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In this paper we investigate the optical and structural properties of a zwitterionic poly[3-(N-(4-
sulfonato-1-butyl)-N,N-diethylammonium)hexyl-2,5-thiophene] (P3SBDEAHT) conjugated polyelec-
trolyte (CPE) and its interaction in water with surfactants, using absorption, photoluminescence (PL),
electrical conductivity, molecular dynamics simulations (MDS) and small-angle X-ray scattering
(SAXS). Different surfactants were studied to evaluate the effect of the head group and chain length
on the self-assembly. PL data emphasize the importance of polymer—surfactant electrostatic inter-
actions in the formation of complexes. Nevertheless, conductivity and MDS data have shown that
nonspecific interactions also play an important role. These seem to be responsible for the spatial posi-
tion of the surfactant tail in the complex and, eventually, for breaking-up P3SBDEAHT aggregates.
SAXS measurements on P3SBDEAHT-zwitterionic cocamidopropyl betaine (CAPB) surfactant com-
plexes showed a specific structural organization of the system. The CAPB surfactant promotes a struc-
tural transition from pure P3SBDEAHT 3-dimensional aggregates (radius of gyration ~85 A) to thick
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cylindrical aggregates (~20 A) where all CAPB molecules are associated with the polymer. For molar
ratios (in terms of the polymer repeat unit) >1 the SAXS interference maximum of the complexes
resembles that of pure CAPB thus suggesting ongoing phase segregation in the formation of a “pure”

www.rsc.org/polymers CAPB phase.

by surfactant addition was performed by Knaapila and co-
workers.»? The optical transitions are correlated with the
changes in the type of CPE-surfactant aggregate formed in
solution. The phase behavior of two cationic PTs with different
pendent groups, poly[3-(6-(N-methylimidazolium)hexyl)-2,5-
thiophene] (P3ImiHT)’ and poly[3-(6-trimethylammonium-
hexyl)thiophene]bromide (P3TMAHT),® was investigated in the
presence of sodium dodecylsulfate (SDS). In pure D,O solu-
tions, P3TMAHT forms charged aggregates with interparticle
order. The presence of SDS leads to phase transitions from
rod-like (x = 1/5) to sheet-like particles (x = 1/2 to 1) with
embedded polymer bundles (x = 1/5 to 1/2) or sheet-like (x = 1)
polymer associations, to ellipsoidal particles for x ~ 5. These
phase transitions occur with concomitant color transitions:
pale red (P3TMAHT) to turbid violet (x = 1/5 to 1) and orange-
yellow (x > 2). Similar, but not identical, behavior is observed

Introduction

Water-soluble conjugated polythiophene (PT)-based poly-
electrolytes are an important class of conjugated polymers
which have received great attention as active materials in opto-
electronic devices and in biosensing." PT derivatives show
unique chromic features that can be used as simple, rapid,
versatile and sensible detection tools. The colour of PT solu-
tions can vary from deep violet (4. ~ 550 nm) to bright
yellow (Amax ~ 400 nm).” The changes in n-n* transitions are
related to conformational changes of the backbone from
planar to nonplanar. Conformational changes can be pro-
moted by changing temperature, pH, ionic strength, cations,
anions, surfactants, nucleic acids, proteins, etc.>'° A detailed
study of the optical transitions of a water-soluble PT induced
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for P3ImiHT. The main difference between the P3TMAHT
(SDS), and P3ImiHT(SDS), systems is the occurrence of pre-
cipitation at the charge compensation point in the former
system. The more bulky N-methylimidazole end groups of
P3ImiHT, in relation to the smaller trimethylammonium
groups of P3ATMAHT, do not allow full charge compensation,
and, hence, prevent precipitation.

This journal is © The Royal Society of Chemistry 2015
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Zwitterionic CPEs (ZCPEs) show advantages over regular,
cationic or anionic CPEs due to the absence of mobile counter-
ions. It has been shown that the size of the counterion can
have a strong effect on the optical properties of CPEs. The
UV/vis absorption spectra of 2,5-poly(thiophene-3-propionic
acid) shifts over a 130 nm range by changing the counterion."*
This may be an advantage in some cases, since one can modu-
late the degree of aggregation in solution and hence its optical
properties. Nevertheless, mobile counterions may also have
negative effects on the performance of electronic devices as
OLEDs or OFETs, due to luminescence quenching or altera-
tions of work function of electrodes. Interlayers of zwitterionic
CPEs can improve the electron injection and thus improve
device performance.’”"® An OLED device containing an
electrode interlayer of zwitterionic poly[(9,9-bis(N-(4-sulfonato-
1-butyl)-N,N-dimethylammonium)ethyl)-2,7-fluorene)-alt-2,7-
(9,9-dioctylfluorene)] showed a very short response time (less
than 10 ps). The localized nature of all ions near the cathodes
facilitates charge injection, the current efficiency was
enhanced by a factor of two.'? Zwitterionic polythiophene and
poly(thiophene-alt-benzothiadiazole) derivatives were used as
interfacial modification layers in organic photovoltaic devices
and they greatly improved the power conversion efficiency
(PCE) of organic solar cell (OSC) devices with Al or Ag
cathodes.'® The PCE was enhanced >50% for an Ag cathode
and 68% for an Al cathode, respectively.

ZCPEs also show promise for applications as sensing plat-
forms. A polar polythiophene carrying amino acid side chains
(POWT) can interact with positively or negatively charged pep-
tides, as well as with four-helix bundles that were formed by
the two peptide chains.'” Different polythiophene-peptide
complexes are formed, with characteristic optical features. The
differences are due to changes in the effective conjugation
length and/or due to interchain interactions and aggregation
effects. Similar effects are also found when POWT interacts
with ss-DNA or ds-DNA.'®'® Hence, a detailed characterization
of the ZCPE structure in the solid or (nano)aggregated state
seems crucial in the development of new sensing platforms.
In this study, we report the behavior of the zwitterionic
P3SBDEAHT alone on water, and with various types of
surfactants.

Experimental
Materials

The synthesis of the water soluble poly[3-(N-(4-sulfonato-
1-butyl)-N,N-diethylammonium)hexyl-2,5-thiophene) (P3SBDEAHT)
was carried out in analogy with the synthesis of similar poly-
fluorene-based ZCPEs as described in ref. 12 and 13. The
detailed experimental procedure for P3SBDEAHT synthesis is
given in the ESL{ The synthesis includes a two-step post-
polymerization functionalization (Scheme 1) of the well-known
precursor polymer poly(3-bromohexyl)thiophene (P3BrHT).>**'
Hereby, P3BrHT with a narrow molecular weight distribution

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Synthesis of the conjugated, zwitterionic polyelectrolyte
poly[3-(N-(4-sulfonato-1-butyl)-N,N-diethylammonium)hexyl-2,5-thio-
phene) (P3SBDEAHT).

was made in a so-called Grignard metathesis polymerization
procedure (GRIM).>?

The P3BrHT sample used in the synthesis of P3SBDEAHT
showed a number average molecular weight (M,) of 11500 g
mol ™" (corresponding to a degree of polymerization (DP) of 47)
and a polydispersivity index (PDI) of 1.1. The detailed experi-
mental procedure for P3SBDEAHT synthesis is outlined in
the ESL¥

All the surfactants were purchased and used without any
further purification, except for cocamidopropyl betaine
(CAPB). CAPB was extracted from Dehyton® K 35 (BASF)
through sodium chloride precipitation with ethanol. Sodium
octyl sulfate (SOS), sodium dodecyl sulfate (SDS), sodium tetra-
decyl sulfate (STS), pentaethylene glycol dodecyl ether (Cq,Es)
and hexadecyl trimethylammonium bromide (CTAB) were pur-
chased from Sigma; dodecyl trimethylammonium chloride
(DTAC) was purchased from Fluka. Milli-Q water was used
in all solutions and the experiments were performed at the
natural pH of the prepared solution.

Absorption spectra

The UV/visible absorption spectra were recorded on a
Shimadzu UV-2100 spectrophotometer; all
acquired with a minimum resolution of 0.2 nm.

spectra were

Steady-state fluorescence

The fluorescence spectra were recorded on a Horiba-Jobin-
Yvon SPEX Fluorog 3-22 spectrometer and were corrected
for the instrumental response. The Fluorolog consists of a
modular spectrofluorimeter with double grating excitation
(range 200-950 nm, optimized in the UV and with an angle
blazed at 330 nm) and emission (range 200-950 nm, optimized
in the visible and with an angle blazed at 500 nm) monochro-
mators. The bandpass for excitation and emission is 0-15 nm
(values that are continuously adjustable from computer
Datamax/32 software) and the wavelength accuracy is +0.5 nm.
The excitation source consists of an ozone-free 450 W xenon
lamp and the emission detector is a Hamamatsu R928 Photo-
multiplier (200-900 nm range), cooled with a Products for
Research thermoelectric  refrigerated chamber (model
PC177CE005), or a Hamamatsu R5509-42 (900-1400 nm
range), cooled to 193 K in a liquid nitrogen chamber (Products

Polym. Chem., 2015, 6, 8036-8046 | 8037
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Table 1 Critical micelle concentration in the absence*® (cmc) and presence of P3SBDEAHT (cac* and cac), maximum absorption (1aps) and emission
(1em) Wavelengths, and fluorescence quantum yields (¢f) of P3SBDEAHT in water and in agueous micellar solutions

Solvent cac* (M) cac (M) cme (M) Csurt (M) Aabs (NM) Aem (NM) o’

Water — — — — 452 600 0.04 + 0.002
Water — — — — 452 600 0.043 + 0.002
SOS 1.45 x 1072 1.3x107" 1.33x 107" 0.14 428 571 0.074 + 0.008
SDS 1.16 x 1073 5.91 x 1073 8.3x107° 1.0 x 1072 433 574 0.113 + 0.012
STS 2.94x107* 2.07 X107 2.1%x107° 3.4%x107° 423 575 0.066 + 0.003
CAPB 8.1x107° 9x107° 1.1x107* 444 593 0.054 + 0.006
DTAC 1.96 x 1072 2.03x 1072 2.4 %1072 443 594 0.053 + 0.05
CTAB 7.5x107* 9.2x107* 1.0x 1073 438 594 0.12 + 0.005

“Surfactant concentration at which the Aups, dem and ¢y were obtained. ? ¢y values were measured relative to a5 in methylcyclohexane

(¢p = 0.33).""

for Research model PC176TSCE-005), and a photodiode as the
reference detector.

Electrical conductivity

Electrical resistances of the solutions were measured with a
Wayne-Kerr model 4265 automatic LCR meter at 1 kHz. A dip-
type conductance cell with a cell constant of 11.78 m™", and an
uncertainty of 0.02%, was used.”® The cell constant was deter-
mined from measurements with KCl (reagent grade, recrystal-
lized, and dried) using the procedure and data of Barthel
et al®>* Measurements were taken at temperatures ranging
from 298.15 to 313.15 K (+0.02 K) in a Thermo Scientific
Phoenix II B5 thermostat bath.

SAXS

SAXS measurements were carried out at the 1911 beamline at
the MAX IV Laboratory, Lund (Sweden). The X-ray wavelength
was 0.91 A, and the sample-to-detector distance was
1919.8 mm, yielding a usable ¢ range of 0.008-0.3 A™'. The
beam size was 0.3 mm x 0.3 mm (vertical x horizontal). The
scattering patterns were measured using a PILATUS 1M detec-
tor. The scattering intensity was considered to scale as ~q™“,
where the exponent a was interpreted in terms of particle
shape such that @ = 1 implies separated cylindrical particles
and a = 4 implies smooth 3-dimensional particles. When the
data leveled off at low g, this simple interpretation was
enhanced by fitting to the arbitrary or cylindrical particle
shapes using an indirect Fourier transformation program
GNOM.*

Molecular dynamics simulations

Molecular dynamics simulations were performed using the
GROMACS software package with the standard GROMOS96
53a6 force field.***® Structures for P3SBDEAHT and all surfac-
tants were built and minimized using the AVOGADRO mole-
cular builder,” the protein databank files of minimised
structures were then submitted to the Automated Topology
Builder®® to generate the necessary topology files for simu-
lations using GROMACS. Using molecular dynamics simu-

8038 | Polym. Chem., 2015, 6, 8036-8046

lations a number of simulation cells were created in order to
examine the aggregation of P3SBDEAHT in surfactant environ-
ments, and details of cell contents are shown in Tables S1-
S3.1 Initially simulations were carried out using a 1:1 ratio of
P3SBDEAHT : surfactant, 1la-1g. The optimised structure of
P3SBDEAHT used in all simulations was the tetrameric form -
this was due to an atom number limit present when generating
topology files using the Automated Topology Builder.*® This
was followed by simulations using 1:2 P3SBDEAHT:
surfactant, 2a-2g and 1 : 3 P3SBDEAHT : surfactant, 3a-3g.

The required species were added to a cubic box of 7 nm x
7 nm x 7 nm in accordance with the specifications given in
Tables 1-3. The remainder of the cell was taken up by water by
employing the SPC solvation model®® which considers a
simple 3 point charge model for water where the intra-
molecular degrees of freedom are frozen and the inter-
molecular interactions are described by a combination of
Lennard-Jones and Coulombic potentials between sites of
fixed point-charges. The box was then constrained in accord-
ance with the LINCS algorithm.?*> Simulations were catried out
over a time frame of 20 ns with a step size of 2 fs. All visualisa-
tions and images were generated using VMD software.** The
SPC model used represents, with accuracy, the properties of a
bulk water environment under standard conditions, 300 K and
1 atmosphere pressure. It has also been employed in the study
of similar CPEs in aqueous environments.**

Results and discussion
Absorption and fluorescence data

The zwitterionic CPE P3SBDEAHT in aqueous solutions is
characterized by a non-resolved absorption band peaking at
445 nm (data not shown), and a broad and featureless emis-
sion band with a maximum at ca. 600 nm (Fig. 1). In mixtures
of water and a water-miscible organic solvent, such as dioxane,
both emission intensity and the position of the emission
maximum change with respect to the aqueous solution. The
presence of the co-solvent dioxane leads to an increase in PL
intensity and a blue shift of the PL band. When the dioxane

This journal is © The Royal Society of Chemistry 2015
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Table 2 Critical micelle concentration in the absence (cmc) and presence (cac) of P3SBDEAHT polymers, degree of dissociation
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(o) and standard

Gibbs free energy of micellization (AG,;.°) of SDS, CTAB and P3SBDEAHT/surfactant systems in aqueous solutions, at 25 °C

[P3SBDEAHT] (M) T (°C) cmc or cac* (mM) a AG,;. (k] mol™)
SDS 25 8.24 (+0.11) 0.39 (+0.00) —37.1 (+0.06)
SDS/P3SBDEAHT (2.5 x 10™° M) 25 9.08 (+0.13)* 0.31 (+0.00) —36.53 (+0.06)
SDS/P3SBDEAHT (6.2 x 10™° M) 25 9.28 (+0.36)* 0.39 (+0.01) —34.71 (+0.16)
SDS/P3SBDEAHT (1.24 x 10~* M) 25 9.96 (£0.2)* 0.39 (0.00) —34.43 (+0.08)
DTAB 25 15.0 (£0.12) 0.23 (+0.00) —36.06 (+0.04)
DTAB/P3SBDEAHT (1.32 x 10~ M) 25 15.2 (0.12)* 0.23 (+0.00) —36.00 (+0.04)
CTAB 25 1.02 (+0.009) 0.27 (+0.00) —46.77 (+0.04)
CTAB/P3SBDEAHT (1.21 x 10~ M) 25 1.09 (+0.011)* 0.32 (+0.01) —45.14 (+0.06)

Table 3 Critical micelle concentration in the absence (cmc) and presence (cac*) of P3SBDEAHT polymers (6.3 x 10~° M), degree of dissociation (a),
standard Gibbs free energy of micellization (AGy,;c°) and Gibbs free energy of micellization (AGp,) of SDS, P3SBDEAHT/SDS systems at three
different temperatures

AGnic (J mol™)

[P3SBDEAHT] (M) T (°C) cmc or cac* (mM) a AG,;. (k] mol™)
SDS 25 8.24 (0.1) 0.39 (+0.00) —35.27 (£0.05)
SDS/P3SBDEAHT 25 9.28 (+0.36)* 0.39 (+0.01) —34.7 (0.16) 294
SDS 30 8.19 (+0.45) 0.38 (+0.02) —35.33 (£0.23)
SDS/P3SBDEAHT 30 8.14 (+0.25)* 0.30 (+0.01) —37.19 (£0.13) -15.8
SDS 40 8.22 (0.1) 0.39 (+0.04) —35.15 (+0.05)
SDS/P3SBDEAHT 40 7.87 (+0.1)* 0.41 (+0.00) —34.96 (+0.05) -114
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Fig. 1 (a) Photoluminescence (PL) spectra of P3SBDEAHT in dioxane : water (v/v) mixtures. (b) Dependence of the PL intensity and the emission

maximum on the percentage of dioxane in dioxane : water (v/v) mixtures. (c) Rayleigh scattering peak (at 600 nm) in water, 40% dioxane and 90%

dioxane content in the mixtures.

content is between 30 and 50% (v/v) the PL intensity is higher
and the spectra are blue-shifted relative to both pure water and
to the mixtures with high dioxane content. At higher dioxane
contents the intensity drops, and a reverse red-shift is
observed. The shifts and the changes in PL spectra can be
explained by means of intermolecular interactions.*® It has
been shown that the solvent effects on PL spectra are associ-
ated with the changes in the aggregation state of the solution,
due to the different balance between hydrophobic and hydro-
philic interactions in the mixtures.>>° In water, interchain
hydrophobic interactions (n-n interactions) are dominant and
aggregates are formed to avoid contact between the hydro-
phobic chains of the polymer and water. The close proximity

This journal is © The Royal Society of Chemistry 2015

between the conjugated segments of different polymer chains
allows interchain migration of photoexcitations and conse-
quently emission from the lower energy-emitting sites occurs,
resulting in lower PL and red-shifted emission. In 30-50%
dioxane mixtures, the optimum balance between hydrophobic
and hydrophilic interactions is attained; interchain inter-
actions are precluded and the PL intensity increases. At higher
dioxane contents, new aggregated structures are formed. The
decrease in the polarity of the solvent favours polymer back-
bone-solvent interactions. The ZCPE will orient itself and
aggregate in order to avoid the less favourable solvent-zwitter-
ionic chain interactions. Red-shifted PL is again observed. The
aggregation/de-aggregation/aggregation process may be fol-

Polym. Chem., 2015, 6, 8036-8046 | 8039
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Fig. 2 PL spectra of P3SBDEAHT in aqueous solutions in the presence
of SDS.

lowed by the intensity of the Rayleigh scattering peak (Fig. 1c).
Its intensity decreases from water to 50% dioxane, and rises
again in a 90% dioxane mixture. In fact, the scattering inten-
sity is higher in 90% dioxane than in water, indicating the for-
mation of larger aggregates in solution, due to the very low
solubility in dioxane.

Similar effects were obtained with the addition of surfac-
tants to an aqueous solution of P3SBDEAHT. The effect of non-
ionic (8°), anionic (S7), cationic (S*) and zwitterionic (S"7)
surfactants was studied and a quite different behavior was
found that depends on the nature of the charged surfactants.
The addition of cationic surfactants, dodecyl trimethyl-

View Article Online
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ammonium bromide (CTAB), caused similar effects on the
optical properties of P3SBDEAHT (Fig. S1 and Table 1). Below
the critical micelle concentration (cmc) of the cationic surfac-
tant, the intensity, the maximum and the shape of the PL
spectra does not significantly change (see Fig. S1, in the ESIT).
When the surfactant concentration approaches the cmc, we
can identify an increase of PL intensity and a blue-shift (by
ca. 6 nm) of the spectra. The surfactant concentration at which
these changes are observed corresponds to the critical aggrega-
tion concentration (cac). This concentration is, most probably,
due to conformational changes of single P3SBDEAHT chains
in P3SBDEAHT/anionic surfactant aggregates. Anionic sulfate
surfactants (with chain lengths n = 8, 12 and 14, labeled as
SOS, SDS and STS, respectively) induce different changes in
the optical spectra of P3SBDEAHT when compared with cat-
ionic surfactants (Fig. 2 and 3). Upon addition of the anionic
surfactant (cs,r < cmc), the PL intensity is first enhanced and
the PL band is blue-shifted. The PL intensity continuously
increases upon further addition of the surfactant. Starting at
concentrations close to the cmce the PL intensity and emission
maximum emission remain constant during further surfactant
addition. In Fig. 3 one can identify two switching points for
the dependence of PL intensity and A,y vs. surfactant concen-
tration. The first break occurs at concentrations well below the
cme and may be due to some disaggregation of interchain
aggregates (so-called critical de-aggregation concentration cac*
in Table 1). The second turn corresponds to the cac, also

ammonium chloride (DTAC) and hexadecyltrimethyl- observed in PBSBDEAHT/S" surfactant systems.
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Fig. 3 Dependence of the PL intensity (M) and maximum emission wavelength (O) of P3SBDEAHT on surfactant concentration for addition of

anionic surfactants (a) SOS, (b) SDS and (c) STS. The dashed lines represent
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the transition concentrations: cac* (red line) and cac (blue line).

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 PL emission spectra of P3SBDEAHT in aqueous solution contain-
ing surfactants with C;, tails: P3SBDEAHT(SDS), P3SBDEAHT(DTAC) and
P3SBDEAHT(C4,Es), at surfactant concentrations above the cmc.

Comparing the optical responses of aqueous P3SBDEAHT
solutions in the presence of single-tail surfactants with
dodecyl chains (anionic SDS, cationic DTAC, and the non-ionic
surfactant C;,E;) the surfactochromic effect’® increases as
follows: C;,E5; < DTAC < SDS (Fig. 4 and Table 1). The hydro-
phobic interactions of the surfactant tails with P3SBDEAHT
should be similar for the three systems. Therefore, the
observed differences reflect the influence of electrostatic inter-
actions of the head groups of the surfactants and the ionic
side chains of the ZCPE. In fact, for the P3SBDEAHT(C;,Es)
system, no significant interaction was documented in the
absorption and fluorescence spectra. However, this does not
mean the absence of any interaction. Molecular dynamics
simulations (MDS) provided evidence for the formation of
P3SBDEAHT(C,,E5) mixed aggregates (see bellow). The
different effect promoted by SDS and DTAC is related to the
position of the positively and negatively charged groups in the
zwitterionic side chain. SDS interacts specifically with diethyl-
ammonium groups and the hydrophobic tail of the surfactant
moves towards the hydrophobic domains of the polyelectrolyte.
In the case of cationic surfactant DTAC, the polymer-surfac-
tant interactions are non-specific and occur at the outer part
of the zwitterionic chain. The tail of the cationic surfactant is
not deeply embedded into the P3SBDEAHT-surfactant aggre-
gate, explaining the weaker response in the photophysical pro-
perties of the polymer. This will be discussed more in detail in
the MDS section.

Addition of a zwitterionic surfactant, cocamidopropyl
betaine (CAPB), to an aqueous solution of P3SBDEAHT leads
to a gradual increase in the fluorescence intensity at concen-
trations slightly below the emc, accompanied by a blue-shift of
ca. 7 nm (see Fig. S2, in the ESI{). The effect on the optical
properties is similar to that found for the cationic surfactant.
The zwitterionic side chains of the P3SBDEAHT should cause
strong dipolar interactions with the zwitterionic head group of
CAPB. Here, the formation of a zipper-like arrangement
similar to that found in the hydrogelation of a zwitterionic
poly(fluorene-phenylene) may occur.'® However, the distance

This journal is © The Royal Society of Chemistry 2015
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between the positively and negatively charged centers in the
CAPB surfactant is significantly smaller than that in
P3SBDEAHT. Therefore, a zipper-like arrangement is not likely;
the interaction should mainly occur at the periphery of
the zwitterionic side chain, similar to the interaction mode
postulated for cationic surfactants, in accordance with the
similar response of the optical properties during surfactant
addition.

Electrical conductivity

The interaction between P3SBDEAHT and ionic surfactants
also shows a different behavior in electrical conductivity (EC)
measurements. In the presence of P3SBDEAHT, the depen-
dence of the electrical conductance (k) on surfactant concen-
tration (Fig. 5) resembles the one obtained for the pure
surfactant system, i.e., at pre-micelle concentrations. Generally,
k increases with increasing surfactant concentration. At a
certain concentration we observe a change in the slope: further
increasing the surfactant concentration leads to a slower
increase in k. This turning point is associated with the cmc
for the pure surfactant systems or with critical aggregation
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Fig. 5 Effect of the addition of DTAB (a), CTAB (b) and SDS (c) on the
electrical conductance (Ax) of P3SBDEAHT, at 25 °C. The « of the pure
surfactant systems are also shown.
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concentration (cac) in typical polymer-surfactant systems,
respectively.

Interactions between cationic surfactants (DTAB and CTAB)
and P3SBDEAHT show that the presence of the CPE does not
change the cmc (Fig. 5a and b). However, a slight increase in
the degree of dissociation of counterions is noted for CTAB.
This change is enough to increase the Gibbs energy of
micellization for ca. 1.5 kJ mol ™', suggesting that the polymer
aggregation is dependent on the hydrocarbon chain length
(reasons behind this increase in the AG® algebraic value will
be discussed below). On the basis of our MDS discussion, it is
proposed that alkyltrimethyl ammonium surfactants do not
significantly affect the aggregation of P3SBDEAHT and the
interactions between surfactants and polymers mainly occur
on the outer region of the polyelectrolyte aggregates. This
suggests that the interactions are weaker and mainly driven by
hydrophobic interactions, and, consequently, the EC response
is very weak.

A significantly different behavior is observed with the
SDS-P3SBDEAHT system. Comparing the effect of the poly-
electrolyte on the free energy of micellization of SDS with that
obtained for DTAB, one can conclude that for similar
P3SBDEAHT concentrations, an anionic surfactant induces a
more significant change in the formation of surfactant
micelles (—34.43 kJ mol™" vs. —37.1 k] mol™" for pure SDS and
—36.00 kJ mol™" vs. —36.06 k] mol™" for pure DTAB). Such a
change cannot be thermodynamically justified unless a given
amount of SDS (labeled as [S]*) has been reacted with the poly-
electrolyte in such a way that the effective cmc should be
calculated by subtracting [S]*.** To test the validity of this
hypothesis, the dependence of cac on the polyelectrolyte con-
centration has been evaluated (see Table 2). A plot (not shown)
of cac = f[P3SBDEAHT] results in a linear dependence with a
slope of ca. 15.2 (R* = 0.9987). A different point arises from
this discussion: if there is an interaction between the ZCPE
and the surfactant, it should be expected that a further turning
point at pre-micelle concentrations of the surfactant should be
detectable®® (Fig. 5) as observed in the fluorescence measure-
ments (Fig. 3). However, the two techniques monitor different
physical quantities and, consequently, different structural
phenomena. Whilst fluorescence is able to follow changes in
the polymer backbone, the conductivity depends mainly on
the charge density of ionic species in solution. From that it
arises that most probably the interaction between SDS and the
polyelectrolyte is characterized by weak electrostatic inter-
actions and, consequently, cannot be monitored during electri-
cal conductance measurements. This seems to agree with MDS
studies where the presence of the anionic surfactant SDS
breaks up the polyelectrolyte aggregates in contrast with the
cationic DTAB, thus highlighting the importance of the kind
of charge in the surfactant. This was corroborated by measur-
ing the cac of SDS in aqueous solutions of P3SBDEAHT at
different temperatures (Table 3). By increasing the temperature
the electrostatic interactions between the negatively charged
dodecylsulfate and the positively charged P3SBDEAHT
increase and lead to an increasing ionic mobility and, conse-
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quently, to a gain in the free energy of micellization, computed
according to the following equation:

cac

AGpic = RT In <—)
cme
EC measurements for the interaction between zwitterionic

P3SBDEAHT and zwitterionic CAPB were also carried out but,
as expected, no significant changes or turning points in
the electrical conductance plots were observed for increasing
surfactant concentration.

SAXS

Fig. 6 shows the plots of SAXS curves for zwitterionic
P3SBDEAHT and P3SBDEAHT complexed with zwitterionic
CAPB. Structural parameters estimated from these data are
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Fig. 6 (a) SAXS data of P3SBDEAHT in water at concentrations 3 mg
mL™* (cyan squares), 5.58 mg mL™* (purple) and 9.06 mg mL™* (black)
and 9.06 mg mL™* low molecular weight P3SBDEAHT (olive). The curves
are normalized to concentration. Solid line is the fit to the last data. (b)
SAXS data of P3SBDEAHT(CAPB), with x = 0.2 (red), x = 0.5 (dark yellow),
x = 1.0 (wine), x = 1.5 (violet), x = 2 (magenta) and x = 5 (cyan). Solid
lines are fits to the data. Data of 9.06 mg mL™! P3SBDEAHT (black) and
CAPB (orange) and —1 and —4 decays are plotted for comparison. T =
25°C.
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compiled in Table 4. Fig. 6(a) shows the plots for P3SBDEAHT
for a dilution series normalized to the sample concentration
with a molecular weight of 23.4 kg mol™". Also shown are data
for P3SBDEAHT with a molecular weight of 11.5 kg mol™".
Regarding higher molecular weight polymers, smooth curves
are leveling off at ~0.01-0.03 A™", which point to essentially
3-dimensional (3D) polymer aggregates with the radius of
gyration of about 85 A. Some emerging upturn at the lowest
g imply emerging larger aggregates. The data are essentially
concentration independent and do not display interference
maxima. These together imply that the particles are not inter-
acting with each other. The scattering intensity of low mole-
cular weight P3SBDEAHT is much lower and the particles are
significantly smaller.

Fig. 6(b) shows the plots for P3SBDEAHT(CAPB), for x =
0.2-5. The curves for pure P3SBDEAHT and CAPB are shown
for comparison. Like P3SBDEAHT, CAPB shows increasing
scattering at low scattering angles pointing to the aggregation
of surfactants. While P3SBDEAHT curves are featureless, CAPB
is showing a distinctive interference maximum at 0.12 A™*
corresponding to the periodicity of 52 A. It is not clear whether
this peak stems from the internal structure of CAPB aggregates
or from their electrostatic interactions.

Since both P3SBDEAHT and CAPB are zwitterionic, this
combination allows nominal charge neutralization at x = 1.
The data of PZSBDEAHT(CAPB), differs from their constituents
indicating the emergence of a new structural organization.
For q < 0.15 A™" the curve decays as ¢~ for all x. For q >
0.15 A™" the curves remain featureless scaling as ¢~*. We inter-
pret these observations as an existence of ~20 A thick cylindri-
cal aggregates where all CAPB molecules are associated with
the polymer. The emergence of cylindrical aggregates and no
sign of interference maxima are analogous to the phase behav-
ior of a polymer-surfactant pair with both constituents con-
taining only one (but opposite) charge, when the molar
fraction x is screened over the nominal charge compensation
point.>? Furthermore, these data are reminiscent to the rigid
rod polyelectrolytes with strong clustering of counterions
around the polymer chain.’® When the CAPB fraction is
increased for x > 1, the data show an interference maximum
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similar to that of pure CAPB. This is a sign of an emerging
phase segregation of pure CAPB.

The P3SBDEAHT(SDS), system was also studied through
SAXS (see Fig. S37). For x = 0.2-1 the scattering curve displays
a broad peak at g ~ 0.18 A™". Free SDS micelles show a similar
peak that stems from the polar cell of the surfactant heads®
and this points to the emerging phase separation even below
x = 1. This was confirmed through EC, where the break in the
conductivity curves was assigned to the formation of pure SDS
micelles co-existing with P3SBDEAHT-SDS unimer aggregates
(Fig. 5¢). Molecular dynamics simulations showed that these
merge into large P3SBDEAHT-SDS aggregates (see below).
The fact that these are not observed through SAXS may indi-
cate that the size of the aggregates is out of our
detection range. The structural organization of the
P3SBDEAHT(SDS), system differs from that found with cat-
ionic P3TMAHT®***® and S~ surfactants, and may explain
some of the optical differences found when we compare the
ZCPE- and the cationic CPE-surfactant systems. The optical
changes of cationic P3TMAHT(SDS), and P3TMAHT(SOS),
systems are accompanied by phase transitions from
charged P3TMAHT aggregates with interparticle order to rod-
like and sheet-like particles with embedded polymer bundles
or sheet-like polymer associations. The emergence of
vibronic structures for charge ratios lower than 1/2 and phase
separation, i.e., dissolved and precipitated phases co-exist in
equilibrium, at nominal charge compensation, are also
observed.’® In the present study, the PL band is structureless
in the range of S™ concentration studied and phase separation
was not observed. Independently of the charge of the
surfactant, the optical properties of the system can be modu-
lated by changing surfactant concentration without the risk
of precipitation. Different surfactants will promote different
chain conformations due to their different packing within
the aggregate. This is an important property of these polymer-
surfactant systems from the solution processing point of view.

Molecular dynamics simulations (MDS)

Molecular dynamics simulations were performed to examine
the aggregation of the tetrameric form of P3SBDEAHT in

Table 4 Essential structural parameters obtained from the SAXS data for P3SBDEAHT, low molecular weight (LMW) P3SBDEAHT, CAPB and

P3SBDEAHT(CAPB), in Water”

[P3SBDEAHT| [CAPB] Analyzed
Sample (mg mL ™) (mgml™") grange a Model Diax (A) Ry (A) Resg (A)  Peak (A™)
P3SBDEAHT 3.00 0.009-0.43 — 3D 300 87.7+13 — —
P3SBDEAHT 5.58 0.009-0.43 — 3D 300 82.3+1.3 — —
P3SBDEAHT 9.06 0.009-0.43 — 3D 300 87.7+0.8 — —
P3SBDEAHT - LMW 9.06 — 0.014-0.25 — 3D 60 21.1+01 —
P3SBDEAHT(CAPB) x = 0.2 7.48 1.58 0.01-0.15 1.14 £ 0.02  Cylinder 25 — 82+01 —
P3SBDEAHT(CAPB) x = 0.54  5.89 3.17 0.01-0.15 1.11 £0.01  Cylinder 22 — 7201 —
P3SBDEAHT(CAPB) x = 1.0 4.53 4.53 0.01-0.15 1.13 £0.01  Cylinder 18 — 5801 —
CAP 9.06 — — — — — — 0.12

“@, Dmax, Ry, and Rcs g, are, respectively, the scattering power, considered maximum size of the particle (particle size or rod diameter) and the
radius of gyration for the whole arbitrary-shaped particle or for the cross section of a cylindrical particle. Also shown is the position of an

interference maximum for the CAPB sample.
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Fig. 7 Simulation cell of P3SBDEAHT and CTAB in (a) 1:1, (b) 1:2 and
(c) 1: 3 ratios. CTAB shown in van der Waal's representations.

surfactant (S*, S7, S and §"~) environments. Simulation boxes
were created according to the specifications shown in the
Experimental section (ESIT).

The simulation cells at 20 ns with different P3SBDEAHT : S*
surfactant (DTAC and CTAC) ratios show a clear interaction
between the S* and the ZCPE (Fig. S41 and 7, respectively).
The interaction appears to occur predominantly on the outer
region of the surfactant: P3SSBDEAHT aggregates. The localiz-
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ation of the interaction with S surfactants confirms the
minimal effect on the polymer backbone, and hence on the
effect on the conjugation length of the ZCPE.

Anionic surfactants with three different chain lengths (SOS,
SDS and STS) had greater effect in the aggregation behavior of
P3SBDEAHT tetramers, than S'. Fig. 8(a) shows the effects of
the addition of SOS to P3SBDEAHT. Interaction clearly occurs
at each of the three ratios although some solubility of the
surfactant is apparent in each case. Comparable observations
were found upon addition of SDS (Fig. 8(b)) although with a
lesser amount of surfactant solubility is observed. The overall
system does appear to be more disperse and it can be observed
that aggregation of P3SBDEAHT is inhibited. At the highest
surfactant : polyelectrolyte ratio this seems to result in the for-
mation of a large surfactant-polyelectrolyte aggregate (see
Fig. 8 right hand panels). A similar behaviour was also found
for addition of STS, Fig. 8(c). At the lowest ratio there is a clear
interaction between the P3SBDEAHT and STS. In this case the
aggregates formed appear to be better defined than what was
observed for SOS and SDS. As the ratio of the anionic surfac-
tant to the electrolyte increases it becomes very clear that a
rather specific interaction is occurring where the tail groups
of the surfactant have become noticeably embedded in the
surfactant/polyelectrolyte aggregate and the head groups
remain exposed to the surrounding solvent.

In the presence of zwitterionic CAPB there is a clear inter-
action between the polyelectrolyte and the surfactant through
the formation of mixed P3SBDEAHT(CAPB) aggregates

Fig. 8 Simulation cell of P3SBDEAHT and (a) SOS, (b) SDS and (c) STS in 1:1 (left hand panels), 1:2 (middle hand panels) and 1: 3 (right hand
panels) ratios. SOS, SDS and STS are shown in van der Waal's representations.
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(Fig. S51). However, although it is extremely likely that those
interactions are governed primarily to minimise unfavourable
electrostatic interactions, it is possible that these reorienta-
tions do not significantly affect the structural arrangement of
P3SBDEAHT and resultantly do manifest as minor changes in
spectroscopy measurements.

Simulations of P3SBDEAHT and C,,E; show that interaction
does occur between the polyelectrolyte and the surfactant
(Fig. S67) but it is possible that the hydrophobic tail group of
the surfactant is too long to embed into the zwitterion aggre-
gate sufficiently to cause any structural or electronic changes
that could be detected by spectroscopy or photochemical
techniques. This suggests that the interaction between the
nonionic surfactant and the polyelectrolyte takes place pre-
dominantly on the outer part of the polyelectrolyte aggregates
and has little effect on P3SBDEAHT.

Conclusions

The zwitterionic polymer P3SBDEAHT forms large aggregates
in aqueous solutions. Experimental and theoretical studies
allow for deriving a detailed picture on the interaction of the
zwitterionic conjugated polyelectrolyte P3SBDEAHT with
various surfactants and revealed that the nature of the surfac-
tant (cationic S*, anionic S~, zwitterionic S*~, and non-ionic
S% added to the solution of P3SBDEAHT has a significant
effect on the photophysics of the zwitterion. This study empha-
sizes the importance of specific and non-specific interactions
in the polymer-surfactant assemblies. The charge of the sur-
factant is, hereby, a key factor that governs the photophysics
and the physicochemical behaviour of the zwitterionic
P3SBDEAHT. Specific polymer-S™ interactions occur between
the triethylammonium groups of the zwitterionic side chains
of the polyelectrolyte and the sulfate groups of the surfactant.
To facilitate such ionic interactions the tail group of the surfac-
tant has to be embedded into the polymer-surfactant aggre-
gates, which induces conformational changes in the zwitterion
backbone. Nevertheless, non-specific interactions seem to be
very important in determining the position of the surfactant
tail with respect to the aggregates and define the nanoscale
organization of the system. These are especially important for
the S* (DTAC and CTAB) and S*~ (CAPB) surfactants. Polymer-—
S and polymer-S”~ interactions arise from non-specific
binding of the surfactant molecules to the peripheral, ionic
side chains of P3SBDEAHT. In both cases, the majority of the
S* and S”~ surfactant molecules are located outside of the
polymer within the surrounding solvent with only a weak
effect on the backbone arrangement. Small angle X-ray scatter-
ing experiments carried out on the P3SBDEAHT(CAPB) system
showed a structural transition from 3D-aggregates of pure
P3SBDEAHT to cylindrical mixed aggregates co-existing with
an emerging phase segregation of CAPB micelles.

We believe our results are valuable in the field of conjugated
polyelectrolytes: the combination of photophysical, molecular
dynamics and small angle X-ray scattering analysis allows us to

This journal is © The Royal Society of Chemistry 2015
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derive a detailed picture of the interaction of a zwitterion poly-
thiophene with a range of surfactants. Recently, the occurrence
of photoinduced electron-transfer cascades has been shown for
poly(fluorene-alt-thiophene)/cationic ~ fullerene  assemblies
leading to long-lived and stable polaron pairs.” Finally, the
detailed understanding of the surfactochromic behavior of con-
jugated (zwitter)ionic polyelectrolytes is of high importance for
the design of new functional materials for use in solution pro-
cessed optoelectronic devices and as biosensors.
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