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ABSTRACT 10 

This work presents solution- and solid-state evidence of the enhancement of J-like aggregation of a cationic 11 
polythiophene (CPT) with isothiouronium functionalities (PT1), caused by a decrease in the polarity and 12 
hydrogen-bonding (H-bonding) capacity of the solvent, generated by using a 50:50 v/v 1,4-dioxane-water 13 
mixture (W-DI) instead of water. In solution, the presence of 1,4-dioxane (DI) in solution seems to generate 14 
selective solvation, tuning the energy transfer within PT1 from inter-chain into intra-chain, enhancing J-like 15 
aggregation. On the other hand, during the casting process, the presence of DI directs the interaction with 16 
solid-substrates, generating an increase in the solid-state fluorescence, modifying the morphology from 17 
one similar to ballistic-aggregation (BA) into one similar to attachment limited aggregation (ALA), also DI 18 

modifies the SFE by increasing slightly its polar contribution (Sp) and decreasing the dispersive one 19 

(Sd).These results can be explained to be caused by a “coating” effect in presence of DI (as proposed 20 
before experimentally and computationally). 21 
Our results show a clear correlation between the solution- and solid-state properties of PT1 in each solvent, 22 
further validating the use of the fluorescence excitation spectra to trace J-like aggregation of water-soluble 23 
conjugated polymeric fluorophores in solution. This information could be useful for predicting and 24 
designing specific mesoscopic architectures of CPTs (and conjugated polyelectrolytes in general), which are 25 
molecules lacking of clear structure-function guidelines for designing high-performance polythiophene-26 
based interlayer materials, especially for CPTs (and conjugated polyelectrolytes (CPEs) in general), 27 
particularly those with H-bonding capabilities. To the best of our knowledge the use of solution-state 28 
fluorescence excitation spectra to identify J-like aggregation of water-soluble conjugated polymers (CPs) 29 
has been scarcely used/discussed in literature and no correlation with solid-state properties was reported 30 
previously.  31 
Keywords: conjugated polyelectrolytes, cationic polythiophenes, isothiouronium, charge-assisted Hydrogen-32 
bond, J-like aggregation, UV-Vis, fluorescence spectroscopy, drop-casting, fluorescence microscopy, spin-33 
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INTRODUCTION  36 
Aggregation of pi-conjugated molecules is relevant because the functional properties and the electronic 37 
interactions between building blocks can easily be modulated by varying the temperature, solvent polarity, 38 
and concentration.[1] Self-assembling molecules can be exploited to generate ordered aggregates, which is 39 
relevant for both fundamental and applied research. For example, the performance of organic 40 
semiconducting molecules in optoelectronic applications depends on the functional properties of the 41 
individual molecules and on their mutual orientations in the solid-state, which can be tuned in solution, 42 
during the early stages of aggregation.  43 
Small molecules and polymers have pros and cons in regard to their characterization and applications. 44 
Small molecules present smaller variability between batches and are easier to purify and characterize, 45 
however, polymers generate larger conjugation lengths. Therefore, small molecules represent a better 46 
system to study H- and J-aggregation, while polymeric molecules present better properties for some 47 
optoelectronic applications. Indeed, H- and J-aggregates were firstly studied in dye assemblies, which often 48 
form these aggregates depending on the relative alignment of the transition dipole moments in adjacent 49 
molecules. In an H-aggregate, the intramolecular stacking is predominantly face-to-face, while in J-50 
aggregates the stacking is predominantly head-to-tail.[2] J-aggregates were originally exploited in 51 
photographic processes or to modulate light signals in optical communication devices.[3] Currently the 52 
ultimate goal is tuning the solid-state functional properties of molecules and their mutual orientations.[2] 53 
Thus, the study of H-J aggregation contributes to understanding the role of molecular packing and effect on 54 
the materials photovoltaic performance. H- and J-aggregation strongly modify the optical absorption and 55 
fluorescence features, which has important consequences for the oscillator strengths of the transitions 56 
from the ground to the excited states (S0->S1 transitions), and the energies thereof.[2] H-aggregates 57 
exhibit blue-shifted absorption spectra in respect to the absorption of the monomer, and are subradiant. 58 
On the other hand J-aggregates exhibit the opposite behavior, red-shifted absorption spectra (in respect to 59 
the monomer) and are superradiant.[4]  60 
The concept of H-J aggregation was expanded by Spano et al. to analyze films of polythiophenes, in order to 61 
perform structure-function studies.[5] Particularly for polythiophenes, H- and J-aggregates coexist in the 62 
form of “H-J aggregates”, and the contribution of each mode differs in every practical situation.[5] For 63 
structured absorption-fluorescence spectra, the ratio of the first two vibronic peak intensities provides 64 
further information, with H(J)-aggregates showing a decrease (increase) in this ratio with increasing 65 
excitonic coupling, while the ratio of the 0-0 to 0-1 emission intensities (decreases) with disorder and 66 
increases (decreases) with increasing temperature. In absorption and emission spectra, values smaller than 67 
1 in the A1/A2 oscillator strength ratios indicate significant inter-chain coupling (characteristic of H-68 
aggregates) in the aggregates.[4] Indeed, these emission ratios are limiting cases that provide a framework 69 
which allow to interpret absorption/emission in more complex morphologies, such as herringbone packing 70 
in oligo(phenylene vinylene)s, oligothiophenes and polyacene crystals, as well as the polymorphic packing 71 
arrangements observed in carotenoids.[4] Zhu et al.[6] used this concept to study the molecular ordering in 72 
solution, of a hydrophilic, thermo-responsive polythiophene, with ethylene oxide side groups, using 73 
absorption in solution and synchrotron X-ray scattering to track co-facial stacking (i.e. [010] ordering) and 74 
cofacial molecular stacking (i.e. [100] ordering). The well-defined structuring of both absorption and 75 
fluorescence allowed comparing the 0−0/0−1 ratio in order to estimate the *010+ ordering.  76 
Structured spectra is also generated by nanofibers or thin films, in which case it is possible to gain 77 
understanding on the exciton coupling present (i.e. intra- or inter-chain), as shown in previous studies on 78 
poly-3-hexylthiophene (P3HT), one of the most studied polymers for organic solar cells applications.[7–9]  79 
 80 
Besides absorption and fluorescence spectra, the excitation spectrum also provides information on H-J like 81 
aggregation of water-soluble polymers and small molecules. However, to the best of our knowledge, this 82 
method has been scarcely reported in literature. Deng et al.,[10] observed that an increase in the 83 
concentration in aqueous solutions of lignosulfonates generates a distortion in the fluorescence excitation 84 
spectrum, without modifying the fluorescence emission spectrum. In an analogous study, we used the 85 
excitation spectra to study  the solution concentration-driven aggregation of cationic polythiophenes (CPTs) 86 
with hydrogen-bonding (H-bonding) capabilities, as a function of the side-chain length and the polarity and 87 
H-bonding capacity of the solvent.[11]  88 
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The excitation spectra has shown to be informative on H-J aggregation of small molecules, because it is 89 
capable of detecting the spectral response to pi-pi stacking of aromatic groups.[10] This criterion has also 90 
been used in studies using small molecules, such as a near-infrared dye, as a function of concentration and 91 
solvent.[12] 92 
 93 
In the solid-state, the analysis of the morphology and/or fluorescence of films deposited onto mica (using 94 
atomic force microscopy (AFM) and fluorescence microscopy), are a useful approaches to study the impact 95 
of solvent dependent, solution- and solid-state properties, of cationic molecules, as shown previously for 96 
small[13] [3] [14] [15] [16] and polymeric molecules, either unconjugated[17] or -conjugated[18]. From 97 
these, the study by Yao et al.[13] is particularly relevant for the present work, since it deals with the tuning 98 
of J-aggregation of a pseudoisocyanine dye at mica/water interfaces due to addition of 5% of an organic 99 
solvent (either 1-propanol or DI) in aqueous solutions. AFM and fluorescence microscopy showed that the 100 
morphology and fluorescence of films deposited onto mica, indeed correlate with the spectroscopic data.  101 
 102 
Besides the morphology and fluorescence of films deposited onto mica, the surface free energy (SFE) has 103 
proven to correlate with solid-state properties of spin-coated films, and devices including them. For 104 
example, the SFE impacts the morphology, miscibility and segregation between adjacent layers, or layers 105 
and electrodes in organic solar cells (OSCs). [19] [20] [21] For example, a difference of around 10 mN/m in 106 
the SFE between layers (29.1 and 41.1 mN/m) promotes a poor miscibility, producing a slightly larger 107 
phase-separated film morphology. [20,22,23] However, when this difference decreases to around 2.5 108 
mN/m (29.1 and 31.6 mN/m) penetration and diffusion of [6,6]-Phenyl-C71-butyric acid methyl ester 109 
(PC70BM) into the polymer region is promoted. [19],[20,22,23] SFE also relates to the adhesive properties of 110 
the constituent layers of an OSC, impacting the mechanical stability of the device,[24] and it is also known 111 
to impact on the short circuit current and fill factor of these devices.[25]  SFE has been used specifically to 112 
co-optimize the adhesion and power conversion efficiency by performing surface treatments of the buffer 113 
layer.[26]  114 
For semiconducting polymeric films, the SFE (together with energy level and electrical conductivity) can be 115 
modified (i) by means of molecular structure, e.g. by changing the polymer backbone and lengths of alkyl 116 
side chains;[27] (ii) by doping processes, e.g. increasing the SFE of poly(3-hexylthiophene) (P3HT) films by 117 
doping;[28] and, in an easier way, (iii) by doing a Judicious selection of the polarity of the solvent mixture, 118 
which allows modulation of self-assembled aggregates (e.g. vesicles, rods etc.), as well as the optical 119 
properties of conjugated polymers and CPEs, as reviewed by Houston et al.[19] Variations in solvent 120 
polarity modify the relation between polarity and rigidity of both backbone and side chains of CPEs in 121 
solution, inducing conformational changes.[29]  122 
Also, co-solvents allow gaining information on H-bonding interactions. For example, 123 
methanol−dimethylformamide (DMF) mixtures interfer with polymer-polymer and polymer-solvent H-124 
bonding interactions, generating a nanoribbon morphology of poly(ethylene oxide) (PEO).[30] This occurs 125 
because mixed solvents generate preferential solvation of certain parts of the polymer, such as backbone 126 
and attached functional group, in certain component of the binary mixture.[31] Also, as reviewed by 127 
McDowell et al.,[32] co-solvents (also known as “additives” in the field of OSCs) provide an extra level of 128 
control over the two main parameters that control the OSC formation during solution processing: (i) 129 
thermodynamic parameters in solution, such as the solubility of donor and acceptor materials in the 130 
solvent(s), ease of crystallization/aggregation, and the mutual interactions between the solvents and the 131 
donor and acceptor solutes, and (ii) drying kinetics parameters, such as the vapor pressure of the solvents, 132 
and the deposition conditions that collectively define the drying kinetics of the mixture.[32] In our previous 133 
contribution[33] we used this approach, when analyzing the effect of imidazolium methylation on the SFE 134 
(estimated by means of contact angle goniometry) of imidazolium CPTs spin-coated onto plasma-activated 135 
glass, using water or a 50:50 v/v 1,4-dioxane-water (W-DI) mixture as processing solvents. It was observed 136 

that imidazolium methylation decreases the total SFE (S) in 1mN/m, probably due to a more ordered 137 
structure, as suggested by previous studies on pentacene films which showed, by means of contact angle 138 

goniometry, that decreased film order increases S in less than 1 mN/m.[34] It is important to highlight that 139 
this result of SFE correlated with results fro X-ray diffraction (GIXD), synchrotron X-ray diffraction (XRD) and 140 

FTIR). In our previous work it was also observed that DI decreases S in 0.2-0.4 mN/m, increasing the polar 141 
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contribution (Sp) and decreasing the dispersive contribution (Sd) in 1-2 mN/m.[33] This information was 142 
discussed in terms of solvation and polymeric conformation within the films. Despite the cited 143 
contributions, and others using using Kelvin probe force microscopy (KPFM) or ultraviolet photoelectron 144 
spectroscopy (UPS) (e.g. [35] and its references), there are not yet available clear guidelines with respect to 145 
the structure of CPTs for designing high performance polythiophene-based interfacial layer materials.[19]  146 
This work presents a study on the enhancement of J-like aggregation in solution- and solid-state, of a CPT 147 
due to the presence of 1,4-dioxane as cosolvent, in solution and solid-state.  148 
The CPT, labelled PT1, is functionalized with isothiouronium units, which provide charge-assisted H-bonding 149 
(CAHB) capabilities, and a high sensitivity to the polarity and H-bonding capacity of the solvent. Water or a 150 
1,4-dioxane-water 50:50 v/v mixture (W-DI) were used either as media or as processing solvent for 151 
deposition, because of their clearly different polarity/H-bonding capacity.  152 
In solution, J-like aggregation enhancement of PT1 was revealed by fluorescence excitation spectroscopy, 153 
while in the solid-state, PT1 was deposited onto three anionic substrates: (i) drop-casted films onto glass 154 
were observed by means of fluorescence spectroscopy; (ii) spin-coated films onto plasma-activated glass 155 
were used to estimate the SFE by means of contact angle goniometry; and (iii) drop-casted films onto mica 156 
were used to observe the morphology by means of AFM. 157 
To the best of our knowledge: (a) the use of the fluorescence excitation spectra to gain insight on J-like 158 
aggregation has been only reported by Deng et al.[10] and our previous work,[11] for water-soluble, 159 
conjugated fluorophore polymers, (besides studies on small molecules[12]); (b) there are not reports on the 160 
correlation between solution and solid-state J-like aggregation enhancement of a CPT due to the 161 
polarity/H-bonding capacity of the media/processing solvent, and (c) there are not reports on the effect of 162 
J-like aggregation on the SFE of films made of CPEs. 163 
 164 

MATERIALS AND METHODS 165 
Unless otherwise stated, all solvents and probe liquids used are of analytical reagent grade, commercially 166 
available and used as supplied (Sigma Aldrich). Deionized water was used for preparing the stock solutions.  167 
Scheme 1a shows the skeletal structure of the cationic poly-3-(N-N-diethyl-S-iso-thiouronium)ethyloxy-4-168 

methyl thiophene (PT1), as reported before.[36,37] As detailed before,[36] PT1 is assumed to have a DP  169 
20-30 repeating units, after estimations made in this group,[38] [39] which are in agreement with those of 170 

cationic[40] and anionic[41]  polythiophenes synthesized by different groups. PT1 is assumed to have a Đ  171 
1–3, since this value was estimated consistently for CPTs in this[38] and other[41] [42] groups. About 172 
tacticity, PT1 is assumed to have mainly head-to-tail (HT) couplings between adjacent thiophene rings, 173 
through 2,5-linkages, because 3-alkoxy-4-methylthiophenes polymerized by a FeCl3 catalyzed reaction 174 
results in the formation of regioregular polymers with mainly HT 2,5-linkages.[43] [44] [45]  175 
Schemes 1b-c show the expected H-bonding interactions between PT1 with glass or mica, respectively. 176 
Scheme 1d shows a model of a charge-assisted H-bond (CAHB) reported in molecules with structural 177 
similarity to PT1. 178 
 179 
 180 
 181 
 182 
 183 
 184 
 185 
 186 
 187 
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Scheme 1. (a) Poly-3-(N-N-diethyl-S-iso-thiouronium)ethyloxy-4-methyl thiophene (PT1), together with schemes of the H-bonding 188 
interactions (depicted as dashed lines) between PT1 and (b) plasma-activated glass and (c) freshly cleaved mica, modified from 189 
Matisons;[46] (d) shows an scheme of the R2

2
(8) H-bonding geometry, often observed in CAHB frameworks, modified from [47]. 190 

Notice that in (b) the glass substrate is presented partially activated, having a partial surface concentration of Si−OH, and also 191 
Si−O−Si groups, interacting with the isothiouronium group in PT1 through CAHB, modified from Matisons,[46] Wu et al.[48] and 192 
Pooryousefy et al.[49]  193 
 194 
Isothiouronium functionality  195 
The seminal works on isothioureas stablished that these functional groups are able to act as H-bonding 196 
receptors in solvents that are prone to compete for intermolecular H-bonding, such as water and hydroxylic 197 
solvents, also known as “highly competitive” solvents.[50,51] The explanation reported is that by modyfing 198 
thiuoreas by S-alkylation generates a relatively large dipole moment and enhanced acidity of the NH 199 
residues present in thiourea, reason why isothiourea groups are improved binders to oxoanions, in 200 
comparison with thioureas.[50,52]  201 
As shown in Scheme 1d, the Y-shaped structure of the isothiouronium functionality generates two-point H-202 
bond donor capabilities when interacting with Y-shaped anions, such as the carboxylate group, or allows 203 
chelating of spherical anions (e.g. halides) and phosphates.[53] 204 
Cationic isothioronium polythiophenes are also expected to show strong H-bonding donor capabilities at 205 
neutral pH, together with the optoelectronic properties from their conjugated nature.  This is since the 206 
amino group in the thiourea functionality protonates in water at pH = 7, becoming positively charged which 207 
allows electrostatic interactions with anions and increasing solubility in water.[50,54]  208 
Due to its cationic state, isothioureas also possess Lewis acidity, which allows their use as anion-binding 209 
units, [45] and are expected to avoid protonation or deprotonation in a good range of pH values, because 210 
of the pKa=21.1 of thioureas (in DMSO), however deprotonation may occur in the presence of a highly basic 211 
anion, normally F-, causing dramatic spectral changes.[50]  212 
As shown in Schemes 1b-c, this is valid also in the solid state, with the constituent cationic nitrogens 213 
possessing a surrounding electron density which participate in  hydrogen bonds with certain substrates 214 
(e.g. ITO).[55] Therefore, these types of polythiophenes are ideal to study the solid-state organization onto 215 
substrates prone to establish H-bondings. 216 
The Y-shaped isothiouronium functionality and the –OH and O present in plasma-glass or mica, possess 217 
what is known as the R2

2(8) H-bonding geometry. This pattern contains a total of eight atoms, two of them 218 
donors and two acceptors,[47,56] as shown in Scheme 1d.  219 
 220 

(a) (b) 


- 

(c)

>) 

(d) 


- 

- 
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As shown in Scheme 1d, the H-bonds stablished between the isothiouronium and oxygens, can be 221 
enhanced by the cationic charge of the isothiouronium group. This phenomenon is known as a charge-222 
assisted H-bond (CAHB). CAHB is known to happen in ionic liquids (ILs), in which doubly ionic H-bonds occur 223 
when a H-bond forms between a cation. This occurs because in ILs the cations and anions are more 224 
complex than simple crystalline ammonium and halide species, which generates a richer and more diverse 225 
range of H-bonding.[57]  226 
CAHB has been exploited to generate supramolecular materials constructed via intermolecular hydrogen 227 
bonds, in the pursue for more robust materials. For example, by pairing positively charged hydrogen bond 228 
donor groups, such as guanidinium, amidinium, or imidazolium, with a range of anions.[47] An example 229 
involving anionic oxygen H-bonding acceptors, are the H-bonds present between an aromatic nitrogen base 230 
and an organic or phosphorous acid. Other examples are provided in the review of Hunt et al. [57]  231 
 232 
Solvent systems 233 
DI is miscible with water in all proportions, it is a non–polar aprotic solvent with a boiling point and density 234 
similar to water, see Table 1. However, DI is interesting since its dielectric constant is significantly lower 235 
than that of water. As a consequence, water and W-DI have reported values of 80.38 and 36.89.[58]  DI also 236 
is capable of accepting two hydrogen bonds, without donating any, and has a relatively bulky structure 237 
consisting of ether groups can disrupt the normal structure of water, which causes a disruption of the H-238 
bonding donor-acceptor ratio.[59] Also, water and DI are considered to have strong and moderate H-239 
bonding capacities, respectively, according to the Hildebrand scale.[60]  240 
Density functional theory studies showed that complexation of molecules can be modulated by changing 241 
the presence of DI in water.[59] Also, Burrows et al.[61] reported molecular dynamics (MD) simulations of 242 
the interactions between tetramers of an anionic phenylene-fluorene copolymer, in water or a 1,4-dioxane-243 
water 50:50 v/v mixture, which showed that DI  breaks up aggregates due to a “coating” effect that 244 
displaces water from the immediate environment of tetramers. Such displacement would then limit the 245 
accessibility of water to the oligomers, while the sulfonate groups would be preferably solvated by water. 246 
The authors hypothesized that the DI coating effect: (i) would reduce the interaction between oligomers (in 247 
comparison with the interactions present in water), breaking up the polymer aggregates, and (ii) would 248 
prevent the interactions between the (anionic) sulfur side chains of the oligomers. 249 
Such coating effect is in agreement with the experimental study by Luong et al.,[62] who analyzed the 250 
evolution of water H-bonded, collective network dynamics, in water-DI mixtures, with mole fractions of 251 
water ranging from 0.005 to 0.54. It was observed that heteromolecular water-DI H-bonding dominates 252 
only in the water diluted region, while the progressive addition of water, beyond a mole fraction of water 253 
of 0.1, generates a bulk-like, intermolecular, three-dimensional H-bonded water network dynamics. 254 
Also, DI has been also used as cosolvent in research involving OSCs.[63,64] 255 
In the present work, the use of W-DI causes co-solvation to play a central role on the solution interactions 256 
under study. Co-solvency is a complex phenomenon that involves several factors in the interactions 257 
between solvents (or co-solvents) and solutes, requiring knowing experimentally solvation parameters of 258 
the molecules under study.[65] [66] [67] Due to the lack of experimental data for CPEs in general, this 259 
compromises the possibility of performing quantitative solvation studies on CPEs. This is clearly explained 260 
and exemplified in the article by Burrows et al. [61]  261 
Table 1 shows some relevant physical-chemical properties of water and the 50:50 v/v mixture of water and 262 
1,4-dioxane (W−DI).  263 
 264 
Table 1. Values of some physical-chemical parameters of the solvents used (at 20° or 29° C). The table also 265 
shows the H-bonding capacities of each pure solvent, according to the Hildebrand scale, together with the 266 
values of the H-bonding interactive force (δH) of the Hansen solubility parameters of each pure solvent.  267 
 268 

Solvent Density 
(g/cm

3
) 

Boiling point 
(° C) 

Dynamic Viscosity 
 (mPa s) 

Dielectric  
constant  

 

Relative 
Polarity 

† 

Refractive 
index 

Water 0.99[68] 100[69] *0.754[70] 80.38[71] 1 *1.33[70] 

W-DI 1.03[72] 87.83[69] *1.4[70] 36.89[71] 0.46 *1.40[70] 

* At 29 °C 269 
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† Ratio “Dielectric constant of cosolvent mixture/Dielectric constant of water” 270 
 271 
Table 1-cont. 272 

Solvent 

Hydrogen 
bonding 

donor 
capacity * 

δD 
Dispersion † 

δP 
Polar † 

δH 
Hydrogen 
bonding † 

Water Strong 15.5 16.0 42.3 

DI Moderate 17.5 1.8 9.0 

* [73] 273 
† [74] 274 
 275 
PT1 solutions and steady-state spectroscopy  276 
The experimental procedures were performed as reported before in regard to PT1 solutions[11,33] and UV-277 
Vis/fluorescence spectroscopy measurements,[11] please see the Supplementary Information of the 278 
present work for details. All spectroscopic data was analyzed and plotted with aid of the SpectraGryph 279 
optical spectroscopy freeware (Version 1.0.3).[75] 280 
 281 
Drop-casted films on glass and fluorescence microscopy  282 

In regard to the drop-casted films on glass, the films were obtained by drop-casting 3 L of 0.2 mg/mL 283 
solutions of PT1, either in water or W-DI, on MatTek glass bottom dishes.  284 
This concentration was selected after studies with imidazolium CPTs from this[39] and other[76] groups. 285 

The solutions were filtered through a 5-6 m PTFE membrane, to minimize the possible presence of dust 286 
particles. The drops were allowed to dry at ambient temperature in a sealed container overnight.  287 
Fluorescent microscopy was performed on a widefield Nikon Eclipse Ti2-E with a Hamamatsu sCMOS Orca 288 
Flash4.0. A 20x Nikon CFI Plan Apo Lambda NA 0.75 objective was used to capture images. Fluorescence 289 
excitation was performed using the Lumencor Spectra X LED system at 395nm while fluorescence emission 290 
was recorded using optical filters 515/30nm and 632/60nm. All acquisition parameters were kept 291 
consistent across samples. Micrographs from different samples or locations within a sample were taken 292 
from the center of the glass-dish.  293 
Image analyses were performed with the freeware ImageJ-FIJI.[77] All the images analyzed had the same 294 

dimensions (665x663 µm), with slight variations required in order to avoid saturated pixels via the cut-off 295 
point value selected (details ahead). 296 
Flat field correction was performed on all images to correct for uneven illumination.[78] After flat-field 297 
correction, the light intensity (in greyscale values) of the 16bit images was measured within a threshold 0-298 
50,000. The maximum of 50,000 was set as the cut-off point in order to avoid measuring saturated pixels. 299 
The micrographs obtained are 16bit TIFF, meaning the maximum signal from a pixel is 65,536.  300 
The analyses were performed using the maximum signal as a point of analysis, despite the presence of few 301 
super-bright aggregates, which do not give an overall representation of the whole field of view. Saturated 302 
aggregates were avoided because they disrupt the mean, maximum, minimum and median of the intensity 303 
from each micrograph. The maximum relative standard deviation (RSD) of the grey value within the 304 
micrographs was 26%. 305 
The comparison between processing solvents (water or 1,4-dioxane mixtures) was done via the mean grey 306 
value of the micrographs (the exact same conclusions are obtained if the maximum, minimum or median 307 
values are used to compare). 308 
 309 
Spin-coated films on glass, contact angle goniometry and surface free energy estimations 310 
The preparation of blanks and polymeric samples, and posterior contact angle (CA) meaurements and 311 
estimation of surface free energy (SFE) from blanks and PT1-films, were performed as reported before.[33] 312 
Details can be found in the Supplementary Information. 313 
 314 
Drop-casted films on mica and atomic force microscopy (AFM) 315 
In regard to the drop-casted films, freshly cleaved mica carries a slightly negative charge in presence of 316 
water, with a density of 0.57 ions/nm, reason why it is possible to adsorb phospholipids without any further 317 
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modification of the mica surface.[79] Therefore, mica was used as an anionic model surface to study the 318 
role of the polarity/H-bonding capacity of the solvent on the interactions between PT1 and an anionic 319 
counterpart during the drying process, studying qualitatively the self-assembly of molecules without the 320 
centrifugal force of spin-coating. This study was performed following the reasoning of previous works 321 
studying the interaction between mica and cationic unconjugated polyelectrolytes,[17] or conjugated 322 
polyelectrolytes (CPEs) of a cationic nature.[18,80]  323 

The films were obtained by drop-casting 3 L of 1 mM (0.24 mg/mL) solutions of PT1, either in water or W-324 
DI, on freshly cleaved mica surfaces. This concentration was selected after the work by Kesters et al., using 325 

cationic polythiophenes.[76] The solutions were filtered through a 5-6 m PTFE membrane, to minimize the 326 
possible presence of dust particles. The drops were allowed to dry at ambient temperature in a sealed 327 
container overnight. The AFM measurements were performed in a class 100 clean room, under ambient 328 

conditions, in tapping mode, using silicon cantilevers (225 nm length, 20 nm tip-height, resonance 329 

frequency84 kHz). The AFM micrographs were processed with aid of the freeware Gwyddion.[81]  330 
 331 

RESULTS 332 
Figure 1 shows the absorption, excitation and emission spectra of PT1 in water and W-DI at increasing 333 
concentrations ranging from 0.1 mM (0.024 mg/mL) to 1 mM (0.24 mg/mL). Besides gaining information 334 
about the ground (S0) and excited (S1) states with UV-Vis and fluorescent emission, respectively, 335 
fluorescent excitation spectra allows detecting the spectral response to pi-pi stacking of the aromatic 336 
groups present in water-soluble conjugated fluorophore polymers.[10]  337 
 338 

   

   
Figure 1. Absorption (a, b), excitation (c, d) and emission (e, f) spectra of PT1 in water and W-DI, 339 
respectively in each type of spectra, in the concentration range 0.024 to 0.24 mg/mL. Each figure shows the 340 
same concentrations. 341 
 342 
The single absorption and fluorescence bands observed in Figure 1 suggest that the aggregation of PT1 is 343 
mainly related to changes in its conformation, rather than a loss of solubility, since studies on nucleation 344 
and growth of diluted poly(3-Hexylthiophene) (P3HT) have shown that single bands in absorption and 345 
fluorescence suggest well dissolved, disordered states. In comparison, emergence of more absorption and 346 
fluorescence bands have been associated with poor solubility and increases in the conjugation length of 347 
P3HT, and also pi-pi inter-chain stacking.[82] 348 
The red shifts in fluorescence due to increased PT1 concentration observed in both solvents (Figures 1e,f), 349 
indicate different types of aggregation modes, associated with the tilt angle between adjacent pi-350 
delocalized systems, as observed before in small and polymeric conjugated molecules.[1,5,6,10] In the case 351 
of the maximum in PL emission (λem), these shifts have been related to conformational changes in the 352 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Abs water 

Abs W-DI 

Exc water 

Exc W-DI 

Em water 

Em W-DI 

0.024 mg/mL 

0.24 mg/mL 

0.024 mg/mL 

0.24 mg/mL 

0.024 mg/mL 

0.024 mg/mL 

0.024 mg/mL 

0.024 mg/mL 

0.24 mg/mL 

0.24 mg/mL 

0.24 mg/mL 

0.24 mg/mL 

 0.096 mg/mL 

0.168 mg/mL 
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backbone of polythiophene copolymers,[18] and also to conformational changes, aggregation, and 353 
solvatochromic effects of semiconducting polymers.[83] 354 
In Figures 1c,d is observed that as expected, in both solvents, the fluorescence intensity increase with 355 
increasing concentrations. Figures 1a,b show that the absorption of PT1 in both solvents has similar 356 
absorbance values, which is in agreement with the similar values of molar absorption coefficients of PT1 357 
estimated in  water (1,692 M/cm) and W-DI (1,871 M/cm).[36] In the case of fluorescence, Figures 1e,f 358 

show that W-DI generates much larger intensity values. This is in agreement with the quantum yield (f) 359 
values of PT1 in water (0.35) and W-DI (1.04).[36] Quantum yield values are informative about charge-360 
transfer states and radiative and nonradiative processes as a function of solvents,[84] [31] [85] changes in 361 

f are associated with different π-conjugations and/or triplet formation of conjugated ring molecules such 362 
as thiophenes. Therefore, our results show that the presence of DI affects the pi-pi interactions between 363 
adjacent thiophene rings, probably because of improved solvation. 364 
In the case of the Stokes shift (Δυ) values, these allow comparing relaxation energies, indicating the energy 365 
difference between the (λmax) and fluorescent emission (λem).[86] Stokes shifts are informative about 366 
possible specific solvent−fluorophore interactions.[87] [88] [89] [11] Large Stokes shifts in oligo and 367 
polythiophenes, indicate effective nonradiative relaxation pathways along and between the chains.[85]  368 
In this regard, as we reported before in diluted and concentrated solutions,[36] [11]  PT1 has larger Stokes 369 
shifts in water than in W-DI. Therefore, our results indicate a clearly different conformations of PT1 in each 370 
solvent, with water possibly promoting effective nonradiative relaxation pathways along and between the 371 
chains (i.e. intra- and inter-chain relaxation). 372 
Figures 1a,b and 1e,f show that neither the absorption nor the emission bands get distorted with increasing 373 
concentrations. However Figure 1d shows that in W-DI aggregation (large concentration) causes a 374 
distortion in the fluorescence excitation spectra, caused because of a slight decrease in intensity in the 350-375 
400 nm range, together with an increase around 450 nm, which generates an excitation spectrum with a 376 
slight skewness to higher wavelenght values. Oppositely, Figure 1c shows that in water an increase in 377 
polymer concentration does not distort the Gaussian band shape of the excitation spectrum. This could be 378 
explained in terms of a possible coating effect of DI. As mentioned before in this work, the experimental 379 
work by Luong et al.[62] and the molecular dynamics (MD) study by Burrows et al.[61] could help in 380 
providing a qualitative explanation to the distortion in the excitation spectra due to PT1 concentration.  381 
These works propose, respectively, (i) the existence of a collective network dynamics in water-DI mixtures, 382 
with bulk-like, intermolecular, three-dimensional H-bonded water network dynamics at high mole fractions 383 
of water, and (ii) a coating effect of DI (in 50:50 v/v water-DI mixtures), capable of displacing water from 384 
the immediate environment of anionic tetramers, limiting the accessibility of water to the oligomers, 385 
placing water instead near to the anionic groups and counter-ions. Such water displacement would prevent 386 
interactions between the anionic sulfur side chains, reducing the interactions between oligomers (in 387 
comparison to those present in water), breaking-up the pi-stacked aggregates.  388 
As postulated in our previous contribution,[11] making an analogy to lignosulfonates,[10] at high PT1 389 
concentrations, the presence of organic cosolvents seem to increase the number of J-like aggregates due to 390 
an increased number of isolated (non pi-stacked) aromatic groups, because of displacement of water from 391 
the immediate environment of the polymeric chains, promoting intra-chain energy transfer, with water 392 
solvating preferentially the isothiouroniums and counter-ions. This would promote intra-chain interactions, 393 
which dominate in J-like aggregates[6] (see scheme 2b). This could explain the observed shrink in the 394 
intensity of the excitation band at shorter wavelengths, whereas the bands at longer wavelengths are 395 
strengthen,[10] generating the distortion in the excitation spectrum observed in Figure 1d. 396 
Oppositely, water would promote pi-pi stacking of thiophene rings, promoting inter-chain interactions (see 397 
scheme 2a). This would cause an equilibrium between “isolated” aromatic groups and polydisperse J-like 398 
aggregates, with the ratio of the “isolated” aromatic groups to the J–aggregates not changing with 399 
increasing concentrations. This could explain the lack of distortion in the excitation spectra with increasing 400 
concentrations. This invariance of the excitation spectra with increasing polymer concentrations suggest 401 
that the J-like aggregates have a low aggregation number.[10] 402 
 403 
 404 
 405 
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Scheme 2. Possible polymer-polymer interactions for concentrated solutions in (a) water or (b) W-DI; and possible 406 
polymer-substrate interactions for films processed from (c) water or (d) W-DI. Some thiophene rings are shown as 407 
simplified pentagons with an attached cationic charge. 408 
 409 
In regard to our results in the solid-state, water and W-DI have different boiling points (100 and 87.8° C, see 410 
Table 1), which is expected to generate different drying kinetics.[32] Therefore, the differences observed in 411 
the drop-casted films on mica are related to the molecular interactions between PT1 and mica, and also 412 
because of a difference in the drying kinetics of the drop-casted films processed from water or W-DI. 413 
These differences in boiling point are expected to relevant for the drop-casted films (i) on glass (used to 414 
visualize the fluorescence) and (ii) on mica (used to visualize the morphology). The possible effect of the 415 
boiling point of each solvent is discussed ahead. In the case of spin-coated films, due to the fast 416 
evaporation caused by the spinning element, the differences in boiling points can be considered negligible. 417 
 418 
Fluorescence microscopy of drop-casted films onto glass 419 
Figure 2 shows typical micrographs from drop-casted films of PT1 from water, and mixtures of 1,4-dioxane 420 
with water in proportions of 30:70 v/v and 50:50 v/v (i.e. W-DI). The numbers indicate the average of the 421 
maximum signal (grey values) of the images (see Table S2 for all the values). Figure S1 shows repetitions of 422 
micrographs from random samples/positions.  423 
 424 
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Water 

(8,103 ± 270)* 

 
1,4-dioxane-water 30:70 v/v 

(10,392 ± 353)* 

1,4-dioxane-water 50:50 v/v 
(i.e. W-DI) 

(13,972 ± 1,122)* 

 437 
Figure 2. Fluorescence micrographs of the PT1 (0.24 mg/mL) drop-casted films on glass from (a) water; (b) 1,4-dioxane 438 
80:20 v/v and (c) 1,4-dioxane-water 50:50 v/v mixture (i.e. W-DI).  439 
*Numbers in each micrograph indicate the average value (grey values) of the maximum signals through the image. 440 
 441 
Figure 2 shows that regardless the processing solvent, the morphology and fluorescence give evidence of 442 
the coverage of PT1. These micrographs are clearly different from those obtained from the glass blanks, 443 
which are completely black, showing any fluorescent emission (result not shown). Notice that despite not 444 
showing any fluorescence visually, the blanks generate an average maximum grey value of 988.7, which is 445 
much smaller than those values obtained from the PT1-films, ranging between 8,000 to 14,000 depending 446 
on the processing solvent (See Table S2). 447 
Figure 2a shows that when water is used as processing solvent, it is obtained an amorphous morphology 448 
with islands of PT of different sizes, together with small aggregates (observed as bright dots) present 449 
through the whole surface. It is also observed a halo of light surrounding the bigger structures, and the 450 
presence of some super-bright small aggregates. 451 
Figure 2b shows that when DI is present in 30% in the processing solvent, it is generated a similar structure 452 
to that obtained from water, with big and small structures. However, the halo of light surrounding the 453 
bigger structures is considerably larger. The small dots are also observed, with similar distribution and 454 
brightness to those observed in the films obtained from water. Same as in the films processed from water, 455 
some super-bright aggregates are observed. As shown at the top of the middle column, these films are in 456 
average approximately 28% brighter than those obtained from water.  457 
Finally, Figure 2 shows that when DI is present in 50% (i.e. for films obtained from the W-DI mixture), the 458 
halos of light become present through the whole micrograph, with the small dots becoming noticeably 459 
brighter than those present in the other two types of films. The brightness of these structures is similar to 460 
the super-bright structures observed in the other two types of films. As shown at the top of the column, 461 
these surfaces are in average approximately 72% brighter than those obtained from water. 462 
These results are in agreement with those of aggregation in solution, which showed a larger quantum yield 463 
in the W-DI solutions. Also, these results show that the presence of DI in enhancing the fluorescence of PT1 464 
aggregates (perhaps due to an enhancement of J-like aggregation) remain in the solid-state. 465 
The lower boiling point of W-DI (see Table 1) is expected to promote pi-pi stacking during drying, because 466 
its faster evaporation increase the % of water in the W-DI mixture. This in turn is expected to increase pi-pi 467 
stacking, and therefore inter-chain transfer. However, the largest brightness of the films processed from W-468 
DI suggest improved intra-chain energy transfer. In order to observe morphological changes in the films 469 
due to the processing solvent, it was conducted an AFM study of films drop-casted onto mica, because of (i) 470 
the higher resolution of this microscopy and (ii) the larger cationic character of mica over the glass in the 471 
fluorescence microscopy dishes. 472 
 473 
Morphology of drop-casted films onto mica 474 

(a) (b) (c) 
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Figure 3 shows typical topography AFM micrographs of drop-casted PT1-films formed on mica from 0.24 475 
mg/mL solutions in water or W-DI.  476 
 477 

(a) Water (b) W-DI 

  
Figure 3. Topography-AFM micrographs of drop-casted films from PT1 solutions (0.24 mg/mL) in (a) water or (b) W-DI. 478 
 479 
Figure 3a shows that when the film is drop-casted from water, the film obtained has a branched structure, 480 
with some origin points for branching, having an almost dendritic structure. On the other hand, the film 481 
drop-casted from W-DI presents a noticeably different morphology, with isolated islands of PT1, lacking any 482 
branched structure, with a larger average thickness. 483 
Our results are in agreement with Gutacker et al.,[18] who reported a loss of dendritic structure when 484 
switching from water to methanol as processing solvent. The fractal dendritic structure obtained from 485 
water is similar to that reported for films of a cationic thiophene-fluorene copolymer on mica from aqueous 486 
solution.[18] Dendritic structures also resemble the typical morphology of crystalline polymer thin films 487 
formed through a diffusion-limited aggregation (DLA) mechanism.[90] DLA morphologies have been 488 
accurately simulated by computational means, for random metal-particle aggregates.[91,92] As described 489 
by Friedlander in simulations of stochastic aggregation of aerosols,[93] DLA is one of the three kinds of 490 
agglomerate formation, together with ballistic aggregation (BA) and reaction-limited aggregation (RLA). The 491 
DLA model produces clusters exhibiting complex scaling properties, while in the BA the free particles move 492 
ballistically at randomly chosen directions and obey the same sticking rules as the DLA model.[94]  493 
In the case of the PT1-films processed from water, the branched structure observed in Figure 3a resembles 494 
more BA rather than DLA. 495 
In regard to effect of DI, the change from dendritic into islands morphologies due to DI is similar to the 496 
works by Tumbek and Winkler,[95] [96] in which a change from DLA into a morphology consisting of 497 
isolated islands was described for the growth of hexaphenyl (6P), a rod-like organic molecule, due to  498 
decrease in the surface roughness of the substrate (mica). Such islands-like morphology was labelled as 499 
attachment limited aggregation (ALA). 500 
Therefore, in the present work DI causes a switching from DLA or BA, into ALA. However, regardless the 501 
possible specific aggregation mechanism, there is a clear difference in the structures PT1 forms when 502 
processed from water or W-DI. Furthermore, our results are in qualitative agreement with the studies of 503 
Yao et al.,[13] focused on the extent of J-aggregation and surface morphology changes due to the 504 
processing solvent (either water or its mixtures with DI or 1-propanol), when depositing a cationic (N-ethyl) 505 
pseudoisocyanine dye at the solvent/mica interface. It was observed that the presence either organic co-506 
solvent caused a proportional decrease in the size and coverage of the J-aggregate islands. The authors 507 
hypothesized that a combination of pi-pi stacking and electrostatic interactions were primarily responsible 508 
for the characteristic organization of dyes at the mica interfaces, with two main possible arrangements: (i) 509 
dye molecular planes parallel to the mica surface or (ii) molecular plane perpendicular to the surface, with 510 
the latter being more favorable and likely to happen, due to epitaxial match. It was proposed that organic 511 
solvents would increase the solubilization of the dye, reducing the driving force for adsorption, decreasing 512 
the amount of the interfacial dye molecules in both lateral and vertical dimensions.[13] It is important to 513 
notice that because of the AFM used in this reference is in the mica/solvent interface, there is a 514 
competition between the solvent and mica for the dyes. This competition is also present, in a smaller 515 
extent, in the drop-cast produced in the present work, since it is reasonable to assume that during the 516 

10 m 10 m 
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drying of the film, the solvent still plays a role in the conformation of PT1, and therefore guides partially the 517 
solid-state morphology.  518 
The morphologies of PT1-films from both processing solvents are also in agreement with adsorption 519 
isotherms for poly(AM-MAPTAC) polyelectrolytes on mica, in which was observed that for larger number of 520 
cationic groups in the polyelectrolyte (i.e. larger cationicity), the polyelectrolyte adopted a flatter 521 
configuration on the surface.[17] 522 
Despite the obvious differences between dyes and polymers, our results suggest that when using water as 523 
processing solvent, the media is optimal for allowing H-bonding between the isothiouronium and the 524 
anionic groups in mica (see scheme 2c). As mentioned in the  materials section, due to S-alkylation, 525 
isothioureas ara capable to form H-bonding in highly competitive media such as water.[50,51] 526 
Therefore, the polymeric chain is capable of, for example, moving ballistically at random directions (i.e. via 527 
the BA and/or DLA mechanisms), generating the dendrimeric structures observed in Figure 3a. 528 
On the other hand, the presence of DI decreases the driving force for adsorption in some isothiouronium 529 
units, due to the coating effect of DI (See scheme 2d). DI would then decrease the number of 530 
isothiouronium-mica cation-anion contacts. This would cause a preferential growth in J-like islands, 531 
probably similar to those described by the ALA mechanism, vanishing the dendritic structure observed in 532 
the films drop-casted from water.  533 
Notice that the lower boiling point of W-DI (see Table 1) is expected to promote an overall faster drying 534 
process, which could also impact on the lack of movement of PT1 (switching from ballistically into 535 
attachment-limited), the extent of each effect (coating of DI and drying kinetics) is beyond the scope of the 536 
present work and under study in our research group. 537 
 538 
Contact angle goniometry and SFE of spin-coated films onto plasma-activated glass 539 
Table 2 shows the average contact angle (CA) values of the probe liquids on the three blank-surfaces (see 540 
supplementary information for details on these surfaces): (i) plasma-activated glass (plasma-glass), (ii) 541 
plasma glass spin-coated with water (glass-water) and (iii) plasma glass spin-coated with DI (glass-DI). Table 542 
3 shows the SFE estimations (with OWRK and Wu models) of the three blanks and the 1- and 5-deposited 543 

PT1-films. The values of the polar (Sp) and dispersive (Sd) contributions are also shown.  544 
 545 
Table 2. CA values between the four probe liquids on (i) plasma-activated glass (plasma-glass), (ii) plasma-546 
glass spin-coated with water (glass-water) and (iii) plasma-glass spin-coated with DI (glass-DI). 547 
          Blank surface 
 
Probe liquid 

Plasma-glass 
CA (°) 

 SD* 

Glass-water 
CA (°) 

 SD* 

Glass-DI 
CA (°) 

 SD* 

Glycerol  37.557.35 39.396.6 44.445.39 

Ethylene glycol 21.875.14 245.82 30.052.76 

Formamide      7.231.94 14.41.57 16.761.87 

Diiodomethane 38.463.86 43.223.71 43.352.66 

*SD values based on at least triplicates (see ESI)  548 
 549 

Table 3. Total SFE (S) and its polar (Sp) and dispersive (Sd) components according to OWRK (with data 550 
from glycerol and diiodomethane) and Wu’s (with data from the four probe liquids) models. 551 
 

 
 

 

                 SFE 
 
 
Surface 

OWRK 

S  
(mN/m) 

OWRK 

Sp 
(mN/m) 

OWRK 

Sd 
(mN/m) 

Wu 

S  
 (mN/m) 

Wu 

Sp 
(mN/m) 

Wu 

Sd 
(mN/m) 

B
la

n
ks

 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 

P
T1

 

1-deposition from water 55,47 11,16 44,31 55,52 11,05 44,47 

1-deposition from W-DI 52,87 10,6 42,28 54,42 11,3 43,12 

5-depositions from water 50,37 6,1 44,27 54,35 9,01 45,33 

5-depositions from W-DI 50,32 7,45 42,87 53,42 9,31 44,11 

 552 
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The data presented in Table 3 (shown visually in Figure S2) shows that both models (OWRK and Wu) do not 553 
generate the same SFE values, and also that the OWRK model generates larger differences between the 1- 554 
and 5-deposition films. However, concerning the effect of solvent and number of depositions, the OWRK 555 
model generates the same trends than Wu’s model.  556 
Therefore, for the sake of simplicity, and also to allow comparing with previous reports (all the references 557 
cited ahead used Wu’s model), Figure 4 shows only the SFE values estimated with Wu’s model for blank 558 
surfaces and polymeric films.  559 
 560 

   
Figure 4. Estimated values of (a) the total SFE (S) and its (b) polar (Sp) and (c) dispersive (Sd) contributions, as 561 
estimated using the Wu model, from films with 1-deposition (light blue) or 5-depositions (dark blue) of 0.24 mg/mL 562 
PT1 solutions, processed from water (solid color bars) or W-DI (dash-patterned bars). Dashed horizontal lines indicate 563 
the S, Sp and Sd values of the blank surfaces: (1) plasma glass, (2) glass-water and (3) glass-DI. 564 
 565 
CA values of blanks 566 
As show in Table 2, the average CA of formamide on the glass-water blank is 14.4°, which is 40% smaller 567 

than that reported previously from a glass substrate previously exposed to water (25°).[97] However, 568 
Table 2 also shows that the average CA from diiodomethane on the glass-water blank is 43°, which is similar 569 

to the CA of 45° reported for diiodomethane in the same reference.  570 
On the other hand, in regard to the SFE estimations of the blanks, Table 3 shows that the OWRK and Wu 571 

models estimate a total S 53 mN/m for the glass-water blank. This value is 15% smaller than that 572 

estimated for non-heated glass with controlled porosity ( 70 mN/m).[98] The difference between our CA 573 
values and those reported in the cited reference may be caused by a difference in the type of glass (e.g. 574 
borosilicate or soda lime glass, which have different smoothness, see [99]); and/or the difference in the 575 
drying conditions of each glass after being exposed to water. These factors (alone or combined) generate a 576 
different extent of hydration in each glass. The fact that diiodomethane generates a similar CA values in the 577 
present work and the work of Rymuszka et al.,[97] provide further evidence of this, since this probe liquid is 578 
expected to have a reduced sensitivity to hydration. Also, our estimations of SFE of glass-water are similar 579 
to those reported by Jakzuk et al.[98] Thus, it is reasonable to say that the glass-water blanks lie within the 580 
range of previously reported values of CA and SFE. Regardless, the experimental design of the present work 581 
allows in itself using the blanks to compare the effect of number of depositions or processing solvent.  582 
 583 
Surface free energy of blanks and PT1-films 584 
Figure 4a and Table 3 show that regardless the number of depositions, the PT1-films processed from water 585 

have a larger value of S (by  at least 1 mN/m) than the glass-water blank, while the films processed from 586 
W-DI show smaller differences with this blank, to the point of the 5-deposition films have a marginal 587 
difference with the blank. 588 

In regard to the components of S, Figure 4b shows that the Sp of any blank is larger than those of the 589 
PT1-films. This suggests that the surface-concentration and/or -energy of the cationic (isothiouronium) 590 
units in the films is smaller than the –OH groups present in any of the blanks. Figure 4b also shows that the 591 

difference of Sp between the PT1-films and the blanks is smaller for 1-deposition films, suggesting that 592 
more than one deposition causes a decrease in the surface concentration of the cationic isothiouronium 593 
units. 594 

(a) S Sp Sd (c) (b) 
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On the other hand, Figure 4c shows that regardless the number of depositions, the Sd component of the 595 
PT1-films is always larger than any of the blanks, with water increasing this difference. This gives evidence 596 
of the presence of the hydrophobic components in PT1: thiophene rings and alkoxy spacer. 597 

This is, the Sp and Sp contributions of the PT1-films are clearly different to those of the blanks, which 598 
gives evidence of the presence of PT1, besides providing some structural information (further analyzed 599 
ahead). 600 

In regard to films of neutral- or conjugated-polymers previously reported, the 1-deposition films show S 601 
values of 55.5 and 54.4 mN/m when deposited from water and W-DI, respectively, which are values similar 602 
to those reported for doped-P3HT films on glass (54 mN/m) and FeCl3-doped polypyrrole (PPy) films (55.4 603 
mN/m).[28] These similarities have a qualitative nature, because the values reported in the references cited 604 
were obtained using different methods and substrates. However, this approach was indeed used in the 605 
review by Higgins and Wallace,[28].  606 
 607 
Effect of number of depositions on the surface free energy 608 

Figure 4a shows that regardless the processing solvent, a larger number of depositions decreases S in 1 609 
mN/m. In regard to the magnitude and meaning of this difference, previous studies on pentacene films 610 

showed, by means of contact angle goniometry, that a decrease in film ordering causes an increase in S of 611 

1 mN/m[34] (notice that this result was in agreement with (this result correlated with X-ray diffraction 612 
(GIXD), synchrotron X-ray diffraction (XRD) and FTIR).Therefore, our results could indicate that a larger 613 
number of depositions of PT1 increase film order. This hypothesis is reasonable due to the propensity 614 
polythiophenes (e.g. P3HT) have to form semi-crystalline domains in the solid state.  615 

Figure 4b shows that the Sp contribution is the one generating the difference in S due to a larger number 616 

of depositions, because oppositely from Sp, the dispersive contribution Sd increases with the number of 617 
depositions. This suggests that improved ordering of the films decrease the contribution of the 618 
isothiouronium functionality to the polarity of the film.  619 

In resume, from both processing solvents, depositing more than once decreases Sp in 2 mN/m and 620 

increases Sd in 1mN/m. Increasing depositions impacts mainly and negatively on the polar component of 621 
the SFE, while de dispersive component presents smaller changes, but of a positive nature. These trends 622 
suggest that more layers cause a decrease in the surface concentration of polar (cationic isothiouronium) 623 
species, while increasing, more slowly, the surface concentration of hydrophobic species (thiophene 624 
backbone and alkoxy spacer). 625 
 626 

To gain further structural information it is useful to use the Sd/Sp ratio. 1-deposition PT1-films generate 627 

Sd/Sp ratios of 4 and 3.8, when processed from water or W-DI, respectively. These values are similar to 628 
those estimated in our previous contribution for films of imidazolium polythiophenes, ranging in values of 629 
3-3.9.[33] However, our values are at least 90% larger than those reported from doped-films of P3HT 630 

deposited onto glass (Sd/Sp=1.42) or from doped-films of PPy deposited onto polyethylene terephthalate 631 

(Sd/Sp=2).[28,100]  632 

5-deposition PT1-films generate even larger values of Sd/Sp, with values of 5 when processed from water 633 
and 4.7 when processed W-DI. This indicates that multi-deposited films reduce the impact of the 634 
isothiouronium cationic group (as discussed before).  635 
 636 

These results indicate that despite 1-deposition PT1-films have values of S that are similar to previously 637 
reported doped-P3HT or -PPy films, such similarity does not hold in regard to the proportion of each of the 638 

components to the total S, because the PT1-films generate larger values of the ratio Sd/Sp. Instead, the 639 

values of the Sd/Sp ratio generated by 1-deposition PT1-films are similar to those estimated from de-640 
doped films of P3HT (4.14).[28,100]   641 
As discussed in our previous work,[33] these results indicate that that the cationic isothiouronium 642 
functionality in PT1 has a smaller contribution to the polarity of the films, in comparison with the 643 
contribution of regular dopants, probably due to the restricted mobility of the cationic functionalities 644 
attached to a CPE. Such restriction would also explain the results of the 5-deposition films, which show a 645 

larger value of Sd.  646 
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 647 
Effect of processing solvent on the surface free energy 648 
Figure 4a and Table 3 show that for 1- and 5-deposition films, the presence of DI in the processing solvent 649 

decreases S  1 mN/m. Same as discussed before, studies on pentacene films showed that decreased film 650 

order increases S in less than 1 mN/m[34] (this result correlated with X-ray diffraction (GIXD), synchrotron 651 

X-ray diffraction (XRD) and FTIR). Therefore, in this case, the decrease in S due to DI could also suggest DI 652 
increases the ordering in the film. Indeed, both effects are additive, since the 5-deposition films, processed 653 

from W-DI, present the smallest value of S (53 mN/m). Therefore, assuming that the decreases in S 654 
observed due to multi-deposition or the presence of DI is related with increases the ordering in the film, 655 
then it is reasonable to propose that DI increases the structuring, via the coating effect of DI which would 656 
promote hydrophobic interactions. 657 

 The decrease of S in 1-deposition PT1-films due to DI ( 1mN/m), is at least 60% larger than that observed 658 

in films of imidazolium polythiophenes, in which case DI reduced S in a range of 0.2 to 0.4 mN/m. [33] This 659 
may be related with the strongest H-bonding capabilities of PT1 in comparison with the imidazolium CPTs, 660 

and is further discussed ahead with the values of the Sp and Sd components. 661 

The decrease in the dispersive contribution Sd caused by DI in the 1-deposition PT1-films (1.3 mN/m) is 662 

similar to that observed in films of imidazolium polythiophenes (1.2-2 mN/m), however, interestingly, the 663 

increase in Sp due to DI in the 1-deposition PT1-films (0.2 mN/m) is one sixth or less, than that observed 664 

in films of imidazolium polythiophenes (1.2-2 mN/m).[33]  665 
In regard to the difference between the present work and that using imidazolium polythiophenes, the 666 

differences between these films (in regard to the extent of increase in Sp due to DI) may be related with 667 
the different H-bonding capabilities of PT1 and the imidazolium polythiophenes. In the case of the latter, 668 
the effect of DI blocking imidazolium-glass cation-anion interactions is larger than that in PT1, therefore 669 

causing DI to increase Sp in a larger extent than that observed in PT1-films, because the isothiouronium 670 
functionality with a double CAHB capabilities attaches to the glass in presence of DI, in larger extent than 671 
the imidazolium polythiophenes do.  672 
The contact angle data from the most non-polar probe liquid has proven to be useful when analyzing the 673 

causes behind the increase in Sp due to the presence of DI, using a film with switchable surface polarity (or 674 
dispersity), made of of PPy electropolymerized in presence of dodecylbenzenesulfonate (DBS), on top of Si 675 
coated with Au/Cr.[101] Such film was electrochemically reduced or oxidized while measuring in situ the CA 676 
values of the least polar probe liquid they tested (dichloromethane). The reduced form of the films caused 677 
larger dichloromethane CA, due to a larger concentration of ionic (sulphonate) groups from the DBS, while 678 
the oxidized form caused smaller dichloromethane CA values, caused by a larger surface concentration of 679 
the hydrophobic dodecyl chains present in DBS. 680 
Table S2 shows that the CA values of diiodomethane on 1-deposition PT1-films processed from water is 681 

29.773.3°, which is 5° smaller than that on films processed from W-DI (34.466.2°).  This difference is 682 

slightly larger to that observed in films of imidazolium CPTs, for which DI caused a reduction in 3°.[33] In 683 
the case of 5-deposition PT1-films, the effect of W-DI is smaller: the CA values of diiodomethane on films 684 

processed from water (29.884.8°) is 3.3° smaller than that on films processed from W-DI (33.152.4°). 685 
Therefore, for films with both number of depositions, the presence of DI in the processing solvent increases 686 
the polarity of the films. This may be related to a larger concentration of “non-neutralized” cationic 687 
isothiouronium groups (using the concept of neutralization used in the adsorption of cationic 688 
polyelectrolytes on mica).[17] DI would cause PT1 to have a smaller available number of cationic units (i.e. 689 
its cationicity) to interact with mica, generating a surface with more cationic units, which would explain the 690 
larger CA values with the most non-polar probe liquid, diiodomethane, as shown in Schemes 1b-c. 691 
This assumed surface concentration of cationic units obtained from each processing solvent is in agreement 692 
with adsorption isotherms for poly(AM-MAPTAC) polyelectrolytes on mica.[17] In that study, it was 693 
observed that for larger number of cationic groups in the polyelectrolyte (i.e. larger cationicity), which 694 
would be available to interact with mica, the polyelectrolyte adopted a flatter configuration on the surface 695 
(because of a larger number of cation-anion contacts).  696 
As mentioned before, there is a lack of understanding on the effect of co-solvents on the drying-kinetics of 697 
conjugated molecules, and there are not studies using DI.[32] However, for the SFE data, the mechanism 698 



17 

 

we sketched in the scheme in Figure 4 also gives a possible explanation, [59] [61,62] in the same way we 699 
explained the results in our previous work:[33] a possible mechanistic explanation to our results would be 700 
that DI would cause a damping of the coulombic and/or H-bonding interactions between the 701 
isothiouronium groups and plasma-glass, and such screening effect would then decrease the number of 702 
isothiouronium-glass cation-anion contacts, causing a larger number of unattached isothiouronium groups, 703 

which could then contribute to the polarity of the films, increasing Sp (see Figure 4d).  704 
The detailed mechanism behind the different effect DI has on PT1 during the processing (i.e. deposition of 705 
films) involves thermodynamics of solvation in solution and drying kinetics, and requires further studies. 706 
This is currently under study in our group, by comparing solution-aggregation and solid-state properties of 707 
films made of imidazoliums and isothiouroniums, with the latter having  different side-chain lengths, 708 
analogously to our previous studies in solution.[11,36] 709 
 710 

CONCLUSIONS  711 
Our results in solution, using the fluorescence excitation spectra, correlate with the solid-state properties 712 
of the films in regard to a possible enhancement of J-like aggregation due to the presence of DI. In solution 713 
and solid-state, our results can be explained qualitatively (following previous experimental and 714 
computational studies) as the result of a coating effect of DI, which causes selective solvation of the 715 
hydrophobic and hydrophilic parts of PT1 and the solid substrates, guiding the conformation in solution and 716 
the solid-state properties.  717 
In solution, PT1 presents unstructured spectra in both solvents, which gets red-shifted in presence of DI, 718 
suggesting the aggregation of PT1 is mainly related to changes in its conformation, rather than a loss of 719 
solubility. Increased PT1 concentration increases absorption in similar extent, due to similar values of molar 720 
absorption coefficient between solvents. In the case of PL emission, the presence of DI causes a larger 721 
increase of intensity due to increasing PT1 concentrations, due to a larger quantum yield, indicating that DI 722 
affects the pi-pi interactions between thiophene rings, probably because of improved solvation. W-DI 723 
generates smaller values of Stokes shift, suggesting clearly different PT1 conformations in each solvent, 724 
with water possibly promoting effective nonradiative relaxation pathways along and between the chains. 725 
The fluorescence-excitation spectral bands get distorted in W-DI due to concentration, generating an 726 
spectrum with skewness to higher wavelength values. Oppositely the spectra in water remain invariant at 727 
high concentrations. This seems to be related with selective solvation of DI, displacing water in between 728 
polymeric chains, increasing the number of isolated aromatic groups, promoting in turn an increase in the 729 
degree of J-like aggregation (i.e. increased intra-chain interactions) via reducing pi-pi stacking. 730 
To the best of our knowledge, besides our previous contribution,[11] there is only one report about 731 
detecting J-like enhanced aggregation of polythiophenes in solution,[6] and two reports on using the 732 
excitation spectra to analyze H-J aggregation, for a polymer[10] and a dye.[12] However, any of these 733 
reports provided evidence correlating solution and solid states.  734 
In this regard, in solid-state, DI seems to decreases the Coulombic and/or H-bonding interactions between 735 
the isothiouronium groups and the anionic substrates, decreasing in turn the number of isothiouronium-736 
glass cation-anion contacts, causing a larger number of unattached isothiouronium groups, which could 737 
then cause changes in the solid-state morphology, increasing fluorescence, switching the type of 738 
aggregation mechanism and increasing the polarity of the films.  739 
Firstly, the drop-casted films on glass processed from W-DI generate almost twice the fluorescence 740 
intensity than those films processed from water. Secondly, in the case of the drop-casted films onto mica, 741 
the films processed from water have a dendritic structure similar to diffusion-limited aggregation (DLA) or 742 
ballistic aggregation (BA), while the presence of DI in the processing solvent generates a morphology 743 
consisting of islands of PT1, similar to a morphology previously described as attachment limited 744 
aggregation (ALA), analogously to the tuning of J-aggregation of small conjugated molecules in solution and 745 
solid-state,[16] caused by the lower binding efficiency of these molecules onto mica because of the 746 
presence of organic solvents. Our results provide insight on the relationship between polymer and solvent 747 
with the type of aggregation occurring onto mica substrates. This has been scarcely reported previously in 748 
literature devoted to CPTs, e.g.[18]. 749 
Finally, in the case of spin-coated films on plasma-activated glass, the presence of DI in the processing 750 

solvent slightly increases Sp, and decreases Sd. The decrease DI causes in S ( 1mN/m) is at least 60% 751 



18 

 

larger than that observed in previously reported films of imidazolium polythiophenes.[33] On the other 752 

hand, DI increases Sp in a much smaller extent to that observed in imidazolium polythiophenes films,[33] 753 
which seems to be related with stronger CAHB capabilities  in the isothiouroniums over imidazoliums. The 754 
contact angle (CA) values of diiodomethane suggest that DI decreases the number of cation-anion contacts 755 
between the imidazolium group and glass, causing therefore a larger number of unattached isothiouronium 756 
groups, which could then contribute to the polarity of the films.The presence of DI and the increase in 757 
number of depositions are additive, since the 5-deposition films processed from W-DI present the smallest 758 

value of S (53 mN/m). This suggest a possible increase in the ordering of the film by either treatment, 759 
which is reasonable given the properties of hydrophobic polythiophenes such as P3HT to form semi 760 
crystalline arrangements.  761 
The tuning of solid-state properties of polythiophenes has been scarcely reported in literature,[19] same as 762 
the study of co-solvents as morphology-directing agents for solution-processed organic optoelectronic 763 
devices.[32]  Our results provide knowledge on controlling the aggregates of CPTs in the solid-state, which 764 
could be useful for predicting and designing specific mesoscopic architectures.  765 
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