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In the presence of the nonionic alkyloxyethylene surfactant n-dodecylpentaoxyethylene glycol ether (Ci,Es), the
anionic conjugated polyelectrolyte (CPE) poly{l,4-phenylene-[9,9-bis(4-phenoxy- butylsulfonate)]ﬂuorene 2,7-diyl}
(PBS-PFP) dissolves in water, leading to a blue shift in fluorescence and dramatic increases in fluorescence quantum
yields above the surfactant critical micelle concentration (cmc). No significant changes were seen with a poly(ethylene
oxide) of similar size to the surfactant headgroup, confirming that specific surfactant—polyelectrolyte interactions are
important. From UV—visible and fluorescence spectroscopy, dynamic light scattering (DLS), small-angle X-ray
scattering (SAXS), cryogenic transmission electron microscopy (cryo-TEM), and electrical conductivity, together with
our published NMR and small-angle neutron scattering (SANS) results, we provide a coherent model for this behavior
in terms of breakup of PBS-PFP clusters through polymer—surfactant association leading to cylindrical aggregates
containing isolated polymer chains. This is supported by molecular dynamics simulations, which indicate stable
polymer—surfactant structures and also provide indications of the tendency of C,Es to break up polymer clusters to
form these mixed polymer—surfactant aggregates. Radial electron density profiles of the cylindrical cross section
obtained from SAXS results reveal the internal structure of such inhomogeneous species. DLS and cryo-TEM results
show that at higher surfactant concentrations the micelles start to grow, possibly partially due to formation of long,
threadlike species. Other alkyloxyethylene surfactants, together with poly(propylene glycol) and hydrophobically
modified poly(ethylene glycol), also solubilize this polymer in water, and it is suggested that this results from a balance
between electrostatic (or ion-dipole), hydrophilic, and hydrophobic interactions. There is a small, but significant,

dependence of the emission maximum on the local environment.

1. Introduction

Conjugated polyelectrolytes (CPEs) are advanced materials,
which are finding use in chemical and biological sensing,' ™ two
photon singlet oxygen sensitization,'® electronics or optoelectro-
nics as charge injection or transport layers, and light emit-
ting devices.'" In addition, polyelectrolytes self-assemble with
oppositely charged species, such as surfactants, to build up
complex multilayer structures, with various potential materials
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applications.'? Early studies by Whitten and co-workers' on these
polymers as chemical and biological sensors focused on the
relatively flexible anionic poly(2,5-methoxy-propyloxysulfonate
phenylenevinylene) (MPS-PPV), where it was shown that the
fluorescence is dramatically enhanced in the presence of
oppositely charged surfactants.'® Such surfactant complexation
was found to favor electron transfer quenching by neutral
molecules, including nitroaromatics,' but it inhibited quenching
by cationic quenchers such as methylviologen. Dramatic changes
of fluorescence of CPEs have been observed in the presence of
various surfactants,”*!'3 and Bunz has introduced the concept of
surfactochromaticity”® to describe this behavior.

Much of the emphasis on CPEs has focused on their potential
as extremely efficient fluorescent sensors for biological molecules,
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such as nucleotides/nucleic acids, proteins, and
sugars.®® This involves fluorescence quenching or enhancement
and follows the ideas of Swager and co-workers®> on the
amplification of sensor signals of conjugated polymers result-
ing from their “molecular wire” properties. This can be used
for various biosensor strategies,”® including transduction of
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oligonucleotide hybridization.* Fluorene based copolymers are
particularly attractive for these®**!* because of high fluorescence
quantum yields and blue emission.'* However, CPEs tend to
aggregate in water,' 04711413 which reduces both their solu-
bility and fluorescence quantum yields. This is a particularly
serious problem with rigid rod polyelectrolytes,'>!° such as those
having poly(p-phenylene) units,' and the closely related fluorene
based polymers.®*** Although aggregation of such systems may
be minimized by synthesis of derivatives incorporating appro-
priate bulky groups,'” itis frequently more convenient to break up
clusters by addition of either an organic cosolvent 114131 5r ap
appropriate surfactant.”®%13¢13¢7132150 Bor example, although
stirring the anionic copolymer poly{1,4-phenylene-[9,9-bis(4-phe-
noxy-butylsulfonate)]fluorene-2,7-diyl} (PBS-PFP) in water leads
to formation of a metastable dispersion of polymer clusters,' >
this can be broken up to give a thermodynamically stable solution
by addition of the nonionic surfactant n-dodecylpentaoxyethyl-
ene glycol ether (Cy,Es)."*!* Small-angle neutron scattering
(SANS) studies,"**!*¢ coupled with NMR measurements,'*
suggest that this is due to incorporation of the polymer as isolated
chains, dissolved at the molecular level, into polymer—surfactant
aggregates. Studies of the effect of CPE concentration and
addition of NaCl on the clouding behavior indicate that both
hydrophobic and electrostatic effects are involved in the CPE—
surfactant associative behavior.'® Results on the behavior of this
polymer in solution have been summarized elsewhere.'* However,
a number of unanswered questions remain, and it is important to
try to understand what drives the solubilization of conjugated
polyelectrolytes in the presence of nonionic surfactants.

Our earlier studies'*'3*"3 on the interactions between C1E5
and PBS-PFP have been extended using dynamic light scattering
(DLS), small-angle X-ray scattering (SAXS), cryogenic transmis-
sion electron microscopy (cryo-TEM), electrical conductivity,
and molecular dynamics simulations. In addition, we have studied
the effect of other nonionic surfactants and water-soluble poly-
mers to provide what we believe to be a coherent picture of
how these break up PBS-PFP clusters, which may be relevant to
the general scenario of the association behavior of CPEs with
surfactants.

2. Experimental Section

Materials. The synthesis of poly{l,4-phenylene-[9,9-bis(4-
phenoxy-butylsulfonate)Jfluorene-2,7-diyl} (PBS-PFP, M, 6500

g/mol, Figure 1) has been described in detail elsewhere.'¥>1%
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Figure 1. Structures of polymers and surfactants used. For
HM-PEG, C;g corresponds to the n-octadecyl group C;gHs.

The structures of the nonionic surfactants and polymers used in
this study are given in Figure 1. Pure n-decyltrioxyethylene glycol
ether Cy(Es, n-dodecyltetraoxyethylene glycol ether Ci,E,4, and
n-dodecylpentaoxyethylene glycol ether Ci,Es were gifts from
Professor UIf Olsson (Lund University), had greater than
99% purity, and were used without further treatment. Experi-
ments were also carried out with commercial C,E5 (Fluka) and
gave similar results. However, although the results were qualita-
tively similar with commercial C,E, (Sigma), differences were
observed at the quantitative level, as seen in the cloud point
behavior,'® and are probably due to the presence of other
alkyloxyethylene surfactants. Triton X-100, poly(ethylene glycol)
(PEG 200, 10000 molecular weight (M, )), and poly(propylene
glycol) (PPG) were acquired from Aldrich and used as received.
Hydrophobically modified poly(ethylene glycol) (HM-PEG) was
from Akzo Nobel Surface Chemistry and was used without fur-
ther purification. This polymer is a hydrophobically end-capped
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copolymer, having octadecyl (C,g) chains at both ends and a polar
midblock composed of ca. 300 oxyethylene units. The average
molecular weight (M) is approximately 14 000 g/mol. Such types
of polymers show a low polydispersity (around 1.1).

All experiments were carried out in solutions in Milli-Q Milli-
pore water. Solutions of PBS-PFP with various concentrations
up t0 6.8 x 1073 g/L (corresponding to 9.18 x 10~ (moles repeat
unit)/L) were freshly prepared and were stirred overnight before
use. For the photophysical experiments with nonionic surfactants,
freshly prepared aqueous stock solutions of surfactant were used
with concentrations between 107> and 10~! M. Where appro-
priate, these were diluted to give lower concentration stock
solutions, enabling studies over the whole surfactant concen-
tration range used in this study (3 x 105 to around 5 x 1073 M).
For dynamic light scattering studies, solutions were prepared with
8 x 1072 g/L PBS-PFP (corresponding to 1.1 x 10~ (moles repeat
unit)/L) and C;,Es concentrations varying from 3.12 x 1077 to
1.10 x 10~ M. Similarly, for conductivity experiments, a polymer
concentration of 1.2 x 107* M (in terms of repeat units)
and the surfactant concentration were varied in the same range.
The samples for SAXS measurements contained 12.7 x 10> M
C,Esand 0.39 g/L PBS-PFP (corresponding to 5.2 x 10~ (moles
repeat unit)/L).

Cryo-TEM was performed on both a C|,E5 solution alone and
one mixed with PBS-PFP. A solution of 2.15 x 10~ (moles repeat
unit)/L PBS-PFP was prepared and stirred overnight before being
mixed with C|,Es, giving a final concentration of 19 x 107°M
C2Es (Ci,Es/PBS-PFP (repeat unit) molar ratio of 8.8).
In addition, a solution of 19 x 107> M C,Es alone was also
prepared, and both solutions were left stirring for 1 h before
samples were prepared for cryo-TEM.

Instrumentation and Methods. Absorption and lumines-
cence spectra were recorded on Shimadzu UV-2100 and Jobin-
Ivon SPEX Fluorolog 3-22 spectrometers, respectively. Fluores-
cence spectra were registered with excitation at 381 nm and were
corrected for the wavelength response of the system. When not
being used for measurements, all samples were kept in the absence
of light. Fluorescence quantum yields were measured using
quinine sulfate in 0.5 M sulfuric acid as standard."

For the electrical conductivity measurements, electrical resis-
tances were measured on solutions with a Wayne-Kerr model
4265 Automatic LCR meter at 1 kHz and a Shedlovsky-
type conductance cell.'*>?° The cell constant (approximately
0.1012 cm ') was determined to +0.02% from measurements
with KCI (reagent grade, recrystallized and dried using the
procedure and data from Barthel et al.?'). Measurements were
made at 25.00 £ 0.01 °C in a Grant thermostat bath.

The setup for the dynamic light scattering (DLS) and static
light scattering (SLS) measurements employed an ALV/DLS/
SLS-5000F, CGF-8F based compact goniometer system from
ALV-GmbH, Langen, Germany. The light source wasa Nd:YAG
solid-state Compass-DPSS laser (Coherent Inc., Santa Clara,
CA), which operates at 532 nm with a fixed output power, which
is varied externally by an attenuator. In the DLS measurements,
which were performed at different angles between 40 and 120°, the
time correlation function (pseudocross or auto) of the scattered
intensity was obtained by using two multiple tau digital correla-
tors with 320 spaced channels. The mixed polymer—surfactant
solutions were investigated either unfiltered or filtered through
sterile, hydrophilic Minisart filters with a 0.45 (or larger) um
pore diameter (Sartorius, Germany). However, the water used in
the preparation of the solutions was pre-filtered and purified by a
Milli-Q system from Millipore Corporation, Bedford, MA, which

(19) Miller, J. N., Ed. Standards in Fluorescence Spectrometry; Chapman and
Hall: London, 1981.

(20) Ribeiro, A. C. F.; Valente, A. J. M.; Azevedo, E. F. G.; Amado, A. M.;
Amorim da Costa, A. M.; Ramos, M. L.; Burrows, H. D. J. Mol. Struct. 2004, 703,
93-101.

(21) Barthel, J.; Feuerlein, F.; Neuder, R.; Wachter, R. J. Sol. Chem. 1980, 9,
209-219.
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includes a sterile filter with 0.22 um pore diameter. In the present
study, the temperature was set to 25.00 °C and controlled to
within £0.01 °C. Measurements were also performed at room
temperature (~23 °C). The absolute light scattering intensity was
obtained as an additional output from the DLS measurements.
Cylindrical light scattering cells of borosilicate glass, cleaned with
Hellmanex cleaning solution, were used. The DLS analyses were
made using the method of nonregular inverse Laplace transfor-
mation of the measured intensity correlation functions using the
algorithm REPES,**? from which the distribution of relaxation
times is obtained. The distributions are given in the form tA4(7)
versus log;o(7/us), where 7 is the relaxation time providing equal
area representation. Diffusion coefficients are calculated from the
distribution moments as:

D =(T/q"), (1)

where I"is the relaxation rate (= 1/7) and ¢ is the magnitude of the
scattering vector (¢ = (4mtn/A) sin 6/2, in which n is the refractive
index of the medium (here water), A is the laser wavelength, and 0
is the scattering angle). A detailed description of the DLS/SLS
equipment and the data analysis is given elsewhere.?*

Small-Angle X-ray scattering spectra were measured with
a so-called “Kratky compact camera™® attached to an X-ray
generator operating at 35 kV and 35 mA on a sealed X-ray tube
(copper anode, A = 0.154 nm). The samples were measured in a
standard quartz capillary with an outer diameter of 1 mm and
wall thickness of 10 um. SAXS intensities were detected with
the position sensitive detector PSD ASA in the regime 0.05 < ¢
< 7nm” ! where we here define ¢ = (47/4) sin(6/2). Due to the
low excess scattering of the two samples, the measuring times were
up to 72 h in order to ensure reasonable statistics. Scattering data
were first averaged and corrected for the solvent scattering and
finally put on absolute scale using water as a secondary stan-
dard.”’ The SAXS data obtained in this way were still experimen-
tally smeared because of the finite dimensions of the primary
beam.?® For further evaluation, the indirect Fourier transforma-
tion software package IFT?® was used. This method is completely
model-free and can only be successfully applied for the systems
where interparticle interactions can be neglected. The latter was a
good approximation in our case due to the very low concentra-
tions of the structuring material in the studied samples. According
to our previous studies using SANS,'*¥13 these samples were
suggested to contain wormlike micelles; therefore, IFT was
used in a mode for evaluating cylindrical particles. Resulting
pair—distance distribution function of the cross section, p(r),
served as a tool for the determination of the scattering particles’
cross-sectional geometry. In this approximation, the scattering
intensity from one scattering particle, Il(qg, is written as the
Hankel transformation of the p.(r) function:*

Jo(gr)
q

ha) =22L [ p) P ar )
0

where Jy(gr) is the zero-order Bessel function, L is the length of the

cylinder, and r is the distance between two scattering centers

within the particle. A constant electron density is assumed along

(22) Jakes, J. Collect. Czech. Chem. Commun. 1995, 60, 1781-1797.

(23) Stépanek, P. In Dynamic Light Scattering: The Method and Some Applica-
tions; Brown, W., Ed.; Oxford University Press: Oxford, 1993; p 177.

(24) (a) Jansson, J.; Schillén, K.; Olofsson, G.; Cardoso da Silva, R.; Loh, W. J.
Phys. Chem. B 2004, 108, 82-92. (b) L6f, D.; Niemiec, A.; Schillén, K.; Loh, W.;
Olofsson, G. J. Phys. Chem. B 2007, 111, 5911-5920.

(25) Schillén, K.; Jansson, J.; Lof, D.; Costa, T. J. Phys. Chem. B 2008, 112,
5551-5562.

(26) Kratky, O.; Stabinger, H. Colloid Polym. Sci. 1984, 262, 345-360.

(27) Orthaber, D.; Bergmann, A.; Glatter, O. J. Appl. Crystallogr. 2000, 33,218—
225.

(28) Glatter, O. In Small Angle X-Ray Scattering; Glatter, O., Kratky, O., Eds.;
Academic Press Inc. London Ltd.: London, 1983; pp 119—165.

(29) Glatter, O. J. Appl. Crystallogr. 1977, 10, 415-421.
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the cylinder axis. In such a case, the p.(r) function directly
represents a histogram of distances inside the scattering particle’s
cross section.®®3! At distances r larger than the cross-sectional
diameter, the p(r) function adopts the value of zero. This provides
a useful tool for the determination of the cross-sectional diameter.
Furthermore, the convolution square root can be calculated from
the p(r) function, yielding the radial electron density profile of the
cross section Ap, (r), which reveals the internal structure of the
scattering particle.*! >* In the case of an axially homogeneous
cylinder, the p(r) function is identical to:*®

pe(r) = rAp(r) 3)

where ApZ is the spatially averaged autocorrelation function
(convolution square) of the electron density fluctuations in the
cross section given by the general expression:®!

8520) = 0320 = [ snr) Al —ran )

with Ap, (r) representing the local scattering contrast.

For the cryo-TEM analysis, samples were prepared using
a controlled environment vitrification system (CEVS),*® where
the relative humidity was kept close to saturation at around 28 °C.
A 5 uL drop was placed on a lacy carbon-coated copper grid, and
the excess fluid was gently blotted away, leaving a thin film of
aqueous sample covering the grid. The grid was then plunged
into liquid ethane at —180 °C to allow rapid vitrification of
the specimen (avoiding crystallization of water). All prepared
grids were stored in liquid nitrogen until being transferred to the
electron microscope. Images were digitally recorded at around
—183 °C using a Philips CM 120 Bio TWIN electron microscope,
operated at 120 kV and equipped with a Gatan MSC791 cooled-
CCD camera system. To minimize beam damage, all samples were
imaged under minimal electron dose conditions.

Simulations were performed using the GROMACS software
package with the standard GROMACS force field,***” which is a
modified version of the GROMOS87 force field.*® Topology files
were generated from initial structures, in Cartesian coordinates,
resorting to the PRODRG server.* The molecules are added to a
box and solvated with single point charge (SPC) model water,*
with the structure constrained by the SETTLE algorithm.*' The
SPC model for water considers three interaction sites centered on
the atomic nuclei; the intramolecular degrees of freedom are
frozen, while the intermolecular interactions are described by a
conjunction of Lennard—Jones 12-6 potential and Coulombic
potentials between sites with fixed point charges.

We note that this simple model has been considered to accu-
rately reproduce many properties of bulk water, especially under
normal conditions: 300 K and 1 atm.** It was also shown to be

(30) Glatter,O. In Small Angle X-Ray Scattering; Glatter, O, Kratky, O., Eds.;
Academic Press Inc. London Ltd.: London, 1983; pp 167—196.

(31) Glatter, O. In Neutron, X-rays and Light: Scattering Methods Applied to
Soft Condensed Matter; Lindner, P., Zemb, T., Eds.; Elsevier: North Holland,
Amsterdam, 2002.
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(34) Mittelbach, R.; Glatter, O. J. Appl. Crystallogr. 1998, 31, 600-608.

(35) Bellare, J. R.; Davis, H. T.; Scriven, L. E.; Talmon, Y. J. Electron Microsc.
Tech. 1988, 10, 87-111.

(36) Berendsen, H. J. C.; van der Spoel, D.; van Drunen, R. Comput. Phys.
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(38) van Gunsteren, W. F.; Berendsen, H. J. C. Gromos-87 manual; Biomos BV,
Nijenborgh 4: 9747 AG Groningen, The Netherlands, 1987.

(39) van Aalten, D. M. F.; Bywater, R.; Findlay, J. B. C.; Hendlich, M.; Hooft,
R. W. W.; Vriend, G. J. Comput.-Aided Mol. Des. 1996, 10, 255-263.

(40) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Hermans, J.
Interaction models for water in relation to protein hydration. In Intermolecular
Forces; Pullman, B., Ed.; Reidel: Dordrecht, 1981; pp 331—342.

(41) Miyamoto, S.; Kollman, P. A. J. Comput. Chem. 1992, 13, 952-962.
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superior to other water models*** and has been recommended
for modeling aqueous solutions of biomolecules.** It has also been
previously employed in systems comprising interactions similar to
those of the present work.'3"

Previous to each molecular dynamics (MD) simulation, an
energy minimization was performed. This was followed by a MD
equilibration run under position restraints for 5 ns. An unrest-
rained MD run was then carried out for 2 ns, as a further equili-
bration simulation. Finally, a MD trajectory was generated with a
step time of 2 fs for each model system (see below). All simula-
tions were performed with periodic boundary conditions, using
the Berendsen coupling algorithm (P = 1 bar, 7, = 0.5 ps;
T = 300K, 7, = 0.1 ps)*’ for ensuring NPT conditions (constant
number of particles N, pressure P, temperature 7'). The particle
mesh Ewald method*® was used for computation of long-range
electrostatic forces.

3. Results and Discussion

In subsections A and B, we will present the results of the
experimental and molecular dynamics simulation studies of the
interaction between PBS-PFP and Ci,Es in aqueous solution,
and in subsection C we extend the experimental study to the
interaction of PBS-PFP with other alkyloxyethylene surfact-
ants together with water-soluble poly(ethylene glycol) and poly
(propylene glycol) polymers to gain insight into the factors
involved in the breaking up of PBS-PFP clusters through their
interaction with neutral amphiphilic compounds.

A. Experimental Studies on Aqueous PBS-PFP/C,E5
Solutions. We have previously shown that addition of the non-
ionic surfactant C,Es to aqueous dispersions of PBS-PFP leads to
a blue shift in absorption and emission maxima and to a marked
increase in fluorescence quantum yield.'¥*!3¢ Typical absorption
and fluorescence spectra in water in the absence and presence of
surfactant are given in the Supporting Information (Figure S1).
Fluorescence spectra show some vibronic structure, both in the
absence and presence of surfactant. The fluorescence quantum
yield value observed here with C;,Es5 is slightly higher than that
which we previously reported (0.6)."** However, the maximum
surfactant concentration used in this case is also higher. This en-
hancement of fluorescence intensity with C;,Es5 is accompanied by
an increase in the fluorescence lifetime (from ca. 250 to 500 ps).'*
In contrast, as shown previously,'* and as will be discussed in part
C, with a polymer of similar size (PEG, 200 molecular weight
(M,)) to the ethylene oxide headgroup of Cj,Es, only slight
changes in fluorescence intensity are observed in the presence of
poly(ethylene oxide), with no change in band shape or maxima,
showing that the simultaneous presence of both the alkyl chain
and ethylene oxide headgroup are important for the observed
behavior.

Evidence has been presented elsewhere that the polymer is
present in water as clusters.'® Although, as we will discuss in
subsection CC, this is not the only explanation for the observed
spectral changes, we believe that the surfactant is breaking up
these clusters to form new surfactant—polymer aggregates. How-
ever, fluorescence spectra alone are unable to unambiguously
confirm this, so to gain further insight into the process and the
nature of these species dynamic light scattering measurements
were performed at various angles on PBS-PFP/C,E5 solutions
with C;,Es/PBP-PFP molar ratios ranging from 0.3 to 10.5 and

(43) vanderSpoel, D.; Berendsen, H. J. C. Biophys. J. 1997, 72, 2032-3041.

(44) Tieleman, D. P.; Berendsen, H. J. C. J. Chem. Phys. 1996, 105, 4871-4880.

(45) Zielkiewicz, J. J. Chem. Phys. 2005, 123, 104501-104506.

(46) Friedman, R. E.; Nachlief, E.; Gutman, M. Biophys. J. 2005, 89, 768-781.

(47) Berendsen, H. J. C.; Postma, J. P. M.; DiNola, A.; Haak, J. R. J. Chem.
Phys. 1984, 81, 3684-3690.

(48) Darden, T.; York, D.; Pedersen, L. J. Chem. Phys. 1993, 98, 10089-10092.
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polymer concentrations of 1.1 x 10~* (moles repeat unit)/L.
These are similar molar ratios to those used in our previous SANS
study on this system.*® The solutions were first measured
unfiltered and subsequently were passed through filters with
0.45 um pore size. (Filtering through 0.2 um pore sized filters
was also tested.) A difference between unfiltered and filtered
solutions was observed at high molar ratios, suggesting the
formation of large aggregates with sizes of several hundred
nanometers. In this case, we, therefore, present the data of
the unfiltered solutions. In Figure 2, we present a selection of
relaxation time distributions obtained from inverse Laplace
transformation of the intensity correlation functions for various
Ci,Es/PBS-PFP molar ratios.

At low molar ratios (MR < 0.6, which corresponds to
concentrations below the critical micelle concentration (cmc) of
Cy,Es, regime 1), the distributions are characterized by a single
broad mode (Figure 2a), which is diffusive. This was established
from the linear ¢* dependence of the corresponding mean relaxa-
tion rate I' (data not shown). We thus attribute this mode to the
translational diffusion process of polymer clusters containing
several chains, together with associated C|,Es monomers.

At intermediate molar ratios 1.1 < MR =< 3.5 (regime 2,
Figure 3a), which corresponds to C;,Es concentrations around
and above the cmc, the distributions become bimodal, with a low-
amplitude peak appearing at shorter relaxation times in addition
to the slower translational mode. At these molar ratios, based on
previous results on the system from fluorescence, NMR, electrical
conductivity, and SANS, 313134 the polymer clusters are bro-
ken up due to the interaction with the C;,Es molecules and
polymer—surfactant complexes are formed that consist of one
polymer chain and several C,Es unimers. From previous neutron
scattering studies on these and similar systems,'***¢ NMR self-
diffusion studies on the related cationic poly-(9,9-bis(6'-N,N,N-
trimethylammonium)hexyl)-fluorene phenylene) bromide (un-
published results), together with molecular dynamics calculations
presented below, we believe the complex is cylindrical in shape.
With this in mind, the fast mode observed may, therefore,
originate from the mode coupling between the translational and
rotational diffusion of the complex. We were unable to further
investigate the angular dependence of this mode due to the fact
that the polydispersity of the polymer—surfactant complexes was
too large, thus affecting the accuracy of the data points. Further-
more, the broadening of the slow mode increased from molar
ratio 0.6 to 3.5, which indicates a growth into more polydisperse
complexes.

At high molar ratios, MR > 5 (regime 3, Figure 2b), the
distributions are clearly bimodal and the fast mode grows in
amplitude at the expense of the slow mode. In this regime, the
complexes grow into larger elongated structures, possibly con-
sisting of several polymer—surfactant complexes attached to each
other in a head-to-tail fashion. The origin of the fast mode may
then reflect the mode coupling between translational and internal
motion of these structures. The results presented in Figure 2b
are for the unfiltered solutions. For freshly filtered solutions
(0.45 yum) with molar ratios 5.8 and 10.5, DLS measurements
could not be performed at 90° due to too low scattering intensity,
which indicates a material loss in the filtration process due to the
formation and separation of large supramolecular structures.

The apparent collective (or mutual) diffusion coefficients of
the translational motion of the complexes were obtained from the
slope of the linear ¢> dependence of the relaxation rate of the
translational mode (D = T/¢?, eq 1). There was a slight deviation
in the linearity, which is in turn reflected in the size polydispersity
of the complexes (data not shown). The D values are presented as
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Figure 2. Relaxation time distributions obtained from inverse La-
place transformation of the corresponding intensity correlation
functions for different C|,Es/PBS-PFP molar ratios at 298 K: (a)
data collected at & = 120° and (b) data collected at & = 90°. An esti-
mate of the length of suggested rodlike aggregates is given in the text.

[C4E5lmM
06 0.8

. 1.0 1.2 14
i 1 i i i i i

D:BDDDDDDDDEID
o0 B H
3

«/(@Scm™)
u]
[m]

slow
>

Ifast

T T i T T
0 2 4 6 8 10

[C12E5VPBS-PFPronomer

Figure 3. Comparison between (a) fast and (b) slow static light
scattering intensities (/p, and Ig,y) at 90°, obtained from the
amplitudes of the slow and fast mode, normalized to the incoming
laser intensity, and (c) specific conductivity as a function of both
C,E5s/PBS-PFP molar ratio and C;,E5 concentration. Regions
1, 2, and 3 correspond to the three surfactant/CPE phase regimes
presented in our previous SANS study. '

a function of the C;,Es/PBS-PFP molar ratio in the Supporting
Information (Figure S2) and increase up to molar ratio 1.1
(in terms of polymer repeat units), after which they decrease.
This reflects a decrease in the hydrodynamic size at lower molar
ratios due to interaction of Cy,E5 with the polymer, through either
peeling off from (multichain) clusters or solubilization of PBS-
PFP monomers. While, as will be shown later, molecular dy-
namics calculations performed on two polymer chains and eight
C,Es monomers show that both of these are viable processes, we
favor the peeling-off mechanism because the concentration of free
PBS-PFP monomers in water is likely to be extremely small. As
will be shown later, molecular dynamics calculations performed
on two polymer chains and eight C;,Es monomers show that both
of these are viable processes. Above the molar ratio 1.1, which
under these conditions is around the cmc of Cy,Es, the polymer—
surfactant complexes grow into more elongated structures from
rods to supramolecular objects containing several complexes and
D therefore decreases. At the highest molar ratio investigated
(10.5), considerable errors may be present, such that only a part of
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the size distribution is detected (¢ R, > 1), and a plateau is reached
at low D values.

To shed more light on the structural change of the complexes,
the amplitudes of the relaxation modes (A4p,g and Agoy in €q 5)
in the relaxation time distributions for different molar ratios were
also analyzed. From the amplitudes, it is possible to calculate the
scattering contribution of each mode to the overall scattering
intensity using the following relation of the total static light
scattering intensity (), which is normalized to the incoming laser
intensity:

I = Itast + Isiow
= [Afast/(Afast +Aslow)]l + [Aslow/(Afast + Aslow)]l (5)

In Figure 3, the scattering intensity of the slow translational
mode and the fast mode are presented as a function of the molar
ratio and the C,E5 concentration.

A drastic decrease in g, is observed, which can be explained
by an increase of interactions between surfactant and the poly-
electrolyte resulting from the breakup of polymer multichain
clusters. At the same time, we note that the intensity of the fast
relaxation process increases, which is compatible with the forma-
tion of more elongated structures for high C;,Es/PBS-PFP molar
ratio. Iy, follows the same trend as the total scattering intensity,
which also decreases upon increasing molar ratio. Electrical
conductivity measurements were made on aqueous solutions of
the polymer in the presence of surfactant at the same C;,Es/
PBS-PFP molar ratio and polymer concentration, 1.2 x 10~* M
(in terms of repeat units), and are also presented in Figure 3. It can
be seen that the three regimes, 1,2, and 3, observed in our previous
SANS study,'* can be distinguished in all three data sets. We feel
that these correspond to small CPE clusters, mixed PBS-PFP/
C,Es micelles, and larger aggregates. Similar behavior has
been observed by fluorescence measurements with the cationic
CPE poly{9,9-bis[6-(N,N,N-trimethylammonium)hexyl]fluorene-
co-1,4-phenylene} iodide in water in the presence of Cj,Es.”

To obtain more experimental information on the structure of
the mixed polymer—surfactant aggregates, binary C,,Es/water
and ternary C;,Es/PBS-PFP/water samples with C;,Es concen-
tration of 12.7 mM and C;,Es/PBS-PFP molar ratio of 24.3 were
investigated by SAXS. As worm- or threadlike micelles are
expected in these two samples, 41384731 3 cylindrical symmetry
was assumed for data evaluation. Experimental SAXS intensities
and corresponding IFT? fits are shown in Figure 4. Simply from
inspection of these raw scattering curves, we can easily notice an
increase in the forward scattering at very low ¢ values upon
introducing PBS-PFP polymer into the C,,Es micelles indicating
a micellar growth. However, due to the limited resolution of the
available ¢ regime of the SAXS data, we must be cautious about
commenting on the length of these micelles based on these
data. We should note, in particular, that such an increase in
the scattering intensity either could reflect the actual growth of the
micelles or could equally only mean that the polymer makes the
wormlike micelle less flexible, leading to longer “persistence”
lengths of the aggregate seen in SAXS. We therefore restrict
ourselves to obtaining information on the micellar cross section
that is readily available within the accessible ¢ regime.

This information is revealed through the cross-sectional p(r)
function shown in Figure 5a, which clearly indicates radially
inhomogeneous scattering particles. The cross-sectional p(r)

(49) Brown, W.; Pu, Z.; Rymdén, R. J. Phys. Chem. 1988, 92, 6086—-6094.

(50) Glatter, O.; Strey, R.; Schubert, K. V.; Kaler, E. W. Ber. Bunsen-Ges. 1996,
100, 323-335.

(51) Kato, T.; Anzai, S.; Seimiya, T. J. Phys. Chem. 1990, 94, 7255-7259.
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Figure 4. Experimental SAXS intensities on an absolute scale and
the corresponding fits for the 12.75 mM C,Es solution and mixed
solution with 12.7 mM C,,Es and 0.52 mM (repeat unit) PBS-PFP
(molar ratio 24.3).
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Figure 5. (a) Pair—distance distribution functions of the cross
section p.(r) and (b) the corresponding electron density profile of
the cross section Ap.(r) for 12.7 mM C;;E5 solution and mixed
solution with 12.7 mM C;,Es and 0.52 mM PBS-PFP (in terms of
repeat units; molar ratio 24.3:1).

function can be further evaluated to yield the radial electron density
profile of the micellar cross section Ap.(r) shown in Figure 5b.
These results reveal the internal structure of the inhomogeneous
scattering particles. Interestingly, the micellar core does not seem
to be changed markedly (core radius of 1.3 nm) when PBS-PFP
polymer is incorporated into the micelle, although the surfactant/
polymer aggregate hydrophilic shell is somewhat increased (from
the total radius, including the shell, of ca. 3 nm to ca. 4 nm).

All these experimental SAXS results on the micellar structure
are in good agreement with the cryo-TEM imaging and simula-
tion results discussed in the following sections and with the
findings from other experimental methods. They also nicely
correlate with the previous SANS findings on micellar cross

Langmuir 2009, 25(10), 5545-5556

Article

sections from Knaapila et al. (see Figure 8 in ref 13d), although
those measurements were carried out at a somewhat lower
surfactant concentration.'>

The macroscopic translational diffusion coefficient D of
a rodlike macromolecule obtained in the DLS studies may be
expressed as a function of the length L of the rod and the axial
ratio p (= L/d, where dis the diameter of the rod). Tirado et al.*
have reformulated the modified Broersma expressions®® that are
applicable over a wide range of p values (see eqs S1, S2, and S3 in
the Supporting Information). An effective (or apparent) diffusion
coefficient of (4.8 £ 0.3) x 107'> m%/s of the PBS-PFP-C},E;s
aggregate was obtained in the DLS experiments on the filtered
MR (mole ratio) 2.2 solution. According to the SANS investiga-
tion on the same system, the aggregate at this molar ratio was
found to be rodlike."*® Using eqs S1, S2, and S3 in the Supporting
Information together with the measured D value and taking the
radius of the rod as equal to 4 nm (obtained from the SAXS
measurements for the MR 24.3 sample, see Figure 5b), a rod
length of 410 nm could be calculated (using the error in D, the
range is 378—446 nm). In this calculation, we have assumed that
the radius of the rod does not change when increasing the
surfactant concentration. This value is considerably larger than
that obtained in the SANS data analysis (80 + 8 nm). B34 However,
in comparing these results, there are several assumptions of
the rod models which need to be considered. Of particular
importance is the fact that the different expressions existing for
relating the diffusion coefficient of a rodlike macromolecule to its
length are only thought to be valid for rigid, noninteracting rods
(i.e., the infinite dilution case).>* However, although, in these
measurements, the diffusion coefficient was measured at a finite
concentration for MR 2.2, and intermolecular interactions, there-
fore, are present; this cannot solely explain the large discrepancy
between these two values. The difference is more likely to be due
to the limited resolution of the ¢ range of the small angle scattering
measurements, which will lead to an underestimation of the length
of rodlike macromolecules of this size. It is also important to note
that the PBS-PFP-C,Es mixed aggregates at MR 2.2 are poly-
disperse and are not completely rigid, and that both the flexibility
and polydispersity may also contribute to the observed discre-
pancy in length.

Considering the behavior at high surfactant concentrations,
where DLS suggests aggregate growth, cryo-TEM images in a
related polymer-C;,E5 system have shown that very large, rod-
like objects were formed,”> while TEM micrographs of dodecyl
substituted poly(p-phenylene)sulfonates in water have also de-
monstrated large wormlike and looplike structures.® We have
carried out cryo-TEM studies both of C;,Es/PBS-PFP in water
and of the surfactant alone in this concentration range. Figure 6A
and B displays cryo-TEM images of a 19 x 107> M C,Es
solution, without added PBS-PFP, and it is evident that this
sample contains a mixture of threadlike complex species of
various length, as is expected at this concentration.*” ">’ In
Figure 6A, one can observe elongated threadlike structures
having a maximum contour length of approximately 120 nm,

(52) Tirado, M. M.; Martinez, C. L.; de la Torre, J. G. J. Chem. Phys. 1984, 81,
2047-2052.

(53) Broersma, S. J. Chem. Phys. 1981, 74, 6989-6990.

(54) Schillén, K.; Brown, W.; Johnsen, R. M. Macromolecules 1994, 27, 4825—
4832.

(55) Fiitterer, T.; Hellweg, T.; Findenegg, G. H.; Frahn, J.; Schliiter, A. D.;
Bottcher, C. Langmuir 2003, 19, 6537-6544.

(56) Kroeger, A.; Deimede, V.; Belack, J.; Lieberwirth, I.; Fytas, G.; Wegner, G.
Macromolecules 2007, 40, 105-115.

(57) Bernheim-Groswasser, A.; Wachtel, E.; Talmon, Y. Langmuir 2000, 16,
4131-4140.
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although most structures are significantly shorter (<60 nm).
Furthermore, the aggregates seem to be straight and very flexible.
The round objects have much higher contrast than the threadlike
structures (see arrowhead in Figure 6B) and are interpreted as
short threadlike micellar aggregates imaged along their long axis.
This result is in good agreement with those from the DLS study at
the highest surfactant-to-polymer molar ratios.

For the PBS-PFP containing sample, we observe similar thread-
like structures as in the pure C;,E5 sample. However, the structures
are significantly longer (<280 nm) and, possibly, somewhat more
rigid in the presence of the polymer (see Figure 6C and D).
Furthermore, no difference is seen in the diameter of the aggregates
irrespective of the presence of PBS-PFP. From the cryo-TEM
images, a tentative diameter of between 3 and 4 nm is measurable
and most probably represents the core. From the cryo-TEM
analysis, it can be concluded that the presence of PBS-PFP results
in growth of threadlike micelles, compared to the pure Cj,Es
sample. This can be explained by the incorporation of PBS-PFP
within the micelles without any alteration of the diameter of the
mixed polymer—surfactant aggregates. This is consistent with the
SAXS data presented earlier as well as simulation results presented
in the following section.

B. Molecular Dynamics Simulations on Aqueous PBS-
PFP/C,E5 Systems. Molecular dynamics provides further de-
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Figure 6. Cryo-TEM images of threadlike micellar aggregates of C,Es alone (A, B) and in the presence of PBS-PFP (C, D), at a C1,E5
concentration of 19 x 107> M. In the PBS-PFP containing sample (C, D), the C;,Es/PBS-PFP molar ratio (in terms of repeat units) was kept
at 8.8. Black arrowheads indicate high contrast spots, interpreted as being threadlike aggregates imaged along their long axis.

tails on the behavior of the system and on the nature of the mixed
PBS-PFP/C/,Es micelles. As in our previous study, ' we have used
a model based on a tetramer of PBS-PFP in the presence of water.
Two different and distinct simulations (I and IT) have been carried
out, as summarized in Table 1. In the first case, we have studied
the interaction between a PBS-PFP tetramer and four C;,Es
molecules. This system attained a conformation very close to
that of equilibrium in less than 2 ns of unrestrained dynamics. In
the snapshot depicted in Figure 7, it is shown how closely the
surfactant interacts with the polymer, forming a “core—shell” type
structure with the rigid poly(1,4-phenylene-a/t-fluorene) backbone,
surrounded by the polymer side chains mixed with the surfactant to
give a very hydrophilic exterior. Although the simulations are not
intended to provide a detailed structure of the mixed PBS-PFP/
C1,Es micelles, they strongly suggest that at least one surfactant
molecule is necessary for each CPE repeat unit. Note also, in
particular, that the anionic sulfonate groups are exposed to water.
Further, it is apparent that the interaction between the surfactants
and the fluorene backbone is not site specific.

In the second model system, the initial simulation box
consists of two aggregated PBS-PFP tetramers, resulting from a
previous equilibration in the absence of surfactant molecules,
located in the center of the box. Eight molecules of C,Es were
then randomly placed around the polymer aggregate at distances

Langmuir 2009, 25(10), 5545-5556
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Table 1. Simulation Details for the Molecular Dynamics Calculations

I II

PBS-PFP tetramer 1 2

C,Es 4 8

water 4951 6081

Na™ 8 16

box volume 158 nm’® 198 nm’®
average box length L =54nm L = 58nm
MD run time Sns 65 ns

Figure 7. Molecular dynamics simulations of the interaction be-
tween a PBS-PFP tetramer and four C,,E;5 surfactants. The water
molecules are not represented for clarity.

large enough so that the interaction with the polymer may be
considered negligible (Figure 8a). Nat counterions were
added to the system by randomly replacing solvent molecules
(see Table 1).

The equilibration procedure, including restrained and unre-
strained M D, prompted a close approach between surfactant and
the aggregated polymers. The action of the surfactant upon this
aggregate was assessed during the 65 ns production run
(Figure 8b). It is observed that after 10 ns there is increasing
separation between the polymer backbones, as demonstrated
from the increase in the distance between the respective centers
of mass (see Figure 9). A maximum distance of ca. 0.95 nm is
reached after 40 ns, which remains approximately constant for the
remaining part of the run.

Figure 8b presents the simulation box of the model system II
after 65 ns, in which, for clarity, the water molecules are not
represented. It can be seen that the tails of the surfactant
intercalate between the two polymer backbones, inducing the
separation of the latter. Due to computational cost, it was not
possible to run this system for longer times. Nevertheless, the
results clearly support the idea that the surfactant breaks up
polyelectrolyte clusters and that, as mentioned for the previous
model (I), with a single polymer tetramer and four Ci,Es
molecules, the surfactant molecules interact preferably with the
polyfluorene backbone in a nonspecific way. The sulfonate
groups are, again, exposed to the solvent.

Langmuir 2009, 25(10), 5545-5556
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Figure 8. (a) Initial simulation box and (b) simulation box at 65 ns
(water molecules are omitted for clarity).

C. Interaction of PBS-PFP with Other Nonionic Surfac-
tants and Polymers. The effects of three other nonionic alkylox-
yethylene surfactants on the absorption and emission spectra of
PBS-PFP (6.8 x 10 g/L) in water have also been studied. In all
cases, similar behavior was observed to that seen with C|,Es
(Supporting Information Figure S1). Absorption spectra showed
the typical broad band observed for polyfluorene derivatives,
while, in all cases, a marked increase in fluorescence, accompanied
by a blue shift on the structured fluorescence, was observed
together with a narrowing of the spectra upon adding surfactant.

Fluorescence quantum yields were studied as a function of
surfactant concentration for CoEs, C|,E,4, and C,Es (Figure 10)
and in all cases showed large increases in the region of the
surfactant critical micelle concentration (using literature cmc
values™). This strongly supports our previous suggestion that
breakup of the polymer clusters is associated with micelliza-
tion and incorporation of isolated chains of the polymer into
polymer—surfactant aggregates. Spectral data and fluorescence
quantum yields are given in Table 2. Data for Triton X-100 were
only obtained for one concentration (above the cmc), since this is

(58) (a) Corkill, J. M.; Goodman, J. F.; Harrold, S. P. Trans. Faraday Soc. 1964,
60,202-207. (b) Rosen, M. J.; Cohen, A. W.; Dahanayake, M.; Hua, X.-Y. J. Phys.
Chem. 1982, 86, 541-545. (c) Huibers, P. D. T.; Lobanov, V. S.; Katritzky, A. R.;
Shah, D. O.; Karelson, M. Langmuir 1996, 12, 1462-1470.
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Figure 9. Distance between the centers of mass of the two
oligomers.

0.6+

0.4+ )
o 0.24
° ] 0 o o o O 0000 0000
> T T T T T T T T T - 1
g 8 -7 6 5 -4 -3 2
3 0.6
g ot log [C1,E,l 1(@)3
2 0.4+ e}

1 )

(0]
00271 4 0 0 o 000°
[0] ! T T T T T T T T T T 1
2 0 8-8 -7 -6 -5 -4 -3 -2
2 0.8-
= 4 @) o] (]
S 0.6 log [C,,E,] l§
L 044 o)

024 4 o0 o0 o 00 .OO (e . . |

-8 -7 -6 5 4 3 2
log [C,,E]

Figure 10. Fluorescence quantum yields for aqueous solutions of
PBS-PFP (6.8 x 107 g/L, 9.18 x 10~° (mole repeat units)/L) as
functions of logarithm of concentrations of the nonionic surfac-
tants CoE;, Ci»E4, and C,Es. Arrows show the critical micelle
concentrations of the three surfactants.

a mixture of different chain length surfactants,” which limits
quantitative interpretation of the behavior. It is noteworthy
that the biggest fluorescence enhancement is observed with the
two surfactants with the greatest number of oxyethylene units
(C1»Es and Triton X-100). This may reflect the better ability of
these longer sections to wrap round the 1,4-phenylene-fluorene
backbone. Also, there are small, but significant, differences in the
PBS-PFP fluorescence maximum with the four surfactants. A
similar observation has been reported by Woo and co-workers
for the fluorescence of a cationic fluorene—phenylene alternating
copolymer in the presence of three nonionic surfactants.”® While
we believe from the NMR and scattering experiments and the
molecular dynamics simulations that the conjugated polyelectro-
lytes are dissolved at the molecular level in mixed polymer—
surfactant aggregates in all these cases, these spectral shifts must
represent some change in the local environment. As has been
previously suggested for the solvatochromic properties of a series
of polyfluorene derivatives,®® this may well be associated with
conformational changes of the relatively flexible polymer back-

(59) Hollis, G. L. Surfactants Europa; George Godwin: London, 1982; p 137.
(60) Blondin, P.; Bouchard, J.; Beaupré, S.; Belletéte, M.; Durocher, G.; Leclerc,
M. Macromolecules 2000, 33, 5874-5879.
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Table 2. Absorption (4,ps) and Emission (4.,,) Spectral Maxima and

Fluorescence Quantum Yields (®;) of PBS-PFP (6.8 x 10 3g/L,9.18

%107 (mole repeat units)/L) in Aqueous Solution without Surfactant
and with Surfactant above the Critical Micelle Concentration

surfactant Aabs (nmM) Aem (nM) [ON
none 381 423 0.14
C1oE; (1.7 x 1073 M) 368 413 0.48
CpE4 (3.8 x 1073 M) 370 411 0.47
C1Es (3.4 x 1073 M) 370 410 0.74
Triton X-100¢ 371 410 0.72

“For the Triton X-100 data, the PBS-PFP concentration used was
2.84 x 1073 g/L (3.83 x 10~° (mole repeat units)/L).

bone. Precipitation has been reported with the cationic CPE poly
{9,9-bis[6-(N,N,N-trimethylammonium)hexyl]fluorene-co-1,
4-phenylene} iodide in water in the presence of Triton X-100."
We did not observe this for the ternary system PBS-PFP/Triton
X-100/water. However, alkyloxyethylene surfactants are known
to phase separate (clouding) on heating.'®°" As we have reported
elsewhere,'® these and other fluorene based conjugated polyelec-
trolytes increase the corresponding cloud points of the surfactants
due to the formation of mixed aggregates (associative phase
separation). It is worthy of note that the cloud points decrease
upon adding salt, showing that the CPE—surfactant interactions
involve a careful balance between hydrophobic and electrostatic
interactions.

The fluorescence spectra were recorded of aqueous solutions
of PBS-PFP in the presence of various concentrations of poly
(ethylene glycol) (PEG, molecular weights ( M) 200 and 10000 g/
mol). Similar behavior was seen with the two PEG polymers.
Results for the high molecular weight derivative (10000 g/mol)
are given in Figure 11a. Over the concentration range studied,
only small increases in the fluorescence intensity were seen with no
significant shift in the emission band, indicating that PEG does
not break up the PBS-PFP aggregates. This can be contrasted
with the observations of strong interactions between PEG and an
anionic poly(4,4'-diphenylene vinylene) (PDV) in aqueous solu-
tions.*> Although we do not have an explanation for the differ-
ences in behavior of PEG with PDV and with PBS-PFP, they may
possibly be a consequence of the latter having hydrophobic
groups in the two chains attached to the fluorene 9-position.

Also, in contrast to the behavior of PBS-PFP with PEG, with
the end-capped hydrophobically modified poly(ethylene glycol)
(HM-PEG, Figure 11b), both a blue shift in emission (to 418 nm)
and a 19-fold increase in fluorescence quantum yield were seen,
showing that, as was the case with the nonionic surfactants,
the amphiphilic character of the polymer is a driving force for the
breakup of aggregates.

Studies were also made of aqueous solutions of PBS-PFP in the
presence of poly(propylene glycol) (PPG, M, 425 g/mol). This is
more hydrophobic than poly(ethylene glycol) and, as can be seen
in Figure 1lc, also leads to marked increases (5 times) in the
fluorescence intensities, suggesting that it induces some breakup
in the PBS-PFP polymer aggregates. There is also a smaller, but
proportional, blue shift in the emission (ca. 1.5 nm). In contrast,
the emission maxima in Figure 11a are identical in the absence
and presence of PEG, which is compatible with the slight increase
in the emission intensity in this case (about 1.7 times). While we do
not, as yet, have a complete explanation for the phenomena
seen with these water-soluble polymers, there appears to be a

(61) Holmberg, K.; Jonsson, B.; Kronberg, B.; Lindman, B. Surfactants and
Polymers in Aqueous Solution, 2nd ed.; John Wiley and Son: Chichester, 2003.

(62) Wilson, J. S.; Frampton, M. J.; Michels, J. J.; Sardone, L.; Marletta, G.;
Friend, R. H.; Samori, P.; Anderson, H. L.; Cacialli, F. Adv. Mater. 2005, 17,
2659-2663.

Langmuir 2009, 25(10), 5545-5556



Burrows et al.

Article

! ! bl 2.5x10"
a
{ —O0M
1.6x10° e 4 AT mM|
8.33 mM 7|
amml | 20x10
— 6 |
S 1.2x10°+ - 1
© 1.5x10" 1 /
2>
‘@ 8.0x10°
o) 1.0x10" |
2
£
5
4.0x10° 1 5.0X106‘
0.0 0.0

LI LI T T T
400 450 500 550 600

L 8.0x10°

- 6.0x10°

400 450 500 550 600

- 4.0x10°

L 2.0x10°

400 450 500 550 600

Wavelength (nm)

Figure 11. Fluorescence spectra of PBS-PFP (4.9 x 10~ g/L)in aqueous solution (solid line) and in the presence of various concentrations of
(a) PEG (molecular weight 10 000, 0—12.5 mM), (b) hydrophobically modified PEG (HM-PEG, 0—3.8 mM), and (c) poly(propylene glycol)

(0—16.7 mM).

relationship between the increase in emission intensity and the
extent of the blue shift, suggesting both have a common origin. In
a study on solvent effects with a related cationic CPE, Wang and
Bazan have strongly suggested that solvent effects on spectra and
changes in aggregation state are not separable phenomena in this
kind of system.*’ Comparison of the blue shifts in PBS-PFP
emission maxima and the small variations in the vibrational
structure in the spectra with hydrophobically modified PEG
and PPG seen in Figure 11b and ¢, and also observed in the
presence of the nonionic surfactants, suggests that relatively small
differences in structure of these nonionic systems can lead to
significant changes in local environment, reflecting differences
in their interactions with the CPE. As discussed in related stu-
dies on the interaction between this conjugated polyelectrolyte
and gemini surfactants in aqueous solutions,” we believe
that a sensitive balance between hydrophobic and hydrophilic
effects is involved in the interaction of cosolvents, surfactants,
and water-soluble polymers with the conjugated polyelectrolyte
PBS-PFP. In addition, since conformational changes of the
relatively flexible fluorene-phenylene backbone® may be involved
in the solvent effect on the emission maxima, the rigidity of the
microenvironment in the region of the chromophore may also
play a role.

Conclusions

Upon addition of nonionic surfactants to aqueous dispersions
of the conjugated polyelectrolyte {1,4-phenylene-[9,9-bis(4-phe-
noxy-butylsulfonate)]fluorene-2,7-diyl} copolymer (PBS-PFP),
marked blue shifts in the fluorescence spectra, increases in
emission intensity, and changes in the vibronic structure of the
emission spectrum are observed. The onset of interaction is seen
to occur in the region of the surfactant critical micelle concentra-
tion and is interpreted as resulting from surfactant induced
breakup of polymer clusters. More detailed studies were made
for the system with C;,Es, and dynamic and static light scattering
studies confirmed earlier SANS measurements of the existence
of three concentration regimes corresponding to the breakup of
PBS-PFP clusters, formation of polymer—surfactant micellelike
aggregates, and growth into supramolecular structures. The for-
mation of mixed polymer—surfactant aggregates was confirmed
by small-angle X-ray scattering results, which provided experi-
mental insight into the internal structure of the inhomogeneous
mixed surfactant—polymer aggregates. The breakup of polymer
clusters leads also to an increase in the electrical conductivity of
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polymer in solution as is shown with Cj,Es around its cmc.
However, further additions of surfactant do not increase the
electrical conductivity in solution, which agrees with the formation
of elongated polymer—surfactant complexes with lower mobi-
lity. This is supported by cryo-TEM studies, which also suggest
an increased stiffness in the polymer—surfactant aggregates as
compared to the pure surfactant aggregates. The effect of inter-
action between the surfactant and conjugated polyelectrolyte is
confirmed by MD simulations, which demonstrate the tendency
to form polymer—surfactant aggregates in which isolated chains
of PBS-PFP are included. Similar behavior is seen with hydro-
phobically modified poly(ethylene glycol) or with poly(propylene
glycol). The changes are similar to those observed upon addition
of organic cosolvents but occur at very much lower concentra-
tions, suggesting the importance of binding of the surfactant or
water-soluble polymer to the conjugated polyelectrolyte. In addi-
tion, the MD simulations show that the CPE backbone is
surrounded in a sheath of surfactant molecules, while the sulfonate
group is clearly exposed to water. This may have implications in
the complexing of these anionic groups by oppositely charged
species. For example, it is known that calcium(I) quenches
anionic CPEs by inducing aggregation.®> We have been interested
in developing systems involving conjugated polyelectrolytes self-
assembled with oppositely charged metal complexes for light
harvesting, and have found with PBS-PFP and tris(bipyridyl)
ruthenium(Il) that Cj,Es appears to inhibit aggregation of
the CPE chains by this cationic metal complex.** This may be
associated, at least in part, to the formation of a protective sheath
of surfactant molecules around the CPE backbone. This behavior
shows similarities to cyclodextrin-threaded conjugated systems
which have been suggested to have potential as isolated molecular
wires.®
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