larger SFE values, whereas when processed from
W−DI, the Wu’s model estimates a larger value of SFE.
Regardless, both models generate the same trends with

regard to the effect of the molecular structure and the
processing solvent. Therefore, for the sake of simplicity and
also to allow comparing with previous reports (all references
cited ahead used Wu’s model), Figure 4 shows only the SFE
values estimated with Wu’s model for blank surfaces and
polymeric films.
CA Values of Blanks. The average CA of formamide on

the glass−water blank (14.4°, Table 2) is 40% smaller than that
reported by Rymuszka et al. of formamide on glass previously
exposed to water during ultrasonic cleaning and drying
(≈25°).68 However, the average CA from diiodomethane on
glass−water blank (43°) is similar to that of diiodomethane
reported in the same reference (≈45°). Concerning the SFE
values of the blanks, Table 4 shows that both models estimate
similar total SFE values of the glass−water blank (≈53 mN/
m). This value is 15% smaller than that estimated for
nonheated glass with controlled porosity reported by Janćzuk
et al. (≈70 mN/m).69

With regard to the CA values, the difference between the
cited reference and our data could be due to (i) a possible
difference in the type of glass, for example, soda lime glass
instead of borosilicate, which are known to have different
smoothness, see ref 70, and/or (ii) the difference in the drying

conditions after exposure to water. These factors, alone or
combined, would generate a different hydration in each glass.
Because of the hydrophilic interactions of water, such a
difference in hydration is expected to be clearer when using a
polar probe liquid and less clear when reducing the polarity of
the probe liquid. This is in agreement with the fact that the CA
and SFE results obtained in the present work are similar to
those of diiodomethane in the work of Rymuszka et al.68 and
SFE estimations of Janćzuk et al.,69 respectively.
Given the experimental design of the present work, the

glass−water blanks are useful regardless of previous reports;
however, the references cited show that our results lie within
the range of previously reported values.

SFE of Polymeric Films and Blanks and Previously
Reported Values. Figure 4a shows that, from both the
processing solvents, the films of PIMa have larger values of γS
(by at least 2 mN/m) than those of any of the blanks. The
films of PIMb also generate larger values of γS than the blanks,
albeit in a smaller range. With regard to the components of γS
in the polymeric films, Figure 4b shows that γSp of the glass−
water blank is larger than those of the polymeric films (with
the exception of the PIMa films processed from W−DI).
This indicates that, with the exception of the PIMa films

processed from W−DI, the surface concentration and/or
energy of imidazolium cationic units in the films are smaller
than those of the −OH groups present in the glass−water
blank. Thus, the PIMa films processed from W−DI would have
a similar surface concentration of ionic groups (imidazolium
and/or −OH).
Figure 4b also shows that the polymer with larger

imidazolium ring methylation (PIMb) has smaller γSp than
PIMa. This indicates that the alkylation impacts the polarity of
the film. On the other hand, Figure 4c shows that, for both
polymers, the γSd component is always larger than that in any
of the blanks, regardless of the processing solvent, which gives
evidence of the presence of the hydrophobic components in
the polymers (i.e., thiophene rings and alkoxy spacer) on the
glass substrate.

Effect of Imidazolium-Methylation on the SFE. Figure
4a shows that regardless of the processing solvent, the PIMa
films have a larger γS (≈57 mN/m) than the PIMb films
(≈55−56 mN/m). This decreased imidazolium-methylation
increases γS. In this regard, a previous study on the effect of
the regioregularity of P3HT on its surface energy as films
showed that decreased packing of alkyl chains (due to smaller
regioregularity) increases γS ≈ 4 mN/m.22 Such a conclusion

Figure 4. Wu’s model estimations of (a) γS and its (b) polar component (γSp) and (c) dispersive component (γSd) of films made of PIMa and
PIMb, processed from water (solid color bars) or W−DI (dash-patterned bars). Dashed horizontal lines indicate the SFE, SFEp, and SFEd values of
the blank surfaces of (1) plasma glass and (2) glass−water.
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was made after studies on pentacene films, which showed (by
means of CA goniometry) that a decreased film order increases
γS (in less than 1 mN/m).23 Therefore, our results suggest that
the smaller extent of imidazolium-methylation in PIMb
decreases film ordering, thereby decreasing γS.
The magnitude of the change in γS because of methylation

could be useful when tuning the morphology, miscibility, and
segregation between adjacent layers or between layers and
electrodes in applications such as OSCs. In such devices, a
difference of around 10 mN/m in γS between two layers
(having 29.1 and 41.1 mN/m) promote poor miscibility,
generating a larger phase-separated film morphology. However,
when this difference decreases to around 2.5 mN/m (29.1 and
31.6 mN/m), penetration and diffusion of the fullerene into
the polymer region are promoted.11,22,25,26

With regard to similarities with previously reported films of
neutral conjugated polymers, PIMa films show γS values
similar to those of HCl-doped films of PANI (57.9 mN/m),
whereas the PIMb films show values similar to those reported
from doped P3HT films on glass (54 mN/m) and FeCl3-
doped PPy films (55.4 mN/m). Notice that, as in the review by
Higgins and Wallace,30 these similarities have only a qualitative
nature because the references cited were obtained using
different methods and substrates. However, though qualita-
tively, these previous reports of neutral conjugated polymers
allow analyzing the effects of regular- and “self”-doping present
in neutral conjugated polymers and CPEs, respectively.
The γSp and γSd contributions provide further information.

For the case of γSp, Figure 4b shows that regardless of the
processing solvent, PIMa has larger values of γSp (by around
1.5 mN/m) than PIMb. As mentioned before, differences of
around 2 mN/m are relevant when it comes to the SFE of films
of conjugated polymers.22,25,26

In the case of γSd, when processed from W−DI, PIMa has a
larger value of γSd (by around 1 mN/m) than PIMb.
In the case of films processed from water, the difference in

γSp between polymers is negligible. In this case, PIMa and
PIMb have γSd values of 44.45 and 44.4 mN/m, respectively.
In resume, from both processing solvents, imidazolium-

methylation causes a clear decrease only in the case of γSp.
This suggests that the imidazolium-methylation has an impact
mainly on the polar component of the SFE. This could be
related to a decrease of the π-enhanced cationic nature of the
imidazolium functionality caused by methylation.
It is beneficial to use the ratio between the dispersive and

polar contributions (γSd/γSp), because the relative contribu-
tion of the γSp and γSd components provides information
about the structural differences of the films produced using
CPEs and those produced from neutral CPs, doped or
dedoped.
PIMa films generate γSd/γSp ratios of ≈3.3 and ≈3 when

processed from water or W−DI, respectively. These values are
at least 33% larger than those reported in films of HCl-doped
PANI on glass (γSd/γSp ≈ 2).30

On the other hand, PIMb films generate values of ≈3.9 and
≈3.3 when processed from water and W−DI, respectively.
These values are at least 60% larger than those reported in
doped films of P3HT on glass or PPy on polyethylene
terephthalate, which generate γSd/γSp ratios of 1.42 and 2,
respectively.30,63

The PIMa and PIMb films have similar γS values of
previously reported doped-P3HT or PPy films, respectively,
but the similarity does not hold concerning the value of the

ratios γSd/γSp: the PIMa-PIMb films have larger γSd/γSp than
these references. In fact, the γSd/γSp ratio of the PIMa−PIMb
films (ranging in values of 3−4) are similar to those of
dedoped films of P3HT and PPY, which have ratios of 4.14
and 2.63, respectively.30,63

These results indicate that the cationic functionalities in
CPEs do not contribute to the polar nature of the films as
much as regular dopants do. This could be related to the fact of
the freedom of mobility that regular dopants have, in
comparison with the restricted nature of the cationic
functionalities attached to a CPE.

Effect of the Processing Solvent on the SFE. The
components of the SFE (Table 4 and Figure 4b) show that the
presence of DI increases the value of γSp: for PIMa and PIMb
films, these increases are 7 and 13%, respectively. On the other
hand, Figure 4c shows that DI decreases γSd in a similar extent
for both polymers (for PIMa and PIMb films, these decreases
are of 3 and 5%, respectively).
To further analyze the causes behind the increase in γSp due

to the presence of DI, it is useful to use the CA data from the
most nonpolar probe liquid, following the contribution by Tsai
et al.64 These authors studied a film of PPy, electropolymerized
in the presence of dodecylbenzenesulfonate (DBS), on top of
Si coated with Au/Cr. Then, the PPy in the film was
electrochemically reduced or oxidized in an aqueous solution
using sodium nitrate as the electrolyte while measuring in situ
the CA values of dichloromethane, the least probe liquid
tested.
Electrochemical reduction caused larger dichloromethane

CA values, indicating a larger surface concentration of ionic
sulphonate groups (from DBS).Contrarily, the oxidized state of
the film caused smaller CA values, indicating a larger surface
concentration of the dodecyl chain in DBS.
Thus, Table S1 shows that the CA values of diiodomethane

on PIMa films processed from water is 28.5 ± 2.45°. This value
is ≈3° smaller than that on films processed from W−DI (31.85
± 6.2°). In the case of PIMb films, the effect of W−DI is
larger: the CA values of diiodomethane on films processed
from water (29.59 ± 0.48°) is also ≈3° smaller than those on
films processed from W−DI (32.94 ± 2.6°).
These results suggest that, in the same extent for both

polymers, the presence of DI in the processing solvent
generates films with larger surface concentration of ionic
imidazolium groups, which generate larger CA values with the
most nonpolar probe liquid diiodomethane. Considering these
results, a possible mechanistic explanation would be that DI
decreases the number of contacts between the imidazolium
group and glass, causing therefore a larger number of
unattached imidazole rings, which could then contribute to
the polarity of the films.
On the other hand, the larger sensitivity of the γSp

component of PIMb to DI (in comparison with γSp of
PIMa) shows that the methylation in the C+−H group of PIMa
has an effect on the adhesion, regardless of the fact that the H-
bonds associated with PIMa are considered to have low
energies (e.g., less than 17 kJ/mol).5

As mentioned before, there is a lack of understanding on the
effect of cosolvents on the solution-thermodynamics and
drying-kinetics of conjugated molecules, and that for the case
of DI, there are no reports available.31 However, from
computational and empirical studies in solution-phase, it is
known that DI disrupts the H-bonding structure of water,37

causing a “coating” effect of groups of DI molecules
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surrounding the hydrophobic parts of the solutes,38 probably
due to the presence of “clusters” of water and DI being formed
at binary 50/50 mixtures.38,39

Therefore, the detailed mechanism behind the different
effect DI has on PIMa and PIMb during the processing (i.e.,
deposition of films) involves thermodynamics of solvation in
solution and drying kinetics and requires further studies.

■ CONCLUSIONS
Our results show that methylation of the imidazolium
functionality modifies the concentration-driven aggregation,
which ends the impact on the surface properties of spin-coated
films.
With respect to the films, larger extent of imidazolium-

methylation generates smaller values of total SFE, γS, (by
around 2 mN/m). This could indicate a larger degree of film
ordering in comparison to the polymer with decreased
methylation. In optoelectronic devices, such a change in γS
would be capable of changing the morphology, miscibility, and
segregation between adjacent layers or between layers and
electrodes.
Imidazolium-methylation causes a decrease in both the

components of γS (γSp and γSd), regardless of the processing
solvent. However, the decrease is much larger in γSp, which
decreases around 9−14%, whereas γSd decreases only 0.1−2%.
This indicates that methylation decreases the polar nature of
the imidazolium ring, which could be related to the blocking of
the H-bonding donor capabilities in the imidazolium ring,
regardless of the fact that the H-bonds associated with PIMa
are considered to have low energies (e.g., less than 17 kJ/
mol).5

The values of γS obtained in the present work are similar to
those of doped films of neutral conjugated polymers: the
polymer with the smaller extent of imidazolium-methylation
(PIMa) shows values of γS similar to doped films of PANI,
whereas PIMb shows values of γS similar to doped films of
P3HT or PPy. However, the PIMa−PIMb films have a larger
predominance of γSd (larger values of the ratio γSd/γSp) than
the films of neutral conjugated polymers. This indicates that
the cationic functionalities in PIMa−PIMb (and CPEs in
general) contribute in a smaller extent to the surface energy, in
comparison with regular dopants in films made of neutral
conjugated polymers. This could be explained by the
restriction in mobility in the ionic functionalities in a CPE
(i.e., attachment to a polymer backbone).
With regard to the effect of DI, its presence slightly increases

γSp, especially in the polymer with larger imidazolium-
methylation (PIMb). On the other hand, DI causes negligible
changes in γSd for both polymers. The CA values of
diiodomethane suggest that DI decreases the number of
contacts between the imidazolium group and glass, causing
therefore a larger number of unattached imidazole rings, which
could then contribute to the polarity of the films. Therefore,
DI seems to decrease the imidazolium−glass interactions,
particularly, for the polymer with larger extent of methylation
(and therefore capable of interacting only through electrostatic
interactions, see Scheme 2), whereas the polymer with H-
bonding donor capabilities is less affected.
EPR results show that the differences in film structuration

between the polymers with different methylations originate in
the early stages of aggregation. Four different spin probes
provide different points of view about the polymer structure
with respect to the differently polar and charged regions. The

hydrophobic probe (5DSA) better solubilizes in the methy-
lated-PIMb aggregates, indicating higher packing of the
hydrophobic region with respect to PIMa aggregates.
In the case of probes with hydrophobic and hydrophilic

components (CAT8 and CAT16), in aggregates, their
solubilization varies as a function of the extent of
imidazolium-methylation. In aggregates, the probe possessing
an octyl chain (CAT8) stays at the interface. Therefore, the
methyl group of PIMb imidazolium repulses its charged group,
whereas better solubility is obtained in the presence of PIMa.
Conversely, the probe possessing a hexyldecyl chain (CAT16)
is better solubilized by PIMb aggregates. EPR results also show
that PIMb aggregates, because of the presence of the methyl
group, are more packed in their hydrophobic region than PIMa
aggregates. On the contrary, surface packing decreases for
PIMb with respect to PIMa, and hence, methyl groups repulse
the positively charged groups on the surface.
Finally, the small probe without a hydrophobic chain

(TOH) is equivalently solubilized by both polymers, regardless
of the extent of imidazolium-methylation, probably due to
water competition for H-bonding.
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