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Departamento de Quı´mica, UniVersidad de Burgos, Plaza Misael Ban˜uelos, Burgos 09001, Spain,
Departamento de Quı´mica, UniVersidade de Coimbra, 3004-535 Coimbra, Portugal, Instituto de Biologı´a
Molecular y Celular, UniVersidad Miguel Herna´ndez, Elche 03202, Alicante, Spain, and Departamento de
Engenharia Quı´mica e Biologica, Instituto Superior Te´cnico (IST), AVenida RoVisco Pais, P1049-001,
Lisboa, Portugal

ReceiVed: May 30, 2007; In Final Form: September 1, 2007

The interaction between the cationic HTMA-PFP (Poly-(9,9-bis(6′-N,N,N-trimethylammonium)hexyl-fluorene
phenylene) bromide) and oppositely charged sodiumn-alkyl sulfonate surfactants of different chain lengths
has been studied in DMSO-water solutions (4% v/v) by UV-visible absorption, fluorescence spectroscopy,
fluorescence lifetimes, electrical conductivity, and1H NMR spectroscopy. Polymer-surfactant interactions
lead to complex spectroscopic behaviors which depends on surfactant concentration. At low surfactant
concentrations, the observed strong static fluorescence quenching of fluorescence seems to be associated
with formation of aggregates between polymer chains neutralized through interaction with surfactants. This
is supported by conductivity and by analysis of absorption spectra deconvoluted at each surfactant concentration
using an adapted iterative method. In contrast, above the surfactant critical micelle concentration, there is a
strong fluorescence enhancement, leading in some cases to higher intensities than in the absence of surfactants.
This is attributed to the transformation of the initially formed aggregates into some new aggregate species
involving surfactant and polymer. These changes in HTMA-PFP fluorescence as a function ofn-alkyl sulfonate
concentration are important for the general understanding of polymer-surfactant interactions, and the aggregates
formed may be important as novel systems for applications of these conjugated polyelectrolytes.

Introduction

Conjugated polyelectrolytes are conjugated polymers contain-
ing charged groups and are finding applications as chemical
and biological sensors,1-9 in addition to their potential in
molecular electronics for charge injection and transport.10

Moreover, they may undergo self-assembly with oppositely
charged species, such as surfactants, to build up complex
multilayer structures with interesting materials properties.11 They
are also relevant for the development of high resolution inkjet
printing12 where there is a clear need for good water-based
formulations of conjugated polymers.

A particularly important group of conjugated polyelectrolytes
involves fluorene based systems,3,4,13which have the advantages
of high fluorescence quantum yields and blue emission,14

making them very suitable for use in areas such as Fo¨rster
resonance energy transfer (FRET). In addition, the rigid poly-
fluorene backbone linked to the flexible side chains induces
interesting aggregation behavior,3f,10d,13a,c,d,gwhich has proved
particularly valuable for studying interactions with nucleotides,
nucleic acids, and peptide nucleic acids. Methodologies have

been developed for DNA sensing with cationic fluorene based
copolymers.3b,f,h,i,4a

Various behaviors are observed when surfactants interact with
conjugated polyelectrolytes in water. Initial studies by Whitten
and co-workers1 involved the relatively flexible anionic con-
jugated polymer poly(2,5-methoxy-propyloxysulfonate phe-
nylene vinylene) (MPS-PPV), where the fluorescence was
dramatically enhanced in the presence of oppositely charged
surfactants.1b In addition, surfactant complexation favored
electron-transfer quenching by neutral molecules, such as
nitroaromatics1c but inhibited quenching by cationic quenchers
such as methylviologen. There are a number of other reports of
dramatic changes of fluorescence of conjugated polyelectrolytes
with surfactants,7a,13,15and Bunz has introduced the concept of
surfactochromaticity7a to describe this. With oppositely charged
surfactants,bothfluorescenceenhancement1a,13e,15andquenching13b

have been observed. In the latter case, involving an anionic
fluorene-phenylene based conjugated polyelectrolyte and single
chain cationic surfactants, it was suggested that formation of
large polyelectrolyte-surfactant aggregates may be responsible.
We complement this work with a study of the interaction of
the related cationic poly(9,9-bis(6′-N,N,N-trimethylammonium)-
hexyl-fluorene phenylene) bromide, HTMA-PFP, copolymer
with negatively charged sulfonate and sulfate surfactants (Figure
1). The effects of the surfactant concentration,n-alkyl chain
length and the surfactant head group on absorption and emission
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spectra, and electrical conductance in solution are studied to
see how these interactions can modulate the optical and
conductivity properties of this polymer in solution. In addition,
1H NMR spectroscopy has been used to characterize the solution
behavior. It is worthy to note that the copolymer studied has a
significantly higher molecular weight than those used in previous
reports, which may facilitate aggregation.

Experimental Section

Reagents and Solution Preparation.The cationic conjugated
polyeletrolyte poly-(9,9-bis(6′-N,N,N-trimethylammonium)-
hexyl-fluorene phenylene) bromide (HTMA-PFP,Mn ) 24 315
g mol-1, repeat unit molecular weight, 694.71 g mol-1) was
obtained by treating the neutral polymer poly(9,9-bis(6′-hexyl
bromide)-fluorene phenylene), synthesized by Suzuki coupling
reaction with Pd(II) as catalyst, with gas-phase trimethylamine
following a procedure described elsewhere.3g

The polymer shows negligible solubility in water but dissolves
in dimethyl sulfoxide-water mixtures. The effect of cosolvents
on the aggregation and solubility behavior of conjugated
polyelectrolytes is discussed in detail elsewhere.13g Stock
polymer solutions with concentrations around 9.6× 10-2 g/L
(1.38× 10-4 mol/L in repeat units) were prepared in dimethyl
sulfoxide (DMSO, Aldrich, spectrophotometric grade) by con-
tinuous stirring overnight. Aliquots were diluted with Milli-
pore-Q water to produce solutions for the spectroscopic and
conductivity measurements with polymer concentrations around
5.5 × 10-6 M (repeat units) in 4% (v/v) DMSO-water.

Sodium alkyl sulfonate surfactants with different chain lengths
were purchased and used without further treatment (CH3-
(CH2)n-SO3Na: butyl (SBSu, Fluka), hexyl (SHSu, Aldrich),
octyl (SOSu, Aldrich), decyl (SDeSu, Sigma), dodecyl (SDSu,
Fluka), tetradecyl (STSu, Fluka), and hexadecyl (SHeSu,
Fluka)). To compare the effect of the anionic surfactant head
groups, a series of sulfate surfactants (CH3-(CH2)n-OSO3Na:
sodium octyl sulfate (SOS, Fluka), sodium decyl sulfate (SDeS,
Sigma-Aldrich), sodium dodecyl sulfate (SDS, Sigma-Aldrich),
sodium tetradecyl sulfate (STS, Fluka), and sodium hexadecyl
sulfate (SHeS, Fluka)) were also studied.

Quinine sulfate from Fluka in 0.5 M sulfuric acid was used
as standard for quantum yield measurements.16

Apparatus and Methods

Absorption spectra were recorded on a Shimadzu 2501 PC
UV-visible spectrophotometer. For steady-state luminescence

spectral measurements, a Shimadzu RF-5301 PC instrument was
used in a right-angle configuration. The excitation wavelength
was 381 nm, and excitation and emission slits were 3 and 1.5
nm, respectively. In general, absorption and emission spectra
were measured at 25.0( 0.1 °C, except for STSu, STS, SHeS,
and SHeSu, which were measured at 40.0( 0.1°C to be above
the Krafft temperature.17 Time-resolved fluorescence measure-
ments were carried out using the single photon counting
technique with picosecond time resolution as previously de-
scribed.18 Excitation of samples was carried out with the
frequency-tripled output of an actively mode-locked picosecond
Ti-sapphire laser (Spectra Physics Tsunami), pumped by a
solid-state laser (Spectra Physics Millennia Xs). The repetition
rate was set to 4 MHz by passage through an optical-acoustic
modulator (Pulse Selector 3980 Spectra Physics). Light pulses
were monitored with a fast photodiode, filtered with a constant
fraction discriminator (Canberra 2126), and used as stop signals
in a time-to-amplitude converter (Canberra 2145 TAC). Excita-
tion was vertically polarized, emission was collected with a 90°
geometry, passed through a polarizer at approximately 54.7°
(Spindler & Hoyer Glan laser prism polarizer) and a mono-
chromator (Jobin-Yvon H20 Vis), and detected with a micro-
channel plate photomultiplier tube (MCP-PT Hamamatsu
R3809u-50). Inverted start-stop configuration was used in the
acquisition. The experimental instrumental response function
for all excitation wavelengths was in the range 38-42 ps.
Alternate collection of pulse profile and sample decays was
performed (103 counts at the maximum per cycle) until about 5
× 103 (typical) to 3 × 104 total detected counts had been
accumulated at the maximum of the fluorescence signal. The
fluorescence decays were deconvoluted on a PC, using George
Striker’s Sand program19 (LINUX version), which allows
individual and global analysis of the decays with individual shift
optimizations.

NMR spectra were recorded at 20°C on a Varian INOVA
400 spectrometer operating at 399.92 MHz (1H). 1H NMR
spectra were registered of solutions of polymer (concentrations
between 2.14× 10-3 M and 3.97× 10-3 M) in DMSO-D2O
(4% v/v) with sodium butyl sulfonate (SBSu, 0.531 M) and
sodium decyl sulfonate (SDeSu, 0.091 M) additions in D2O.
Solution electrical resistances were measured using a Wayne-
Kerr model 4265 Automatic LCR meter at 1 kHz. A Shed-
lovsky-type conductance cell was used.20 The cell constant
(approximately 0.8465 cm-1) was determined to(0.02% from
measurements with KCl (reagent grade, recrystallized and dried
using the procedure and data from Barthel et al.).21 Measure-
ments were made at 25.0( 0.1 °C with cells in a Grant
thermostat bath, except for the tetradecyl and hexadecyl
surfactants, for which studies were made at 40.0( 0.1 °C.

Results and Discussion

We present initially the spectroscopic (absorption and emis-
sion) and electrical conductivity properties of HTMA-PFP in a
DMSO-water solution (4% v/v). The study of the interaction
between HTMA-PFP and sodiumn-alkyl sufates and sulfonates
using these techniques is reported in a separate section.

1. Polymer in a DMSO-Aqueous Solution (4% DMSO).
Absorption spectra of HTMA-PFP (5.63× 10-6 M in terms of
repeat units) in DMSO-water solutions (4% v/v) show a broad
peak with maximum at 378 nm, while the emission spectra show
a maximum at about 412 nm, with shoulders at 434 and 471
nm (Figure 2). The fluorescence quantum yield (φ) in this
solvent mixture is 0.52( 0.03, while the lifetime is 0.52(
0.01 ns.

Figure 1. HTMA-PFP andn-alkyl sulfate/sulfonate structures.
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Studies at different concentrations show that the absorbance
at 381 nm follows the Lambert-Beer law over the repeat unit
concentration range 4× 10-7 M to 3 × 10-6 M. Both emission
intensity and quantum yield increase linearly over the same
range without significant changes in spectral shape, indicating
that the polymer structure is not much affected by dilution for
these polymer concentrations. A similar conclusion is obtained
from molar conductivity data of HTMA-PFP at different
concentrations in a DMSO-water mixture (4% v/v). The molar
conductivity,Λ, of HTMA-PFP is calculated using

whereκ andκ0 are the specific conductances of polyelectrolyte
solution and solvent, respectively; andc is the molar concentra-
tion in terms of repeat units (mol/L).

As has previously been observed for PBS-PFP,13a,cthe molar
conductivity of HTMA-PFP decreases linearly with the square
root of polymer concentration (Kohlrausch law) between 1.58
× 10-3 and 1.72× 10-3 M1/2 (Figure 2B). Using data shown
in Figure 2B and the Kohlrausch equation, we obtain a molar
limiting conductivity (Λ0) of 0.316( 0.003 S m2 mol-1. This
is approximately the same value as that found for poly{1,4-
phenylene-[9,9-bis(4-phenoxy-butylsulfonate)]fluorene-2,7-diyl}-
copolymer (PBS-PFP,Mh n ) ∼6500 g mol-1; 0.36 ( 0.01 S
m2 mol-1).13a This can be explained by the balance of two
factors: the charge and the size of the HTMA-PFP sample
which are around 3.7 times greater than those of the PBS-PFP
studied; the increase of both factors contributes in the opposite
way to the molar conductivity.

2. Polymer andn-Alkyl Sulfonate Surfactant Interaction.
Spectroscopic Results.The interaction between HTMA-PFP and
sodiumn-alkyl sulfonate surfactants was studied using absorp-
tion and fluorescence spectroscopy. The spectra of solutions
were recorded at 25.0( 0.1 °C with a polymer concentration
around 5.5× 10-6 M (in terms of repeat unit molar concentra-
tion) and various surfactant concentrations (from 0 up to 0.1 M
for surfactants with alkyl chains longer than dodecyl and up to
1 M for the shorter chain length ones). Some scattering is
observed in the spectra for higher surfactant concentrations for
surfactants with alkyl chains longer than dodecyl.

The addition ofn-alkyl sulfonate to HTMA-PFP aqueous
solutions induces some changes in the absorption spectra as can

be seen for the butyl and dodecyl surfactants in Figure 3. While
the initial additions ofn-alkyl sulfonates do not significantly
affect the absorbance (up to concentrations between 4× 10-7

M for SDSu and 5× 10-5 M for SBSu), increasing surfactant
concentration leads to a marked linear decrease of the charac-
teristic polyfluorene absorption band at around 378 nm, ac-
companied by an increase in absorbance at wavelengths greater
than 400 nm. For most of these systems, a well-defined
isosbestic point is also observed around this wavelength (Figure
3), suggesting the presence of a single equilibrium. In all cases,
a minimum is observed in the absorbance (corresponding to
around 40% of the initial values), with the concentration at
which this occurs depending upon the surfactant chain length
(from 5× 10-5 M for dodecyl to 4× 10-2 M for butyl (Figure
4A). A similar broadening of the absorption spectra and
reduction in absorbance has previously been reported with the
structurally related poly(9,9-bis(6′-(N,N,N-trimethylammonium)-
hexyl)fluorenephenylene) copolymer and related oligomers upon
addition of SDS,22 although no explanation was presented.

Increasing surfactant concentration does not affect absorbance
until around the critical micelle concentration (cmc; Table 1;
between 1× 10-3 M for SDSu and 0.4 M for SHSu). However,
in general, absorbance increases again above the cmc and in
some cases (e.g., SDeSu) reaches values even higher than in
the absence of surfactants. This increase of absorbance is not
observed for the butyl compounds; see Figure 4A.

Moreover, these changes are accompanied by shifts in
absorption maxima. Similar wavelength shifts are seen in the
fluorescence spectra, as can be seen in Figure 4B,D. As with
the absorption spectra, no shift is seen in emission maxima upon
initial surfactant additions. However, red shifts in both absorp-
tion and emission maxima are observed in then-alkyl sulfonate
concentration range for which the absorbances and emission
intensities decrease. These red shifts vary from 9 nm (377-
385 nm) for SDSu to a 3 nmincrement (377-380 nm) for octyl
sulfonate in absorption spectra and with fluorescence from
around 10 nm (from 412 to 422 nm) to 6 nm (from 412 to 418
nm) for the longer alkyl chain surfactants (dodecyl, tetradecyl,
and hexadecyl). No shifts in spectral maxima are observed at
surfactant concentrations above the zone of the minimum plateau
of the absorbance or emission intensity; see Figure 4.

Figure 2. (A) Absorption and fluorescence spectra of HTMA-PFP
solutions (3.89× 10-3 g/L, 5.63× 10-6 M in terms of repeat units) in
DMSO-water (4% v/v); solid and dotted lines, respectively. (B) Molar
conductivity of HTMA-PFP in DMSO-water mixtures (4% v/v) versus
square root of polymer molar concentration in terms of repeat units.

Λ ) (κ - κ0)/(c × 1000) (1)

Figure 3. Absorption spectra of HTMA-PFP (5.7× 10-6 M in repeat
units) in 4% DMSO-water, with (A) SBSu (concentrations 0 to 3.0×
10-2 M), (B) SDSu (concentrations in the pre-micellar region, 0 to 1.1
× 10-3 M) and (C) SDSu (concentrations in the post-micellar region,
1.1× 10-3 to 5.0× 10-1 M). The arrows pointing up and down indicate
increase and decrease of absorbance in the maximum (≈378 nm),
respectively, while the surfactant concentration ranges are indicated at
the right.
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For surfactant concentrations above the cmc, some differences
in the maximum shifts are observed between absorption and
emission. In absorption, the maximum of spectra are continu-
ously blue-shifted for surfactant concentration above the cmc
to values close to the initial ones (Figure 4B). However, a
marked blue shift is seen with the fluorescence maximum up
to around 414 nm for surfactant concentrations close to the cmc
(Table 1), while, in general, further increases in surfactant
concentration do not produce any further change in the emission
maxima (Figure 4D). As with the absorbance, the exception to
this behavior isn-butyl sulfonate, which, in terms of chain
length, can be considered to be at the lower limit of surfactant
behavior. Normally, with amphiphiles, at least eight carbon
atoms are considered to be necessary for surfactant behavior in
aqueous solutions.23

In addition to the shifts in the fluorescence maxima, addition
of n-alkyl sulfonates also leads to changes of the spectral band
shape. The shoulders at 434 and 471 nm become better defined,
corresponding to a more resolved vibrational structure (Figure
5A), while the ratio of the intensity at the maximum to that at
the shoulder increases, in particular, above the cmc. This may
reflect a decrease in the number of conformations present in
the emitting state. In contrast, no significant changes are
observed in the shapes of the normalized absorption spectra.

Upon initial surfactant additions, the emission quantum yield
is nearly constant (surfactant concentrations up to 4× 10-7 M
for SHeSu and 5× 10-5 M for SBSu, Figure 4C). However,

increasing the concentration of the surfactant (up to 1× 10-5

M for the hexadecyl and 1× 10-2 M for the butyl sulfonates)
leads to almost a complete quenching of the polymer emission
(quantum yield,φ, below 0.1). For surfactants withn-alkyl chain
length longer than hexyl, the HTMA-PFP emission is recovered
upon further additions of surfactant and, in some cases, even
enhanced for concentrations above the cmc compared with
solutions in the absence of surfactant. In the case of butyl, no
increase of emission intensity is observed.

A good agreement is found between the surfactant concentra-
tions at which the polymer emission intensity increases and their
cmc values (Table 1), indicating that HTMA-PFP could be used
as a sensitive fluorescent probe to detect micelle formation in
n-alkyl sulfonates and probably other anionic surfactants. The
variation in emission maximum wavelength can also provide
an estimation of the cmc by using the crossing point of the two
lines corresponding to the maximum red shift of emission and
the range for which emission wavelength decreases as functions
of surfactant concentration. The cmc values obtained from these
crossing points are, in general, slightly lower than the literature
ones (Table 1).

To check whether the functional group of the surfactant has
any significant effect on the polymer-surfactant interaction,
similar spectroscopic experiments were carried out using sodium
octyl sulfate, decyl sulfate, and dodecyl sulfate. No significant
effects of headgroups were observed, and surfactants with sulfate

Figure 4. (A) Normalized absorbance, (B) absorbance maximum wavelength, (C) normalized emission intensity and (D) emission maximum
wavelength versusn-alkyl sulfonate molar concentration (moles per liter) on a logarithmic scale.

TABLE 1: Comparison between Literature Sodium n-Alkyl Sulfonate c.m.c Values in Aqueous Solution, the Surfactant
Concentrations at Which HTMA-PFP Emission Intensity Is Recovered or Emission Wavelength Decreases Once It Has Reached
a Maximum Value and Sodium n-Alkyl Sulfonates CMC Values in 4% DMSO-Water Obtained from Conductivity Data

sodiumn-alkyl sulfonates

parameter butyl hexyl octyl decyl dodecyl tetradecyl hexadecyl

literature cmc value (mol/L)24 5.0× 10-1 1.5× 10-1 2.1× 10-2 9.8× 10-3 1.9× 10-3 6.1× 10-4

((9.1× 10-3) ((2.0× 10-4) ((2.0× 10-4) ((9.0× 10-5)
emission intensity 4.8× 10-1 9.7× 10-1 3.2× 10-2 7.9× 10-3 1.1× 10-3 2.3× 10-4

emission wavelength 3.7× 10-1 1.2× 10-1 4.0× 10-3 4.3× 10-3 3.0× 10-4 2.0× 10-4

((5.8× 10-2) ((1.1× 10-2) ((1.4× 10-4) ((2.1× 10-4) ((6.2× 10-5) ((9.8× 10-6)
specific conductivity 3.3× 10-2 1.2× 10-2 2.2× 10-3 7.6× 10-4

((3.3× 10-4) ((2.0× 10-5) ((4.0× 10-5) ((6.5× 10-5)
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and sulfonate groups have both been used in the subsequent
experiments to obtain the best experimental conditions.

Fluorescence quenching and a decrease in absorbance of
polyfluorenes has previously been reported for the anionic
polymer (PBS-PFP) upon addition of oppositely charged te-
tralkyl ammonium surfactants below the cmc.13b As we have
proposed for PBS-PFP with tetralkyl ammonium surfactants,
we believe that the quenching observed in HTMA-PFP-n-alkyl
sulfonate systems is due to polymer aggregation favored by the
charge neutralization upon interaction with surfactants.

The formation of polymer aggregates between polymer chains
upon neutralization by the interaction with surfactant is compat-
ible with the observed increase in Rayleigh scattering at the
fluorescence excitation wavelength (381 nm), as shown in Figure
5B for the hexadecyl surfactant. This scattering increase is
proportional to the emission intensity decrease, and both curves
have a common inflection point, suggesting a common origin,
the formation of polymer aggregates.

Quenching of the polymer fluorescence by sodiumn-alkyl
sulfonates was found to follow Stern-Volmer kinetics:

where F0 and F are HTMA-PFP emission intensities in the
absence and presence of quencher, respectively;KSV is the
Stern-Volmer constant, and [Q] is the molar concentration of
the quencher (surfactant concentration). The Stern-Volmer
constants are shown in Table 2.

To gain some insight into the nature of the quenching process,
values of KSV for butyl and decyl sulfonates have been
determined at various temperatures (from 25 to 45°C). No
significant changes are observed in either absorption or emission
spectra of HTMA-PFP in aqueous solutions upon changing
temperature. However, whenn-alkyl sulfonates are added,

notable differences are seen. With both SBSu and SDeSu, upon
increasing temperature, increases in polymer emission intensity
and, consequently, decreases in the Stern-Volmer constants
were observed. These followed the Arrhenius law and, for
example, went from 1.1× 105 at 25°C to 4.1× 104 L mol-1

at 45°C for SDeSu. The calculated activation energies for these
regions are-39.6 and-48.7 kJ mol-1 for SDeSu and SBSu,
respectively. If fluorescence quenching involved predominantly
a dynamic process, this would be expected to increase with
temperature. The decrease in the Stern-Volmer constant with
increasing temperature therefore indicates that the dominant
contribution comes from static quenching because of the
formation of some kind of mixed polymer-surfactant ag-
gregates.

To obtain more information about the nature of the quenching
process and to further characterize the species present, time-
resolved fluorescence experiments were carried out with HTMA-
PFP in DMSO-water 4% v/v alone and in the presence of
various concentrations of SDeSu. The emission was recorded
at 416 and 450 nm (main emission band and shoulder,
respectively) with excitation at 380 nm. No major changes were
found between the data obtained at these two wavelengths. Good
fittings could be obtained with triexponential decays at low
surfactant concentrations and biexponential ones at higher
concentrations (details are given in Supporting Information).

Average decay times for the triexponentional fittings are
around 30, 100, and 460 ps, while for biexponential fittings,
the shortest lifetime component is missing. The longest decay
time is assigned to the pure polymer lifetime, since it is the
dominant component at sufficiently high surfactant concentra-
tions and its value is of a similar order of magnitude to that of
other polyfluorene lifetimes: 360 ps for PBS-PFP in water13a

and 340 ps for poly(9,9-dioctylfluorene) in MCH at 298 K.25

From the fluorescence quantum yield (0.53) and lifetime
(508 ps) of HTMA-PFP in 4% v/v DMSO-water in the absence

Figure 5. (A) Normalized emission spectra of HTMA-PFP (7.39× 10-6 M, in terms of repeat units) in aqueous solution with 4% DMSO for
several sodium decyl sulfonate concentrations: 0, 1.39× 10-3 and 1.1× 10-1 M; solid, dashed, and dotted lines, respectively. (B) Rayleigh
scattering at 381 nm (full squares) and emission intensity (empty squares) of HTMA-PFP (6.6× 10-6 M, in terms of repeat units) in 4% (v/v)
DMSO-water versus hexadecyl sulfonate molar concentration (logarithmic scale).

TABLE 2: HTMA-PFP n-Alkyl Sulfonate Stern-Volmer Constants Determined by Eq 2

n-alkyl sulfonate butyl hexyl octyl decyl dodecyl tetradecyl hexadecyl

KSV (L‚mol-1) 7.81× 102 1.36× 103 1.13× 104 6.92×104 3.48× 105 7.69× 105 6.40× 105

F0

F
) 1 + KSV‚[Q] (2)
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of surfactant, the calculated nonradiative,knr and radiative rate
constants,kf, are 9.25× 108 s-1 and 1.04× 109 s-1, respectively.

The ratio τ0/τ (lifetimes in the absence/in the presence of
surfactant) for the longest lifetime components was plotted
versus both SDeSu and aggregate concentrations. Stern-Volmer
plots in both cases showed poor correlations and no significant
variations with concentration, indicating, in agreement with the
temperature effect on steady state measurements, that we are
seeing mainly static quenching and supporting the idea that is
due to surfactant induced polymer aggregate formation.

From the decay timesτi and respective pre-exponentional
factorsai (see Supporting Information), the relative contributions
of the three decay components to the total time-integrated
fluorescence (Ii ) ∫0

∞ ai e-t/τi dt ) ai × τi) can be calculated.
The percentage of the fluorescence contribution of the two short
decay times (I2 + I3) and that of the longest componentI1 are
plotted versus SDeSu molar concentration in Figure 6. The trend
of the normal (long-lived) emissionI1 versus [SDeSu] is
identical to that of the steady-state emission intensity (Figure
4C and Figure 6). At surfactant concentrations well below the
cmc,I1 sharply decreases with the addition of surfactant, while
it then recovers its initial value at concentrations close to the
cmc. We believe that it is significant that the changes in
fluorescence intensity result essentially from the changes of the
pre-exponential factor of the longest component and not
from its decay time. This indicates that the long-lived emis-
sion from isolated polymer chains is initially replaced by spe-
cies with shorter fluorescence lifetimes upon addition of
surfactant. This is, in turn, replaced by species with long-lived
fluorescence for surfactant concentrations above cmc. We
believe that this suggests that both the short-lived emissions
and the new long-lived emitting species are due to the presence
of polymer-surfactant species. The two short-lived components
are probably due to surfactant induced polymer aggregates
formed upon neutralization, as discussed with the steady-state
results.

From the fact that there are two components produced in
different surfactant concentration regions, it can be deduced that
there are probably two distinct types of polymer-surfactant
aggregates, although, with the information available, it is not
yet possible to attribute structures to them.

One observation supporting a single-step aggregation process
in these systems for surfactant concentrations considerably
below cmc is the observation of an isosbestic point in the
absorption spectra (Figure 3). This indicates a pseudo-equili-
brium, assumed to be due to the formation of surfactant induced
polymer aggregates and can be expressed as:

where P are assumed to be either polymer aggregates or single
polymer chains that form higher order aggregates, A, as a
consequence of polymer charge neutralization upon interaction
with surfactants in the pre-micellar region, andKA is the
aggregation constant.

Aggregate concentrations, absorption spectra, and values of
KA were calculated using an iterative method proposed by Lopez
Arbeloa26 to study aggregation of dyes in solution. According
to this method, slightly adapted for our systems, the aggregation
constant can be expressed as:26

wherex is, in this case, the molar fraction of P andc is the
polymer molar concentration.

As has been proposed by Lope´z Arbeloa,26 the molar
absorption coefficient at any wavelength (εjλ) can be expressed
as:

whereελ
P andελ

A are the average molar absorption coefficients
of P and A, respectively. It is assumed that single chains (P)
(or possibly lower order aggregates) are the only species present
in the absence of surfactant and that these have identical spectra.
Under these conditions, the absorption spectrum will be that of

P: εjλ ) ελ
P.

From eq 5, the molar absorption coefficients of higher order

aggregates,ελ
A, can be determined ifx is known. The P molar

fraction can be determined by an iterative method26 leading to
a limiting x value obtained when differences of 0.02 are
observed between consecutive calculatedx values.

The parameterR is defined as:26

whereAλP andAλA are the experimental absorbances at P and
A wavelength maxima, respectively. The maximum absorbance
wavelength of P is assumed to be that of the HTMA-PFP
absorption spectrum in the absence of surfactant (around 381
nm). The absorption maximum for A has been calculated by
subtracting the pure polymer absorption spectrum from an
HTMA-PFP absorption spectrum at the highest surfactant
concentration for which the isosbestic point (at about 400 nm)
is still well-defined.

ParameterR becomesR0 whenx = 126 (i.e., in the absence
of surfactant):

In this situation, no higher order aggregates are considered to
be present.

Figure 6. HTMA-PFP (4.12× 10-6 M repeat units, 4% v/v DMSO-
water): amplitudes (percentage) of long and short fluorescence lifetime
species at 416 nm (empty circles and full squares respectively) versus
sodium decyl sulfonate concentration (logarithmic scale). In the region
where triexponentional fittings are necessary, the short lifetime species
percentage is the sum of the values from amplitudes of the two fast
components.
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To obtain a first approximate value ofx(1), it is assumed that

ελP
A << ελP

P and ελA
A = ελA

P , leading to an approximate molar
fraction that allows the calculation ofKA, molar concentration

of A, ελA
A andελP

A from eqs 4 and 5.

These calculated average molar absorption coefficient values
are then used to estimate a second value ofx(2) with eq 6 and
a second value of association constant and aggregate molar
absorption coefficients (eqs 4 and 5). The convergence of thex
values is normally reached with less than 10 iterations for the
surfactant concentration range in which a strong quenching is
observed. With thesex values, the aggregate absorption spectra
are calculated from eq 5. Similar spectra are obtained with all
of the surfactants studied and consist of a narrow peak with a
maximum at around 402 nm and a shoulder around 376 nm, as
is shown in Figure 7 for STSu. Most of theKA values obtained,
within these concentration ranges, are between 4× 105 and 1
× 106 mol-1 L, although they apparently do not follow any
trend with then-alkyl chain length.

One of the surprising results obtained in this study is that,
following almost complete quenching of polymer emission as
a consequence of surfactant addition, further additions lead to
the recovery of absorbance and emission intensity in the region
of the surfactant cmc and in some cases give values even greater
than those observed for the pure polymer solutions (Figure 4C).
If the quenching process is attributed to surfactant induced
polymer aggregation, it seems reasonable that the increase in
the absorbance and emission intensity is due to disruption of
these polymer aggregates as a consequence of surfactant micelle
formation, as has been proposed for other fluorene based
conjugated polyelectrolytes with surfactants.13a,c,e,fAs has previ-
ously been discussed, experimental evidence of polymer ag-
gregate disruption upon reaching the surfactant cmc comes from
the Rayleigh scattering at 381 nm (Figure 5B). The increase of
HTMA-PFP emission intensity parallels the decrease of scat-
tering above the SHeSu cmc, which is compatible with
disruption of polymer aggregates. For surfactant concentrations
above 3.7× 10-2 M, the increase of scattering is probably due
to phase separation, as is observed visually.

Further information on these aggregation processes comes
from 1H NMR experiments.1H NMR spectra were run of
HTMA-PFP in DMSO (a good solvent for this polymer), in
DMSO-water (4% v/v) and in the same solvent mixture upon

addition of decyl sulfonate (0.1 M, above the cmc) and butyl
sulfonate (0.44 M). The most interesting changes are observed
in the aromatic region. Sharp characteristic aromatic polyfluo-
rene signals are observed at around 7.8 ppm in DMSO. These
are very weak in mixtures of DMSO-water (1% v/v; Figure
8) or with SBSu (not shown) and become broadened in the
presence of SDeSu. In contrast, in the aliphatic region, the effect
of adding SDeSu is not so marked, with only a slight sharpening
of the signals observed, as can be seen with the triplet signal
shown in Figure 8, attributed to one of the methylene groups
coupled to an adjacent-CH2 in the alkyl side chain. If we
assume that the signals in the aromatic region in DMSO-d6

solution correspond to those of freely rotating fluorene-
phenylene backbones, the broadening observed in this region
in the presence of SDeSu suggests more restricted motion,
associated with formation of polymer-surfactant aggregates,
possibly having a micellar structure. This becomes even more
pronounced in the absence of surfactant (or with the “poor”
surfactant SBSu, where no micelles are present under these
experimental conditions), possibly because of backbone-
backbone interactions resulting from closer interchain contact.
In contrast, the well-resolved alkyl signals both in DMSO/water
and in the presence of SDeSu indicate relatively free motion of
the side chains. The linewidths appear slightly narrower in the
presence of the surfactant, but in the absence of detailed NMR
relaxation time measurements (which are outside the scope of
this study), it is risky to speculate on the origin of this.

ConductiVity. Specific conductance of sodium octyl, decyl,
dodecyl, tetradecyl, and hexadecyl sulfates and sulfonates, as a
function of surfactant concentration, have been measured in
DMSO-water mixtures (4% v/v) to test the effect of the small
fraction of DMSO on the cmc values. The specific conductance,
κ, increases linearly with surfactant concentration, showing two
different slopes, corresponding to initially the presence of
unimers and, when the slope ofκ ) f(c) decreases, micelles.
The parameters of the linear fittings in the pre-micellar and post-
micellar region of the pure surfactant in DMSO-water and the
cmc values are given in Supporting Information for comparison
with the same parameters for surfactant solutions in the presence
of polymer.

The critical micelle concentration of these surfactants in
DMSO-water (4% v/v) and in aqueous solution have been
given in Table 1, and indicate that, within experimental error,
the addition of 4% of DMSO has little significant effect on the
cmc.

Figure 7. Aggregate absorption spectrum obtained by iterative process
for HTMA-PFP with sodium tetradecyl sulfonate (7.35× 10-5 M).

x(1) )
R0

R
(8)

Figure 8. HTMA-PFP (DMSO/water 1% (v/v)) with and without
sodium decyl sulfonate 0.09 M1H NMR spectra and HTMA-PFP in
DMSO upper left spectra.
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A typical plot of specific conductance,κ, of solutions of
polymer (with concentration about 5.5× 10-6 M in terms of
repeat unit) as a function of the surfactant concentration is shown
in Figure 9A. Two different types of behavior can be identified
in this figure. At surfactant concentrations much greater than
the polymer concentration (inset of Figure 9A), the specific
conductance increases linearly with surfactant concentration and
shows two different slopes (concentration ranges III and IV, in
Supporting Information). Surfactant cmc values calculated as
the crossing point of these two lines are shown in Supporting
Information and are very similar to those obtained in the absence
of polymer (Table 1). The largest deviation is for SHeSu. It is
worth pointing out that the slopes of the linear fittings in these
regions (m, Supporting Information) are very close to those
found for the surfactant in the absence of the polymer, which
suggests that within this surfactant concentration range (g10-5

or 10-4 M) the surfactant counterion dissociation (which is one
of the main contributions to the conductivity) is not affected
by the presence of polymer. From this, we may conclude that,
at high surfactant concentrations, the solution ionic conductivity
is mainly controlled by the surfactant. This is very reasonable
since the surfactant concentrations are several orders of mag-
nitude greater than that of the polymer in this region.

For SHeSu, an additional inflection point is observed above
the cmc both in conductivity and emission intensity measure-
ments (Figure 4 C and Supporting Information), and since it is
not observed with the pure sodium hexadecyl surfactant
solutions, this can be attributed to formation of some species
formed through the interaction between polymer and surfactant.
The low cmc of SHeSu in comparison with the other surfactants
may be responsible for observing micelle-polymer interaction
in the conductivity data, even above cmc, since, for this
surfactant, the concentration of micelles ([SHeSu]/aggregation
number) at the cmc is practically equal to the molar concentra-
tion of repeat units, while for the other surfactants, the micelle
concentration is considerably greater than the number of polymer
charged groups. From the cmc ofn-alkylsulfonate in the
presence of polymer (values shown in Supporting Information),
assuming aggregation numbers of 65, 90, 110, and 120 for
SDeSu, SDSu, STSu, and SHeSu, respectively (as for the

corresponding sulfate derivatives),27 the concentration of mi-
celles for each surfactant will be 5.1× 10-4, 1.2 × 10-4, 2.1
× 10-5, and 7.5× 10-6 moles of micelles/L, respectively. For
the hexadecyl surfactant, a new inflection point appears for a
surfactant concentration 2.7× 10-3 M, which represents a
micelle concentration 2.2× 10-5 mole of micelles/L, while the
repeat unit and charge group concentrations of the polymer are
6.9 × 10-6 M and 1.4× 10-5 M, respectively. This second
inflection point thus appears when the concentration of micelles
is around 1.6 times that of the charged groups. This would
appear to be compatible with a pearl necklace model of
polymer-surfactant aggregation in which the cationic sites are
the initial binding sites around which micelle-like aggregates
are clustered.28 However, on structural grounds, we have
previously argued against such a model for these fluorene-
phenylene based copolymers,13csince the backbone rigidity does
not allow easy stabilization of spherical micelles along its chain.
Nevertheless, the fact that the same effect is not observed with
the lower alkyl chain length surfactants, where the micelle
concentration above cmc is markedly greater than the concentra-
tion of polymer charged groups under our experimental condi-
tions, indicates that some kind of surfactant aggregation is
occurring along the polymer chain. We believe that one
structurally realistic possibility is the formation of hemimicelles
along the chain, as has previously been observed with ionic
surfactants adsorbed onto hydrophobic surfaces.29

Significant differences were found between the specific
conductivity of surfactant and surfactant-polymer solutions in
DMSO-water mixtures (4% v/v) for small additions of sur-
factant in all of the systems studied, when the surfactant and
polymer concentrations (in terms of repeat unit) are comparable
(see Figure 9A). In the pure surfactant system, specific
conductivity grows linearly over the whole concentration range
up to the cmc with a constant slope of the plot ofκ versus
surfactant concentration. In contrast, in the presence of the
polymer, the specific conductivity of HTMA-PFP-surfactant
solutions shows three different linear surfactant concentration
regions below the cmc (I, II, and III, see Table 2 in Supporting
Information), with different slopes, as can be seen in the same
table. Initially, the addition of surfactants (normally below

Figure 9. (A) Specific conductivity,κ, versus sodium tetradecyl sulfate concentration in a HTMA-PFP solution 6.72× 10-6 M. (DMSO-water
4% v/v). Inset: the same data for the whole surfactant concentrations range (B) HTMA-PFP (6.65× 10-6 M) solution with sodium tetradecyl
sulfate additions emission intensity in DMSO-water 4% (v/v) (solid line). Dashed lines: Surfactant concentrations at which changes in slopes of
conductivity plots (inflection points) are observed.
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10-7 M) leads to an increase in the electrical conductance of
the surfactant/polymer mixture until a first inflection point is
reached (range I in Figure 9A). Within this region, the slope of
κ ) f([surfactant]) is similar to that found in the pre-micellar
region with pure surfactant, showing that there is no significant
surfactant-polymer effect on the electrical conductivity of the
mixture. Above this concentration, a further increase in surfac-
tant concentration leads to a dramatic decrease of the slope of
κ ) f([surfactant]) suggesting that polymer-surfactant aggrega-
tion occurs and, consequently, the size of the conducting species
also increases (range II).30 When no free polymer is present in
solution (range III, Figure 9A), the addition of further surfactant
will make a similar contribution to the increase of the specific
conductance to that found in the absence of polymer.

This interaction between polymer and surfactant within
surfactant concentration range II is confirmed by emission
spectra, where for the same surfactant concentrations a drastic
quenching of HTMA-PFP emission, attributed to polymer
aggregation, is observed. The decreases in the polyfluorene
emission and solution specific conductivity are compatible with
neutralization of the polymer positive charge by Coulombic
interaction with the negatively charged surfactants, leading to
surfactant induced polymer aggregation. As a consequence, the
number of ionic species in the system is reduced, drastically
diminishing the conductivity.

Moreover, the surfactant concentrations parallel the inflection
points of the curves of emission intensity versus surfactant molar
concentration, as can be seen in Figure 9B for sodium tetradecyl
sulfate.

Since it was found that conductivity changes due to the
polymer-surfactant interactions are already rather difficult to
observe with decyl surfactants, specific conductivity measure-
ments were not carried out forn-alkyl sulfonates with alkyl
chains shorter than octyl. For this surfactant, there were no
measurable differences between the experiment with and that
without polymer in conductivity.

Conclusions

It has been found that the fluorescence intensity of the cationic
conjugated polyelectrolyte HTMA-PFP in 4% (v/v) DMSO-
water mixtures can be modulated through the interaction with
even chain length sodiumn-alkyl sulfonate (C4-C16) or sulfate
surfactants. At low surfactant concentrations, a nearly complete
quenching of HTMA-PFP emission is observed, while in all of
the systems studied, except the butyl, the polymer emission is
recovered with surfactant concentrations above their cmc, in
some cases reaching values greater than those in the absence
of surfactant. No significant differences were observed between
surfactants having sulfate and sulfonate head groups.

The polymer-surfactant interactions are believed to involve
both electrostatic and hydrophobic contributions. For surfactant
concentrations below their cmc’s, the neutralization of the
polymer charge by the surfactants induces polymer aggregation
which leads to the quenching of the polymer fluorescence, an
increase in Rayleigh scattering and a decrease in both HTMA-
PFP absorbance and specific conductivity in solution. HTMA-
PFP fluorescence quenching follows Stern-Volmer kinetics and
mainly involves static contributions. From the changes in the
absorption spectra upon addition of surfactant, the absorption
spectra of polymer aggregate was determined and found to have
a maximum around 402 nm. From these calculations, average
aggregation constants were also determined and have values
ranging between 4× 105 and 1× 106 mol-1 L.

Upon increasing surfactant concentration, micelle formation
leads to break up of polymer aggregates, as seen through the

behavior of the characteristic polyfluorene signals at around
7.8 ppm in the1H NMR spectra. Micellization leads to the
recovery of emission intensity and to a decrease in light
scattering. In contrast, no recovery of emission intensity is
observed for the butyl sulfonates, suggesting that this not appear
to form micelles.

Time-resolved fluorescence experiments show that, depending
on the surfactant concentration, the decays at the emission
maximum (at 416 nm) can be fitted to either biexponential or
triexponential kinetics. The longest lifetime (around 460 ps) is
assigned to the polymer lifetime while the shorter ones (30 and
100 ps) are attributed to polymer aggregates. The effect of
surfactant concentration upon the emission intensity for the
longest lifetime component is similar to that obtained in steady-
state experiments, decreasing when the emission intensity due
to the shortest component increases. The facts that the contribu-
tions of the two short-lived components to the emission intensity
give a curve, which is complementary to that of the longest
one, and have similarities with the behavior of the fluorescence
intensity as a function of surfactant concentration are consistent
with the presence of two kinds of surfactant-polymer species,
tentatively attributed to surfactant induced polymer-polymer
aggregates at low surfactant concentrations and surfactant-
polymer aggregates (possibly with micellar structures) above
the cmc.

In addition, HTMA-PFP would also appear to be a good
fluorescent probe for the determination of critical micelle
concentrations ofn-alkylsulfonates and possibly other anionic
surfactants.
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