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spacer length and solvent on
diluted solutions of cationic isothiouronium
polythiophenes†

S. E. Domı́nguez,* M. Meriläinen, T. Ääritalo, P. Damlin and C. Kvarnström*

This contribution presents a study on two cationic isothiouronium polythiophenes (poly-3-(N,N-diethyl-S-

iso-thiouronium)alkoxy-4-methyl thiophene), with alkoxy chains of different length in the 3-position of the

thiophene ring, results of steady-state absorption and fluorescence spectroscopies in four solvents of

different polarities: protic water, protic–protic water–isopropanol, protic–aprotic water–tetrahydrofuran

and protic–non polar water–1,4-dioxane (all mixtures 0.5 v/v) are presented. Molar absorption

coefficient (3), quantum yield (ff), spectral maxima (lmax, lem) and Stokes shift (Dn) are presented, and the

effect of solvents on these parameters is discussed. Empirical optical and electrochemical energy levels

were estimated using drop cast films on glass and on glassy carbon electrode, respectively. Density

functional theory was used to gain supporting structural, energy and electronic information of different

oligomers, simulating solvents of different polarity.
1 Introduction

Conjugated polymers (CPs) are organic molecules with a base
structure of alternating single and double/triple bonds which
generates a delocalized electronic structure which gives these
materials particular semiconducting and optical properties
(absorption–uorescence).1 Polythiophene is a well known CP
which modies its uorescence emission prole in response of
different stimuli, such as temperature (thermochromism),
solvent (solvatochromism), surfactants (surfactochromism),
irradiation (photochromism) and other chemical species (affi-
nitychromism, i.e. iono-chromism).2

Besides that, their optical and semiconducting properties
depend to a great extent on the functional groups attached to
the conjugated backbone and on their conformation in organic
solutions.3 Because of these reasons CP are widely used in
optoelectronic and uorescence-based sensing applications.4

When CPs are functionalized by ionic groups a conjugated
polyelectrolyte (CPE) is obtained, which is soluble in polar
solvents, and therefore their driving forces for interaction are not
only those related to CPs (pi–pi stacking and hydrophobic inter-
actions),5–7 but also those interactions characteristic of poly-
electrolytes, such as electrostatic forces1 and hydrogen bonding.8
d Surfaces (MATSURF), Laboratory of

sis, University of Turku, 20014 Turku,
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The rst set of CPEs were thiophene-based,9 and since their
introduction thiophene-CPEs have been used for several applica-
tions: (i) as uorescence-based sensors for temperature, solvent
polarity, pH, and also chemical and bio-chemical species.1,4,10–12

Despite this, the molecular mechanisms that drive their
optical properties remain not totally understood. One reason is
the difficulty of distinguishing conformational changes of
individual molecules (intrachain association) from intermo-
lecular interactions (multimolecular aggregation).4

In this regard, cationic thiourea-functionalized thiophenes
could be useful model molecules for different studies, since
their amino group in the thiourea functionality protonates in
water at pH ¼ 7, bearing then a positive charge which allows
electrostatic interactions with anions and increasing solubility
in water, besides of acting as H-bond donors.13,14 Besides that,
the Y-shaped structure of thioureas also allows two-point
complementary hydrogen bonding with Y-shaped anions,
such as the carboxylate group, or allowing chelating of spherical
anions (e.g. halides) and phosphates.15 For example, previously
a Y-shaped anionic carboxylate thiophene CPE was used to
study the H-bond stabilization during self-assembly.3 Thiourea
molecules are also convenient since the pKa value of the iso-
thiouronium moiety gives a good stability (avoidance of
protonation or deprotonation) in a good range of pH values.

In particular, the isothiouronium functional group
possesses Lewis acidity, due to its cationic state, which allows
their use as anion-binding units, cationic detergents and
nonlinear optical materials.16 Besides that, in the solid state, the
cationic nitrogens with Lewis acidic properties possess
a surrounding electron density which participates in hydrogen
bonds with certain substrates (e.g. ITO).17
This journal is © The Royal Society of Chemistry 2017
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It is known that solvent polarity provides additional control
over the nanostructure conformation of hydrophilic copoly-
mers18 and CPEs allow the use of a large range of solvent
polarities, which could be useful for gaining understanding on
their intra- and inter-molecular interactions, since: (i) higher
solvent polarities modify the relation between polarity and
rigidity of their constituent blocks19 and (ii) conformational
changes in both backbone and side chains of CPEs can be
induced by changing the solvent. These allow more expanded
conformations in ideal solvents, which also change the optical
properties in diluted conditions. Furthermore, solvents modify
the Stokes shi, which opens up the possibility to obtain
information on possible specic solvent–uorophore
interactions.20–23

In this regard, 1,4-dioxane is an interesting cosolvent
because besides being miscible with water in all proportions, it
is a non-polar aprotic solvent with a boiling point and density
similar to water, but possessing a dielectric constant signi-
cantly lower to water. Also, when used as cosolvent, 1,4-dioxane
disrupt the normal structure of water, because it has relatively
bulky ether groups and is capable to accept two hydrogen bonds
without donating any. Density functional theory (DFT) studies
have shown that complexation of molecules can be modulated
by changing the presence of 1,4-dioxane in water.24

DFT has been also used to gain understanding on the
molecular geometry and electronic properties of frontier
molecular orbitals (FMOs) of polythiophenes,25–27 together with
the impact of alkoxy side chains on conjugation and frontier
energy levels of thiophene-based copolymers.28

To the best of our knowledge the only reported study using
a thiourea-polythiophene was focused on the use of these
molecules as selective uorophore sensors of phytate in
solution.16

This contribution presents a study on the photophysical
properties of two cationic isothiouronium polythiophenes,
namely poly-3-(N,N-diethyl-S-iso-thiouronium)alkoxy-4-methyl-
thiophene, containing ethyloxy and hexyloxy spacer chains at
position 3 of the thiophene ring, termed PT1 and PT2, respec-
tively (Scheme 1). We used steady-state absorption and
Scheme 1 Poly-3-(N,N-diethyl-S-iso-thiouronium)ethyloxy-4-
methylthiophene (PT1) and poly-3-(N,N-diethyl-S-iso-thiouronium)
hexyloxy-4-methyl thiophene (PT2).

This journal is © The Royal Society of Chemistry 2017
uorescence spectrophotometric techniques in four solvents
with different polarities: protic water, protic–protic water–iso-
propanol, protic–aprotic water–tetrahydrofuran and protic–non
polar water–1,4-dioxane (all mixtures 0.5 v/v). The values of
molar absorption coefficient (3), quantum yield (ff), spectral
maxima (lmax, lem) and Stokes shi (Dn) are discussed, as well
as the effect solvent polarity on these parameters. Empirical
optical and electrochemical energy levels were estimated using
drop cast lms on glass and on glassy carbon electrode,
respectively and DFT calculations were performed to gain
understanding of the inuence of the side chains on molecular
conformation, MOs and frontier energy levels of different olig-
omers with variable alkoxy spacer chain length, in the ground
(S0) state, in water and 1,4-dioxane.
2 Experimental
2.1 Materials

Unless otherwise stated, it was used deionized water, and all
reagents and solvents used are commercially available, analyt-
ical grade and used as supplied (Sigma Aldrich). Table S1 in
ESI† shows reported values of different physical–chemical
parameters of all solvents used in this study.

Scheme 1 shows the structure of the two cationic iso-
thiouronium polythiophenes, as previously described.29–31 The
degree of polymerization (DP) of analogous cationic CPEs
synthesized by our group was estimated to be around 20–30
repeating units,29,30which is in agreement with the DP estimation
of a cationic polythiophene synthesized under the same condi-
tions by a different group10 (both estimations made using the
polymer precursor), and is also in agreement with the DP values
estimated for anionic poly(3-alkoxy-4-methylthiophene)s.32,33

In regard to the dispersity (Đ ¼ Mw/Mn) of those molecules,
a value of around 1–3 was estimated consistently.29,32,33

About tacticity, it is known that oxidative polymerization of
alkyl-thiophenes using FeCl3 minimizes 2,4-linkages, therefore
generating mainly head-to-tail (HT) couplings between adjacent
thiophene rings, through 2,5-linkages.16,34

Since precursors with the same purity were used under
identical polymerization conditions, PT1 and PT2 are assumed
to have the same tacticity and Đ.

The estimation of molecular weights of cationic poly-
thiophenes using size-exclusion chromatography (SEC) is not
possible since the material inside the SEC columns contain
anionic groups, which lead to a strong adsorption of the poly-
mers. Polythiophenes are also challenging because of the
structural differences with polystyrene standards.29,33,35,36

In fact, inconsistent data is reported in literature, with some
references reporting Mn values of 6000–13 100 g Mol�1,29,35

while other report values of 200 000–800 000 g Mol�1.4,16

On top of that, some of these references use gel permeation
chromatography (GPC), while others use matrix-assisted laser-
desorption ionization time-of ight (MALDI-TOF), and it is
known thatMn values obtained by GPC are approximately 1.5–2
times higher than those obtained by MALDI-TOF, because GPC
overestimates the molecular weight of semi-rigid poly(3-
RSC Adv., 2017, 7, 7648–7657 | 7649
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alkylthiophene)s due to comparison with more coil-like poly-
styrene standards.35
2.2 Methods

Each polymer was dissolved in water at a concentration of
0.5 mg mL�1 and stirred during 30 minutes, generating
aqueous stock solutions of PT1 and PT2 at 2.1 and 1.7 mM,
respectively (monomer base). Then, stock solutions in each
solvent were obtained by duplicating the volume of solvent,
using either water or isopropanol (IPA), tetrahydrofuran (THF)
or 1,4-dioxane (DI). These stock solutions have the highest
polymer concentrations used in this work, and the different
concentrations reported here were obtained by serial dilution of
the stock solutions using either water or 50 : 50 v/v mixtures of
water–IPA, water–THF or water–DI. Aqueous solutions of both
polymers showed to be stable during months (results not
shown), however, fresh aqueous stock solutions and dilutions
in all the solvents were used in all experiments.

Averages and standard deviations of position and absor-
bance (intensity) of the absorption (emission) maxima, were
obtained from duplicates (at least) of measurements made to
samples obtained from different aqueous stock solutions. For
the estimation of averages and standard deviations of Stokes
shis, only paired data (i.e. obtained from the same experi-
mental unit) were considered. The estimations of molar
absorption coefficients (3) and uorescence quantum yields (ff)
in the four solvents, were obtained using samples from the
same aqueous stock solution.

Both polymers generate a pH value of 5 at the highest
concentration in water. Preliminary results (not shown) adding
diluted HCl and NaOH solutions, showed that the absorption
and uorescence of the polymers remain constant for acidic pH
values, while an increase up to a pH ¼ 8 causes the disap-
pearance of absorption and uorescence. As Table S1 in ESI†
shows, all solvents used in this work generate a pH # 7, which
allows avoiding the use of buffer in order to keep the optical
properties constant.
2.3 Steady state spectrophotometric techniques

Absorption measurements were performed using a Hewlett-
Packard 8453 spectrophotometer, using a slit width of 5 nm.
These measurements were performed either on solutions in the
four solvents, or on drop cast lms deposited on plasma-
cleaned glass slides, which were used to estimate optical
bandgaps (EgOPT) by means of the wavelength onset of
absorption.37

Fluorescence spectra in solution were recorded using a Cary
Eclipse steady-state uorescence spectrophotometer (Varian),
using a slit width of 15 nm, using three excitation wavelengths
(lexc), in order to nd the highest possible uorescence inten-
sity. To avoid uorescence quenching by atmospheric O2, the
samples were de-aired with a N2 ow before each measurement.
Since both spectrophotometers have thermostated cell holders,
all measurements in solution were performed at 25 �C, using
a Suprasil cuvette of 10 mm path length.
7650 | RSC Adv., 2017, 7, 7648–7657
Molar absorption coefficient (3) and self-quenching concen-
tration were estimated from curves of concentration vs.
absorption- or uorescence-maxima, respectively, in the four
solvents, in a 0.01 to 1 mg mL�1 concentration range.

The estimation of the uorescence quantum yield (ff) was
performed using the standard method38 (detailed in ESI†).
Solvatochromic shis were studied according to the Lippert–
Mataga equation, using the dielectric continuum model23

(detailed in ESI†). It must be mentioned that in this work the
Lippert–Mataga model was used only as a qualitative tool of
analysis, since previous studies were unsuccessful in trying to
correlate the dielectric constant with spectral shis of anionic
CPEs, either directly or by using the Lippert–Mataga or Onsager
functions.39

2.4 Cyclic voltammetry (CV)

CV was used to study the electrochemical features of polymer
lms and also to estimate the frontier energy orbitals, because
this technique allows estimating the ionization potential (Ip)
and electron affinity (Ea)40 (details in ESI†). The lms were
produced by drop cast of 10 mL of a solution at 0.5 mg mL�1 on
top of a clean polished glassy carbon mini working electrode
(diameter 1 mm), and allowed to dry in a vacuum desiccator
overnight. The measurements were performed in a glass three
electrode electrochemical cell with an approximate volume of
10 mL, using a platinum coil as counter electrode, and a AgCl-
coated Ag wire as pseudo reference (calibrated vs. ferrocene),41,42

in dry acetonitrile (MeCN) with tetrabutylammonium tetra-
uoroborate (TBATFB) as conductive electrolyte.

Previous to measurements, both TBATFB and the pseudor-
eference electrode were dried in oven at 150 �C overnight, while
the electrolyte solution was degassed with a ow of N2 during 2
minutes previous to experiments, and during the experiments
the headspace of the electrochemical cell was kept saturated
with nitrogen. The peak potentials were evaluated from the rst
potential sweep,43 starting at a potential of 0 V, and then using
an anodic scan followed by a cathodic scan.

2.5 Density functional theory (DFT)

DFT calculations were carried out in order to analyze the effect
of DP and solvent on (i) energy levels, (ii) shape of FMOs and (iii)
degree of twisting, of molecules in the ground state. DFT
calculations were performed at the B3LYP/6-31G** level of
theoretical model chemistry, with implicit solvation in water
and 1,4-dioxane via the polarizable continuum model (PCM).
For details about the selection of this level of theory please see
ESI.†

There were simulated di-, tetra- and hexamers of both PT1
and PT2, possessing head-to-tail tacticity. Hexamers were
chosen as the largest molecule to keep reasonable computa-
tional costs and because in preliminary simulations hexamers
showed a stabilization of the theoretical energy levels.

In order to evaluate the effect of degree of polymerization,
dimer, trimer and hexamer oligomers with hexyloxy side-chains
were built by removing the outermost monomers at both ends
of a frozen dodecamer. Thereaer, in order to evaluate the effect
This journal is © The Royal Society of Chemistry 2017
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of the alkoxy side chain, the hexyloxy side chain from the olig-
omers with hexyloxy spacers was reduced until ethyloxy,
keeping the relative angles between atoms in the iso-
thiouronium group and conjugated backbone in equal values to
the oligomers with hexyloxy spacers.

All the calculations were carried out with the Gaussian 09
(G09) package,44 and the frontier energy orbitals and degree of
twisting of the conjugated backbone of the molecules were
visualized using the soware Avogadro, Open Babel Version
2.3.2.45
Fig. 2 Plots of (a) lmax and (b) lem of PT1 and PT2, as a function of
polymer concentration, in all the solvents, at 25 �C.
3 Results and discussion
3.1 Steady-state absorption and uorescence
spectrophotometry

Fig. 1 shows the normalized absorption and uorescence
emission spectra of 0.08 mM solutions (monomer base), of both
polymers in all solvents, at 25 �C.

As Fig. 1 shows, in all solvents both polymers display a single
emission uorescence band, which corresponds to the thio-
phene backbone, and is associated with the efficiency in energy
migration along the chain.12 The maxima of absorbance and
uorescence intensity (lmax and lem, respectively) observed in
this gure were used to characterize both polymers, the data of
each curve is in Table 2 ahead.

Fig. 2 shows the change in lmax and lem as a function of
concentration. In Fig. 2a is observed that in all solvents, both
polymers have a linear relationship between absorbance and
concentration, in the monomer-base 0.02 to 1 Mm concentra-
tion range, fullling the Beer–Lambert law, which allows to
estimate their molar absorption coefficient (3).

On the other hand, Fig. 2b shows that for concentrations
below 0.1 mM (monomer base), both polymers present an
almost linear relationship between lem and concentration. At
higher concentrations these plots decrease (Fig. S1 in ESI†),
which indicates self-quenching due to aggregation. Therefore,
in this work it was used a concentration of 0.08 mM in order to
have diluted solutions. The data from aggregated solutions is
currently under study in our group.
Fig. 1 Normalized absorption and fluorescence spectra of 0.08 mM
solutions of PT1 (blue lines) and PT2 (red lines), at 8 � 10�5 M, in all
solvents (thicker lines for water) at 25 �C.

This journal is © The Royal Society of Chemistry 2017
Table 1 shows the estimated values of molar absorption
coefficient (3) and uorescence quantum yield (ff) of both
polymers in all the solvents, and the increment of these two
parameters due to the cosolvents. The ff values of both poly-
mers were estimated from the linear zone of the plot of lmax vs.
the integral of the uorescence spectra of quinine sulfate in
Table 1 3 and ff of PT1 and PT2 in the different solvents, and the
increments caused by cosolvents (D3) and (Dff)

POL Solvent 3a (M cm�1) D3b ff (%) Dff
c

PT1 Water 1692 — 0.35 —
W–IPA 2010 1.19 1.28 3.65
W–THF 2022 1.19 1.69 4.8
W–DI 1871 1.11 1.04 2.97

PT2 Water 2397 — 0.55 —
W–IPA 2907 1.21 1.9 3.45
W–THF 2714 1.13 3.55 6.45
W–DI 3053 1.27 2.38 4.32

a 3 estimated in monomer base. b D3 ¼ 3 in mixed solvent/3 in water.
c Dff ¼ ff in mixed solvent/ff in water.

RSC Adv., 2017, 7, 7648–7657 | 7651
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H2SO4 0.1 M of both polymers in the four solvents (Fig. S2 in
ESI†).

In Table 1 is observed that the values of 3PT2 are larger than
3PT1 in each solvent, with W–DI causing the largest difference
(63%), while in the other three solvents this difference is around
35–45% (for a graphical representation see Fig. S3 in ESI†).
These indicate that PT2 has better absorption properties,
especially in presence of 1,4-dioxane.

In regard to the effect cosolvents on 3, the values of D3 in
Table 1 (plotted in Fig. S4 in ESI†), show that isopropanol
causes around a 20% increase in the absorbance of both poly-
mers, while 1,4-dioxane increases 3PT2 around 30%, and 3PT1

only 10%. These data indicate that the length of the alkoxy
spacer only has an impact on the absorption of these CPEs when
1,4-dioxane disrupts the normal structure of water.

In regard to ff, Minami and Kubo reported a value of ff ¼
1.2% for a molecule similar to PT1.16 As Table 2 shows, in water
we obtain a smaller ff value (0.35%), and a very similar value in
W–IPA (1.28%). Table 1 and Fig. S5 in ESI† show that in water
ffPT2 is around 57% larger than ffPT1, and that cosolvents
increase such difference, particularly THF.

In this regard, for polymers with the same DP, changes in ff

have been associated with changes in the pi-conjugation of
conjugated ring molecules,47 or with signicant triplet forma-
tion, in thiophene-uorene copolymers.12

Since both 3 and ff are parameters estimated using a range
of concentrations, instead of a punctual concentration, it is
reasonable to focus specically on the diluted 0.08 mM solu-
tions, in regard to both lmax and lem, together with their
absorbance and uorescence intensities, respectively. Table 2
shows the positions of lmax, lem (lex¼ 400 nm) and Stokes shis
(Dn) of 0.08 mM solutions of both polymers in all solvents. A
graphical representation of lmax and lem is presented in Fig. S6
and S7 in ESI.†

The wavelengths of lmax and lem, of PT1 in water, shown in
Table 2, are around 47 and 16 nm smaller, respectively, to those
reported by Minami and Kubo for a similar molecule dissolved
in water.16 Of course these discrepancies are related with
differences in molecular structure and molecular weight.

In regard to the effect of solvents on the lmax of each poly-
mer, in Table 2 and Fig. S6 in ESI,† is observed that cosolvents
generate a positive solvatochromism on PT1, because the lmax
Table 2 Wavelengths of lmax, lem (lex ¼ 400 nm) and Stokes shift (Dn),
of 0.08 mM solutions of both polymers in all solvents, at 25 �C

Solvent lmax (nm) lem (nm) Dna

PT1 Water 363.7(�2.08) 530.3(�0.58) 168(�0)
W–IPA 389.5(�2.12) 519.5(�3.53) 130(�1.41)
W–THF 396(�2.83) 527(�1.41) 131(�4.24)
W–DI 389(�1.14) 519.5(�0.7) 130.5(�0.7)

PT2 Water 406.5(�0.7) 533(�2.83) 126.5(�2.12)
W–IPA 406(�1) 535(�2.83) 128.5(�2.12)
W–THF 402(�2.83) 530(�3.54) 128.5(�0.7)
W–DI 402(�1.14) 529(�1.41) 127(�0)

a Dn ¼ lem � lmax.

7652 | RSC Adv., 2017, 7, 7648–7657
wavelength of PT1 (lmaxPT1) gets bathochromically (red) shied
around 25–30 nm when cosolvents are used, while lmaxPT2

shows a slight 5 nm negative solvatochromism in W–THF and
W–DI, while W–IPA does not shi lmaxPT2 at all.

In this regard, it is known that for thiophenes, sol-
vatochromism can be understood as an order-disorder
phenomenon,46 in which a well-extended backbone conforma-
tion results in a red shi in absorption spectra, whereas
a disordered backbone conformation results in a blue shi.48

Red shis can also be understood in terms of a lower separation
between adjacent energy levels, or HOMO–LUMO energy gap,
while blue shis indicate a deviation from coplanarity, due to
a twist in the backbone, which reduces the conjugation length,
generating blue shis because of a larger separation between
energy levels, or a tighter conformation of the chain coil via
twisting of the conjugated backbone, resulting in segments with
a shorter effective conjugation length.4

Also, for small conjugated molecules (uorenones), positive
solvatochromism is also related with a decrease in the HOMO–
LUMO energy gap, and has been explained in terms of changes
in the orientation of solvent around the solute molecules, which
makes it to t with the ground state charge distribution of the
solute.49

Therefore, the positive solvatochromism of lmaxPT1, together
with the negative or null solvatochromism of lmaxPT2 due to
cosolvents, indicate that PT2 has improved solubilization, with
a more planar conformation.

Table 2 and Fig. S6 in ESI† also show that in each solvent,
lmaxPT2 is red shied in comparison with lmaxPT1, particularly in
water. In this regard, previous studies with unsubstituted oli-
gothiophenes38 and also with polyphenylene vinylene oligoe-
lectrolytes,50 showed that an increase in the degree of
polymerization (DP) causes red shis in both, lmax and lem,
generating also larger 3 values, due to a more extended conju-
gation length.

In this regard, Table 2 and Fig. S6 and S7,† show that in
water and W–THF, lmaxPT2 is red shied in comparison with
lmaxPT1, but their lem values are almost the same.

Therefore, even when our lmax and 3 results seem to indicate
that apparently PT2 has a larger DP than PT1, the fact that (i) in
water and W–THF, both polymers have different lmax, but
similar lem, together with (ii) the solvatochromic behavior each
polymer show, seem to indicate that the red shi of lmaxPT2 in
comparison with lmaxPT1 in each solvent, could be mainly
related with a worse solubilization and planarity of PT1,
particularly in water, instead of a difference in their DP.

Table 3 shows the average of the absorbance at lmax, and
uorescence intensity at lem, of both polymers in all solvents
(Fig. S8 and S10 in ESI† show a graphical representation of these
data).

In regard to absorbance, Table 3 and Fig. S8† show that in
water, the absorbance at lmaxPT2 is larger than that of PT1, while
in the solvent mixtures the absorbance of both polymers is
statistically equal. It is also observed that for both polymers,
cosolvents generate an increase in absorbance, particularly in
THF. Therefore, same as happens with the wavelength of lmax,
water is the only solvent in which the length of the alkoxy spacer
This journal is © The Royal Society of Chemistry 2017
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Table 3 Absorbances at lmax and fluorescence intensities at lem of
diluted solutions of both polymers in all solvents, at 25 �C, together
with the increases in the absorbance and intensity caused by cosolvent
(DlmaxS, DlemS)

POL Solvent lmax (a.u.) DlmaxS
a lem (a.u.) DlemS

b

PT1 Water 0.08(�0.01) — 1.99(�0.34) —
W–IPA 0.125(�0.02) 1.56 12.46(�0.34) 5.72
W–THF 0.14(�0.014) 1.75 16.65(�0.21) 7.64
W–DIOX 0.115(�0.02) 1.44 5.5(�0.28) 2.52

PT2 Water 0.125(�0.02) — 4.04(�0.11) —
W–IPA 0.13(�0.014) 1.04 14.76(�0.15) 3.65
W–THF 0.165(�0.02) 1.32 30.05(�0.07) 7.44
W–DIOX 0.13(�0.014) 1.04 16.8(�0.14) 4.16

a DlmaxS ¼ lmax in mixed solvent/lmax in water (ratio of averages).
b DlemS ¼ Dlem in mixed solvent/Dlem in water (ratio of averages).

Fig. 3 Lippert–Mataga plots of PT1 (blue diamonds) and PT2 (red
squares) in (1) W–DI, (2) W–THF, (3) W–IPA and (4) water. Dashed lines
show the linear regressions for each polymer.
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generates a signicant difference in the behavior of the
polymers.

In regard to the effect of cosolvents on the absorbance of
each polymer, the ratios DlmaxS in Table 3 (plotted in Fig. S9 in
ESI†), show that THF causes the largest increase in the absor-
bance of both polymers, increasing 75% and 32% the absor-
bance of PT1 an PT2, respectively, while isopropanol and 1,4-
dioxane increases the absorbance of PT1 around 50%, but does
not increase the absorbance of PT2.

Analyzing the position and intensity lem allows gaining
understanding on the conformations in the relaxed excited state
(S1) of the polymers in diluted solutions. Thus, Table 2 and
Fig. S7 in ESI† show that the three cosolvents generate blue
shis of lemPT1, while lemPT2 is blue shied in W–THF and W–

DI, and blue shied in W–IPA.
In this regard, it is known that shis in lem are related with

conformational changes in the polythiophene backbone of
copolymers.12 Therefore, it seems that in the S1 state, W–IPA
generates opposite conformational changes between the
polymers.

Comparing Fig. S6 and S7,† it is clear that in W–IPA, W–THF
and W–DI the positions of lmax and lem of both polymers show
the same trend, with W–THF generating statistically similar
positions between the polymers in both plots, and W–IPA and
W–DI generating largest differences. Interestingly, water
generates a clearly different behavior, because it maximizes the
difference between the wavelengths of lmaxPT1 and lmaxPT2, but
minimizes the difference between their lem wavelengths. This
means that in this solvent is visible a clear effect of the length of
the alkoxy spacer on the conformation in the S0 state, which
could indicate a specic solute–solvent interaction in the
ground state, that aerwards becomes minimized in the S1
state. This is discussed ahead using the Lippert–Mataga equa-
tion, which allows evaluating possible specic solute–solvent
interactions, by analyzing simultaneously the positions of lmax

and lem, by using the Stokes shi (Dn).
In regard to uorescence intensity, Table 3 and Fig. S10 in

ESI† show that the presence of cosolvents increase the intensity
of lem of both polymers, and that water and W–IPA generate
similar emission intensities between the polymers. The values
This journal is © The Royal Society of Chemistry 2017
of the ratios DlemS in Table 3 (plotted in Fig. S11 in ESI†), show
that THF generates the same increase in the uorescence
intensity of the polymers, while isopropanol generates a larger
increase in the intensity of PT1, and 1,4-dioxane generates
a larger increase in the intensity of PT2.

The data of DlmaxS and DlemS (Fig. S9 and S11 in ESI†) give
evidence of the structural similarity of PT1 and PT2, because the
absorption and emission intensity of both polymers are
increased in the same way due to cosolvents.

It is worth to mention, that the plots of ff and uorescence
intensity (Fig. S5 and S10† respectively), are similar between
each other, while the plots of 3 and absorbance (Fig. S3 and S8,†
respectively) are not. This is related with the fact that the values
of 3 are estimated using a concentration range larger than the
range used to estimate ff, and indicates that even when the
plots used to estimate 3 are linear, they reect in some way the
effect of molecular aggregation.

Fig. 3 shows the Lippert–Mataga plots of diluted solutions of
both polymers in all solvents, generated using paired data from
Table 1.

This gure shows that in all the solvents, the average Dn

values of PT1 are larger than those of PT2, with isopropanol and
THF generating statistically equal values. It is also observed that
the plot of PT2 has a slight negative slope, while the plot of PT1
has a positive slope, mainly due to the big difference in Dn

observed in water. These results give more evidence about the
improved solubilization of PT2.

On the other hand, it seems that W–IPA generates a valley in
the plot of PT1 and also a slight maximum in the plot of PT2.

In this regard, large Dn values indicate a large structural
difference between S0 and S1 states.51 Also, increases of Dn in
protic hydrogen bonding solvents indicate specic solvent–u-
orophore interactions,23,52 and negative deviations in alcohols
are related with the presence of non-specic interactions in the
S0 state, such as hydrogen bonding, which become weaker in
the excited state23 and/or molecular aggregation, both
RSC Adv., 2017, 7, 7648–7657 | 7653

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra21451g


Fig. 5 Cyclic voltammograms of drop cast films of PT1 (thin blue line)
and PT2 (thick red line) on glassy carbon mini-electrodes, in MeCN
with TBATFB 0.1 M, scanned at 10 mV s�1 during (a) the first cycle, and
(b) subsequent cycles. Vertical arrows indicate the oxidation onset at
0 current. The black dashed cyclic voltammogram shows the blank
measurement.
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phenomena are not accounted by the Lippert–Mataga correla-
tion.53 Therefore, these results indicate that apparently PT1 is
the only polymer capable of forming hydrogen bonds. It is
worth to mention that this conclusion is valid regardless
a possible difference in DP between the polymers, since they
behave similarly in three solvents, and show a dramatic differ-
ence in water.

In regard to the estimation of optical band gap (EgOPT), thin
lms did not generate an absorption spectrum, reason why
thick lms (visible with the naked eye) were used. It is known
that thick lms generate scattering which may degrade the
accuracy of the EgOPT estimation, however, Fig. S12 in ESI†
shows that thinner and thicker regions of the lms (i.e. darker
and lighter zones, watched by the naked eye) generate the same
absorption onset.

Fig. 4a shows the absorption spectra of thick lms of both
polymers and the onset of absorption used to estimate EgOPT.
It is observed that the absorption spectra of the lms of PT1 and
PT2 have cut off absorption wavelength values of 630 and
600 nm respectively, which imply EgOPT values of 1.968 and
2.066 eV, respectively (E (eV) ¼ 1240/l).

These EgOPT values are smaller than those obtained by Page
in a thiophene based zwitterionic copolymers,37 and are rela-
tively small in comparison with those obtained from lms of
several neutral polythiophenes,43 which are in the range of 2.3–
4 eV. In Fig. 5 is also observed that the spectra of the PT1 lms
generate shorter lmax wavelengths, which also occurs in every
solvent at all concentrations (Table 2).

In regard to the electrochemical properties in solid state, the
electrochemical reduction (n-doping) of the lms was not
possible, because negative potentials cause irreversible
destruction of the lms (results not shown). Therefore, cyclic
voltammetry was used only for p-doping and de-doping of the
lms of both polymers, in order to estimate the ionization
potential (Ip).

Fig. 5 shows the cyclic voltammograms (CVs) for p-doping of
drop-cast lms of both polymers during the rst and
Fig. 4 Absorption spectra of drop cast films on glass of PT1 (thin blue
line) and PT2 (thick red line). Black continuous lines show the inter-
ception of the black-dashed tangential lines used to estimate EgOPT.

7654 | RSC Adv., 2017, 7, 7648–7657
subsequent cycles. In Fig. 5a is observed that during the rst
oxidation cycle both polymers present two oxidation p-doping
peaks, with the peaks of PT1 anodically shied (i.e. at higher
potential values) in comparison to those of PT2. The rst peak is
located at 0.78 and 0.74 V for PT1 and PT2 respectively, while
the second is located at 0.93 and 0.89 for PT1 and PT2,
respectively. The oxidation onset of PT1 is also anodically
shied, with onsets of 0.68 and 0.62 V for PT1 and PT2
respectively, which indicates that the ionization potentials of
PT1 and PT2 are:

IpPT1 ¼ �(0.68 + 4.8) ¼ �5.08 eV and IpPT2
¼ �(0.62 + 4.8) ¼ �5.02 eV.

More negative values of Ip indicate that it is more difficult to
remove an electron from the highest occupied molecular orbital
(HOMO) of a molecule, PT1 in this case.

Fig. 5a also shows that during the rst cycle, both polymers
show a single and subtle de-doping peak, located at 0.7 and
0.6 V for PT2 and PT1 respectively.
This journal is © The Royal Society of Chemistry 2017
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Fig. 5b shows that during subsequent cycles the two oxida-
tion peaks observed during the rst cycle disappear and fuse
into a single p-doping peak, with oxidation onsets and p-doping
peaks being anodically shied in comparison with those at the
rst cycle, however keeping constant the difference between
polymers observed during the rst cycle (around 0.03 V). For
subsequent cycles, the onsets are located at 0.71 and 0.68 V for
PT1 and PT2, respectively, while the p-doping peaks are 0.84
and 0.81 V for PT1 and PT2, and the de-doping peaks are
observed at 0.48 and 0.69 for PT1 and PT2.

In this regard, changes between rst and subsequent doping
cycles of polythiophenes lms have been explained in terms of
non-faradaic and faradaic currents, generated during the rst
and subsequent oxidations, respectively.

Fig. 5b also shows that the peak potential difference (DE)
between p-doping and de-doping peaks is different between
polymers, with DE values of 0.41 V (0.89–0.48 V) for PT1 and
0.12 V (0.81–0.69 V) for PT2. The fact that PT2 shows a smaller
DE indicates a more reversible charge–discharge process.

Finally, during the rst and subsequent cycles both polymers
generate similar currents, which indicate qualitatively that both
lms have similar charging capabilities.

The electrochemical response of the lms indicate that both
polymers have essentially the same features, however with PT2
being more easily dopable and de-dopable, which indicates
a difference in the packing between polymers.

3.2 Density functional theory

In regard to theoretical ionization potentials, Fig. 7 and in Table
S2 in ESI† show the energy levels of the HOMO and LUMO of
dimers, tetramers and hexamers, of oligomers possessing either
Fig. 6 Values of frontier energy orbitals for dimer, tetramer and
hexamer of PT1 (blue diamonds) and PT2 (red squares) in (a) water and
(b) 1,4-dioxane.

This journal is © The Royal Society of Chemistry 2017
ethyloxy or hexyloxy spacers (OT1 and OT2 respectively), in
water and 1,4-dioxane.

In Fig. 6a is observed that for hexamers in water, the energy
level of the HOMO frontier energy level of OT1 (HOMO-OT1) is
more negative than that HOMO-OT2, with values of �4728 and
�4413 eV for PT1 and PT2 respectively. This is in agreement
with the empirical EgCV values, which also show that it is more
difficult to remove an electron from the HOMO level of PT1 in
comparison with PT2.

In regard to band gaps, Table S2 in ESI† shows that the band
gaps of the hexamers of OT1 and OT2 are 2.55 and 2.57 eV,
respectively, which means that the molecule with the longest
alkoxy spacer has the largest band gap.

This is in agreement with the experimental estimation of
EgOPT, which indicated a larger band gap for PT2. It is worth to
mention that our empirical and theoretical results also in
agreement with a previous study using lms of poly(3-alkyl)
thiophene, which showed that longer spacer chains generate
larger band gaps.54

Fig. 6b shows that the simulation in 1,4-dioxane does not
generate an stabilization of the FMOs as it occurs in water,
because the energy levels of the theoretical FMOs of both
molecules decrease with the increase of monomer units,
generating HOMO–LUMO energy gaps of �2032 and �1346 eV
for the hexamers of OT1 and OT2 respectively.

To further analyze these differences, it is useful to plot
directly the HOMO–LUMO energy gap values as a function of
oligomer size. Fig. 7 shows the HOMO–LUMO gap (eV) of OT1
and OT2 in water and 1,4-dioxane.

Fig. 7 shows that in water, the value of the HOMO–LUMO
gaps of OT1 and OT2 are quite similar, for all the oligomer sizes,
while in 1,4-dioxane, the oligomers of OT2 have smaller gaps
than the oligomers of OT1, which in turn has gap values similar
to those calculated in water. These indicate that in the frame-
work of the level of theoretical model chemistry used, the length
of the alkoxy spacer has a clear effect on the HOMO–LUMO
bandgap only in 1,4-dioxane.

Also, Fig. 8 shows the shape and spatial positions of the
HOMOs and LUMOs in the hexamers of OT1 and OT2, in water
and 1,4-dioxane.

It is observed that in water, the HOMOs and LUMOs of both
molecules are located on the thiophene backbone. In regard to
the LUMOs, in 1,4-dioxane these are located at the iso-
thiouronium groups of OT1 and OT2, and the same behavior is
Fig. 7 HOMO–LUMO gap values (eV) of oligomers of OT1 (blue dia-
monds) and OT2 (red squares) in water (solid lines) and 1,4-dioxane
(dashed lines).

RSC Adv., 2017, 7, 7648–7657 | 7655
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Fig. 8 Frontier orbitals and lateral views of hexamers of OT1 (left column) and OT2.
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observed in the tetramers of both molecules (Fig. S9 in ESI†).
These results indicate that theoretically, 1,4-dioxane reduces
the efficiency of electron transitions between HOMO and LUMO
aer photoexcitation (han 2015 homo lumo separados). This is
not in agreement with the results from uorescence, however
a more detailed study with time-dependent DFT should be
necessary to gain insight on these results.

Besides the values of the HOMO–LUMO gaps, the theoretical
degree of twisting in the conjugated backbone provides more
information about the conformation of the molecules. In this
regard, Fig. 8 shows that in both solvents, the hexamers of OT2
are less twisted than OT1, in which the isothiouronium groups
are clearly more bent. It is also observed that the hexamers of
OT2 are almost at in water. Fig. S13† shows that the same
trends are observed in tetramers.

These results are in agreement with the empirical lmax values
of the polymers, which suggest a smaller conjugation length in
PT1, which causes smaller lmax wavelengths than PT2. This
should be related with the exibility of the hexyloxy spacer in PT2.
4 Conclusions

In every solvent, the polymers show a difference in the value of
lmax, lem, 3, ff and Dn. The data suggest that such difference
seems to be mainly related with a difference in solubilization
instead of a difference in the degree of polymerization, with
water generating the biggest difference between polymers.

The theoretical oligomers OT1 indicate that shorter and
more rigid spacers twist the conjugated backbone, while both,
empirical and theoretical results, indicate that shorter spacers
7656 | RSC Adv., 2017, 7, 7648–7657
also increase the ionization potential and decrease the band
gap.

A more twisted conformation of PT1 explains its larger
sensitivity to cosolvents and could be the result of specic
solute–solvent interactions that only this polymer has in water.
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