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ABSTRACT: The binding of cationic surfactants with varying alkyl chain length to a regiorandom conjugated polyanion,
poly(3-thiophene acetic acid) (PTAA), is studied in an aqueous buffer by using absorption and emission spectroscopies, photon
correlation spectroscopy, isothermal titration calorimetry, and cryogenic transmission electron microscopy. We study the mixed
solutions as a function of composition ratio R of surfactant molecules to monomer units molar concentrations, at low polymer
concentration and in a very wide composition range (107° < R < 10%) below the critical micellar concentration. Upon surfactant
binding, the molecularly dispersed chains first collapse progressively and then form new structures as the mixed aggregates get
enriched in surfactant. The collapse leads to a strong decrease of the conjugation length and to a blue shift of the absorption
spectra by 30 to 50 nm. The new structures are responsible for a new intense emission band at about 600 nm, red-shifted by
nearly 130 nm from the initial emission maximum of the polymer (~472 nm). As the surfactant tail becomes shorter, the blue
shift of the absorption spectra and the intensity raise of the new emission are delayed to larger composition ratios while their
variations become smoother functions of the surfactant concentration. These particular spectroscopic properties of PTAA seem
related to its unique combination of a strongly hydrophobic backbone, a large ratio of contour length to persistence length, and
an overall good aqueous solubility. Our results show that such features are well suited to design a colorimetric biosensor at small
composition ratio, and a fluorescent biomarker at large composition ratio.

B INTRODUCTION interactions with a substrate are also known to affect the
spectroscopic properties of CPEs since Coulombic, hydro-
phobic, and van der Waals interactions as well as H-bonding
can influence the delocalization of the 7 electrons along the

Conjugated polyelectrolytes (CPEs) are a new class of polymer
materials showing great promises for the design of both
sensitive and selective biosensors in aqueous media.' > This

sensitivity is based on their spectroscopic properties depending backbone. The interplay of all of these factors is likely at the

strongly on their environment. Specific responses can be origin of the selective spectroscopic response of CPEs in the

obtained by appropriate substitution of the conjugated polymer presence of a given substrate. However we still lack a

backbone resulting in fluorescence turn-off or turn-on upon comprehensive understanding of this interplay and there is a

binding with a specific substrate." need for experimental studies with model systems to identify
Very promising selectivity was also demonstrated with relevant parameters and foster theoretical work on these

nonspecifically substituted CPEs.**"® Many parameters can phenomena.*~

affect the spectroscopic properties of conjugated polymers. In One possible candidate for such a model system would be

particular the average conformation of the chains plays a well- the mixture of oppositely charged surfactants/CPEs in aqueous

known role on the overlap of 2p orbitals and the average

conjugation length of the 7 electrons that are responsible for Received: December 9, 2011

the spectroscopic properties of isolated conjugated poly- Revised: ~ February 13, 2012

mers.' °~'* Intra- and interchain interactions as well as Published: February 14, 2012

W ACS Publications  © 2012 American Chemical Society 4815 dx.doi.org/10.1021/1a204862u | Langmuir 2012, 28, 4815—4828


pubs.acs.org/Langmuir
http://pubs.acs.org/action/showImage?doi=10.1021/la204862u&iName=master.img-000.jpg&w=301&h=117

Langmuir

solutions. In the case of polyelectrolytes with a saturated
backbone more than thirty years of extensive investigation
about similar systems have brought a large body of
experimental results as well as a rather wide consensus about
their interpretation.">>* Therefore mixed oppositely charged
surfactant/CPE solutions might constitute ideal systems where
the interplay of Coulombic and hydrophobic interactions could
be inferred from the existing literature on nonconjugated
systems, thus facilitating the interpretation of spectroscopic
behavior of CPEs in mixed solutions.

In fact the interest of surfactants as formulation additives in
CPE-based sensors was pointed out at the very beginning of
their development®*° and so-called surfactochromicity*' was
reported for CPEs based on poly(phenylene vinylene)
(PPV),>*%*27% poly(phenylene ethynylene) (PPE),*~*°
poly(fluorene phenylene) (PFP),>'™>° and poly(thiophene)
(PT)%°" backbones.

For CPEs based on rigid PPE backbone, it is very difficult to
obtain molecularly dispersed chains in aqueous solution and the
addition of surfactants promotes the dispersion of the
aggregates formed by the weakly soluble conjugated
chains.**™*° The increase in added surfactant concentration
enhances the fluorescence while the emission spectra maximum
shift to smaller wavelengths and exhibit vibronic features that
are characteristic of isolated chains.**™*° Absorption spectra
shift similarly to smaller wavelengths.*”* Large values of molar
ratio of surfactant to repeating units are often used to observe
these effects.

Oligomers (degree of polymerization DP = 9) based on rigid
PFP backbone exhibit fluorescence quenching for moderate
surfactant concentration and fluorescence enhancement when
the surfactant concentration is increased above the critical
micellar concentration (cmc),”"*>** while the presence of
surfactant has only small effects on the positions of the
absorption (Ay,) and emission (,,) maxima.”"**** For longer
polymer chains (DP = 35) the same trends for the fluorescence
intensity are observed with a modest nonmonotonic variation
in Ay, and A.,.>° These effects are shifted to smaller surfactant
concentration when the length of its hydrophobic tail is
increased.>

In the case of more flexible PPV-based CPEs, small quantities
of added surfactant yield a large enhancement of fluorescence
intensity by a factor of about 20 accompanied by a blue shift
and a structuration of the emission spectra.*”****** Interest-
ingly, these effects are reversed when the density of charged
substituants is decreased by a factor 2. Small angle neutron
scattering experiments with a similar CPE at higher polymer
and surfactant concentrations suggest that the addition of
surfactant breaks the chains ag.;gregates.62

Finally only a few studies have addressed the spectroscopic
properties of PT-based CPEs dilute solutions in the presence of
added surfactant.’*” The surfactants are added in large excess
with respect to the polymer repeat units and the photo-
luminescence behavior depends on the length of the alkyl tails.
For premicellar surfactant concentrations, quenching occurs
with short tail surfactants while the photoluminescence is
enhanced with long tail surfactants. This is interpreted as the
formation of polymer—surfactant aggregates with morphologies
depending on the tail length, longer tails favoring the separation
of chains and decreasing 7—7 interchain interactions. At higher
surfactant concentrations, close to their cmc, chain aggregation
is inhibited and photoluminescence increases for all surfactant
tails by a factor close to 3 with respect to the pure polymer
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value.”” The modulation of photoluminescence intensity is
associated with a moderate (<10 nm) nonmonotonic variation
of its position A, first increasing then decreasing with
surfactant concentration. The absorption spectra tend to red-
shift monotonically as the surfactant concentration increases.>”

Thus, to summarize general trends from earlier studies, for
small values (R = 0.1) of the composition ratio R defined as the
ratio of molar concentrations of surfactant to polymer repeat
units, enhanced®*® or quenched®'™>* fluorescence can be
observed depending on the flexibility of the backbone. In this
regime, the emission spectra are more sensitive to added
surfactant when the ratio of persistence length to contour
length of the chains is decreased.”***'~>> As the composition
ratio becomes closer to 1, aggregation effects dominate and
quenching can be observed for short surfactants that favor
shorter interchain distances within the mixed aggregates. For
surfactant concentration above the cmc, chain aggregation is
inhibited and fluorescence intensity tends to increase. The
rigidity of the chains,®****~5%%* their charge density,** and the
surfactant tail length®>>” are critical parameters that can
strongly modify the surfactochromic behavior.

Despite these many interesting earlier results, no previous
work used mixed CPE—surfactants systems as model systems to
investigate specifically the interplay between Coulombic and
hydrophobic interactions. In many cases, surfactant concen-
trations close to or above the cmc were used and the
spectroscopic properties were dominated by the modulation of
interchain interactions through aggregation/redissolution phe-
nomena. Moreover only one study** varied the composition
ratio in a large range 0.05 < R < 1000. Therefore, the problem
of understanding how dilute CPE solutions can detect minute
amounts of a binding ligand was not specifically addressed.

Here we report on the spectroscopic behavior of a PT-based
weak polyacid upon binding by cationic surfactants with varying
alkyl chain length in buffered solution (pH 9.7). The
composition ratio is varied in a large range (107° < R < 10%)
and the polymer concentration is low enough to keep the
surfactant concentration below the cmc. The choice of a PT
backbone is motivated by the good selectivity displayed by this
type of CPE.>*? Moreover previous studies®® on our specific
sample, a nonregioregular poly(3-thiophene acetic acid) with
DP =~ 125, have shown that it is less prone to aggregation than
other CPEs and that its conformational transition upon pH
variation can be followed by absorption spectroscopy.®*
Therefore we anticipate a good solubility prior to surfactant
addition and the possibility to follow the effect of surfactant
binding on the spectroscopic properties of individual chains.

B EXPERIMENTAL SECTION

1. Samples. The polymer sample is a regiorandom poly(3-
thiophene acetic acid) (PTAA) with a degree of polymerization DP =
125 and a polydispersity index around 2.2. Its synthesis and
characterization have been detailed previously.%*

Alkyl trimethylammonium bromide surfactants were purchased
from Aldrich. In this study we used surfactants containing n = 6
(HTAB), 8 (OTAB), 10 (DeTAB), 12 (DoTAB), 14 (TTAB), and 16
(CTAB) carbons in the alkyl chain. We used also tetramethylammo-
nium bromide as an extrapolation of n to 1 for this series. Except for
DoTAB, that was recrystallized 3 times in a 1:24 mixture of ethanol
and acetone, they were used as received.

Sample solutions were prepared in a sodium bicarbonate buffer (pH
9.7, ionic strength 36 mM). In these conditions the polymer chains can
be considered as fully neutralized and have their highest effective
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ionization degree. The buffer aqueous solution was prepared with fresh
milli-Q water and kept under Ar atmosphere.

A fixed polymer concentration C, = 0.176 mM was used for most
experiments with added surfactant. This choice is a best compromise
with many advantages: with this low polymer concentration, interchain
aggregation effects are minimized, surfactants are always below their
cmc, whatever the R values, and the use of absorption and emission
spectroscopy as well as photon correlation spectroscopy is possible,
with some care however. Some complementary results have been
obtained at higher polymer concentrations with samples prepared
along the same lines.

To prepare the solutions of well-defined polyelectrolyte—surfactant
composition, the aqueous stock solution of the polymer (C, = 8.8 mM,
pH ~S, salt free solution) was diluted in the buffer to obtain a sample
with a concentration close to the final one. A small amount of a stock
buffered solution of the surfactant was then added to obtain the
desired composition ratio R of surfactant to monomer molar
concentrations (107 < R < 360) and the correct final polymer
concentration. The solution was stirred at 250 rpm for one hour under
Ar flux and then kept under inert atmosphere until the measurements
were performed.

For titration experiments, an initial volume of S0 mL of
polyelectrolyte in buffer solution was prepared. The surfactant from
appropriate buffered stock solutions was then added stepwise. After
waiting 3 min while bubbling Ar and stirring, the UV-—visible
absorption spectrum was measured in situ with a separate probe
(Hellma). The pH was checked to be stable within 0.1 unit during the
whole titration procedure. The change in the polymer concentra-
tion due to the addition of surfactant was about 6% for the range
107° < R < 100.

The use of a buffered solution with an ionic strength equal to 36
mM ensures that the total ionic strength does not change upon
surfactant addition by more than a few percent for most composition
ratios. All experiments were performed at a temperature T = 25 °C,
except for those with CTAB where T was set to 30 °C to prevent
artifacts due to the low Krafft temperature of this surfactant. We
checked that titration experiments with DoTAB performed at T = 25
and 30 °C were not sensitive to this difference in temperature.

2. UV-Visible Spectroscopy. UV—visible absorption curves were
measured with a Cary 500 spectrometer either in standard quartz cells
with an optical path of 10 mm (Hellma OS) or with an in situ probe
(Hellma) having an optical path of S or 10 mm for the titration
experiments. In the latter case, the dilution of the polymer after
surfactant addition was taken into account for the determination of the
maximum absorbance. Measurement were performed from 300 to 800
nm. Absorbance from pure buffer solution was systematically
subtracted from sample solution absorption curves. The wavelength
at maximum absorbance A, was determined by a parabolic fit of the
absorption values ranging above 90% of the maximum value. The
absolute error on A, values determined in this way was about +0.2
nm (see the Supporting Information).

3. Emission Spectroscopy. Experiments were performed with a
FluoroMax4 (Horiba-Jobin-Yvon) using standard cells with an optical
path of 10 mm (Hellma). The entrance slit and the output slit were
both set to allow a S nm resolution. Emission from pure buffer
solution was subtracted from sample emission measurements.

Emission spectra of our polymer highly diluted in the buffer exhibit
one broad peak that depends slightly on the excitation wavelength 4.,
(see the Supporting Information). Similar behavior has been reported
and discussed for poly(phenylene vinylene) derivatives.”™"° 1t is
usually attributed to the presence of different chromophores, i.e., chain
segments with different conjugation length, along the polymer
backbone. This heterogeneity is linked to the intrinsic conformational
disorder of the polymer chain. In this picture, shorter wavelength
excitation can trigger emission from a larger continuum of
chromophores. If the energy transfer from higher energy chromo-
phores to lower energy chromophores is not very efficient, new
features can even appear in the emission spectra for short excitation
wavelengths. In the following the excitation wavelength was set to
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Aexe = 373 nm, ie, a value where the emission curves have a high
intensity level and a shape independent of the excitation wavelength.

For polzmer concentrations larger than C, = 8.8 uM, inner filter
effects”' 7> are already present and the emission intensity does not
increase linearly with C,. However we found they can be corrected by
applying the following formula:
_ IMIO(dsexc+ssem)Cp/2 1)
which takes into account the detection geometry in FluoroMax4
equipment. In eq 1, Iz and Iy are respectively the true and measured
emission curves, d and s are the path lengths of respectively excitation
and emission light, and e,  and ¢, are the molar extinction
coefficients at excitation and emission wavelengths. With this
correction, emission spectra measured for 8.8 < G (uM) < 176
superimpose satisfactorily after normalization by the polymer
concentration. In the following we will always plot emission spectra
corrected for inner filter effects.

4. Photon Correlation Spectroscopy (PCS). Intensity—intensity
correlation functions (ICFs) were measured at a fixed scattering angle
6 = 90° with the ALV/DLS/SLS-5020F experimental setup (ALV
Laser Vertriebsgesellschaft mbH, Langen, Germany), consisting in a
He—Ne laser (22 mW, 4, = 632.8 nm), a compact ALV/CGS-8
goniometer system, and an ALV-5000/E multitau correlator. The
incident wavelength lies well outside the absorption spectrum of the
polymer so that no correction for absorption was necessary.
Temperature was regulated to 252 + 0.1 °C.

Samples were systematically filtered through 0.45 um Millipore
filters before PCS measurements. Furthermore, their UV-—visible
absorption was measured before and after filtration to estimate the
amount of material retained on the membranes. Filtration did not
affect significantly the sample concentration, except in the vicinity of
R = 5.7 where the fraction of sample retained by the filter was about
0.5 (see the Supporting Information).

The normalized ICF g(z) (t) is related to the normalized correlation
function of the scattered electric field g(1>(t) by Siegert’s relationship,
g(z)(t) =1+ ylgm(t)lz, where ¥ is fixed by the detection geometry and
is about 0.9 in our experiment. Due to the very low polymer
concentration used in this study (C, = 0.176 mM), experiments were
performed in unusual conditions where the total intensity I} scattered
from the sample (2.8 < Iy (kHz) < 15) was not always large compared
to the one scattered from the buffer solvent (I, ~ 1.5 kHz).
Therefore the apparent initial values of the ICF could decrease to
values as low as 0.25, due to solvent contribution to the fluctuations of
the total scattering intensity on characteristic time scales smaller than
1 pus and not measurable by the correlator.

The correlation functions of the scattered electric field g(l)(t) were
analyzed with CONTIN software’* to obtain the corresponding
pseudodistributions of relaxation times P(z) defined as

g(l)(t) = Z P(t;) exp(—t/7;)

Ip

)

To estimate the influence of experimental noise on CONTIN
output, for each sample 30 ICFs were measured overnight with an
acquisition time of 600s for each one. Batch-processing of these data
by CONTIN and subsequent statistical analysis of the outputs were
done through CNTb, a set of scripts written for this purpose.”®

5. Cryo-Transmission Electron Microscopy (cryo-TEM).
Samples for cryo-TEM experiments were prepared following standard
procedures on carbon-coated copper grids.76 They were quenched in
liquid ethane and brought to the Phillips CM12 microscope in a Gatan
626 cryogenic container. Images were recorded with SO163 films and
digitized with Visilong Image Analysis software.

6. Isothermal Titration Calorimetry (ITC). We used the VP ITC
(TA Instruments) to measure interaction isotherms during the
titration of PTAA by DeTAB. Due to the sensitivity range of the
apparatus (about 1 uJ per injected xL), more concentrated polymer
solutions were used (CP 1.67 mM). To avoid the addition of
surfactant titrant with concentration above the cmc, we have chosen
DeTAB for these experiments. All solutions were prepared with

dx.doi.org/10.1021/1a204862u | Langmuir 2012, 28, 4815—4828



Langmuir

buffered solvent (pH 9.7) and two titration solutions with surfactant
concentrations 0.2 and 4 mM were injected with a 250 uL syringe
equipped with a stirrer (250 rpm). The injected volumes were
programmed to cover the range 107> < R < 1. The two first injections
for both surfactant solutions were not taken into account in the data
analysis. All solutions were degassed 30 min under vacuum before use.
The titration cell was regulated at 25 °C and the waiting time between
each injection was 10 min. The heat associated with the dilution of the
surfactant in the buffer was measured with the same conditions. This
contribution was subtracted from the surface area of the peaks in the
thermogram before calculating the molar heat associated with the
interaction of PTAA and DeTAB.

B RESULTS

1. Structure of PTAA/Surfactant Aggregates: PCS and
cryo-TEM. Figure 1 shows the evolution of P(7) as a function
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Figure 1. Distributions of relaxation times P(z) obtained via CONTIN
analysis for different values of the composition ratio R: (a) 0, (b) 5.7 X
107% (¢) 5.7 X 1073, (d) 5.7 x 107%, (e) 0.57, (f) 5.7, and (g) 57. The
continuous lines are log-normal distributions fitted to the data.

of the molar ratio of DoTAB to monomers. The data in
Figure 1 correspond to CONTIN solutions obtained with the
ensemble-averaged ICF calculated from the 30 individual
measurements. These curves are less sensitive to the statistical
noise in the data.”®

A first peak appears at small relaxation times (<10 ps) and is
due to fast fluctuation modes of the intensity associated with
the solvent contribution. These fast modes are out of the range
of the correlator board but contribute to the initial decay of the
ICF. They appear at the lower limit of the range of relaxation
times allowed for CONTIN analysis but the position of the
corresponding peak has no real significance. As the total
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intensity Iy scattered by the sample increases, this contribution
decreases and disappears for the samples with the largest I;
values (I; > 10 kHz, 0.57 < R < 5.7).

For small and intermediate R values (R < 0.57), the curves P(7)
exhibit two peaks that are very close for R = 0 (pure polymer
solution, Figure 1a) and separate progressively as R increases. In
parallel their relative contributions to the total scattering intensity
change, with the peak corresponding to the largest relaxation times
becoming the largest contribution. For higher R values, these trends
are pursuing: the contribution at large relaxation times becomes
dominant and extremely narrow while the contribution of the one or
two peaks at small relaxation times is very faint but reproducible on a
large proportion (~2/3) of the 30 experimental runs. These
contributions and their relative importance (with their associated
error bars) can be ascertained only with the help of CNTb
package,”® after the P(7) values have been fitted as a sum of log-
normal distributions as shown in Figure 1, the contribution of each
mode being given by its respective area S; (Y S; = 1). The
corresponding scattering intensities I; can be calculated as I, = S; (I
— I;,).”” The increase of I with composition ratio is linked to the
similar behavior of I associated with the largest relaxation times,
while the intensity I; associated with the smaller relaxation times
remains almost constant, about 1 kHz (see Supporting Information).

In this very dilute regime, the electrostatic interactions
between chains are screened by the ionic strength of the buffer.
Therefore the relaxation times can be safely associated with an
effective hydrodynamic length characterizing the Brownian
motion of the corresponding species. We estimate this length
by using the Stokes—Einstein relationship to calculate the
hydrodynamic radius of an equivalent hard sphere. Figure 2
shows the evolution of these radii with the composition ratio R.
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Figure 2. Evolution of equivalent hydrodynamic radii Rg (blue dots)
and R, (red dots) with the composition ratio R. Data are the mean
values calculated on the results of N ~ 25 PCS runs. Errors bars
correspond to the standard deviations on the set of N measurements.
Therefore the standard errors on the means are smaller by a factor
about 5 and the 95% confidence intervals on the means by a factor
about 2.5 than the displayed error bars. See the Supporting
Information for the reproducibility of the experiments.

The radii Rg and Ry, associated with the smaller and larger
species, respectively, exhibit markedly different behaviors: over
the range of composition ratio Rg decreases continuously,
except for a jump at R = 5.7, from about 7 to about 4 nm, while
R; increases continuously from about 30 to about 80 nm. Thus
the increase of the contribution of the larger objects to the
scattering intensity is correlated with an increase in their
effective hydrodynamic size. Using simple assumptions, it is
possible to estimate the molar fraction of scattering units
belonging to the small objects in the solution. Except in the
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vicinity of R = 1, it remains very close to 1 (see Supporting
Information). Therefore, when the composition of the solution
is very dissymmetric, ie., for large excess of one of the
constituents with respect to the other one, the large objects are
rare, their strong contribution to the total scattering intensity is
mainly due do their size, and most of the polymer chains and
associated surfactants are found in the smaller objects.
Cryo-TEM results confirm this picture (Figure 3). For low
R = 0.057, small and compact objects (~5 nm) coexist with

Figure 3. Cryo-TEM images obtained with unfiltrated DoTAB/PTAA
samples: R = 0.057 (top) and 5.7 (bottom). Long and short arrows
point to representative small (~S nm) and large (>40 nm) objects,
respectively. Arrow heads point to ice contamination.

much larger ones (~40—100 nm), but small objects are much
more abundant (Figure 3, top). For R = 5.7, an unfiltered
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sample contains many more large objects with sizes up to
1000 nm (Figure 3, bottom). This explains why a large fraction
of sample is retained by filter membrane for this particular com-
position ratio. Still a large fraction of the polymer chains is con-
tained in large aggregates after filtration. It is then very difficult
to measure the contribution of small objects (Figure lef) by
PCS (even after filtration) but they can be distinguished in the
cryo-TEM image (Figure 3, bottom).

2. Optical Properties of PTAA/Surfactant Aggregates:
Absorption and Emission Spectroscopies. Figure 4 shows
the variation of the position A, of maximum UV—visible
absorption, measured in titration experiments, as a function of
composition ratio R for different surfactant lengths n. In Figure
4a, we used our standard conditions (CP = 0.176 mM, pH 9.7,
ionic strength 36 mM) while data in Figure 4b correspond to
higher polymer concentration and ionic strength conditions
(C, = 0.68 mM, pH 9.3, ionic strength 48 mM). The A, values
for the pure polymer solutions (R = 0) in the two conditions
differ by about 20 nm, mainly because of the differences in
ionic strengths. Indeed at large })H, Aqbs has been observed to
increase with the ionic strength. % At fixed Cp, some systematic
small fluctuations (+£2 nm) in the initial values of A, are also
observed (R = 0). They are likely due to small variations in the
experimental conditions (atmospheric pressure, hygrometric
saturation, Ar flux) that affect the amount of carbonic acid
present in the sample. These fluctuations are much larger than
the experimental error on A, determination (+0.2 nm)
allowed by the parabolic fit of the maximum. They explain the
much better precision on A,(R) curves measured in situ by
titration experiments in comparison with values measured in
standard cells on individual samples prepared at a given R.
Apart from these differences in the initial value of 1, the two
sets of curves display the same qualitative behavior and three
different regimes can be distinguished.

For very small R values, typically from R = 0 up to about 10~°
(regime I), there is a very small decrease of A, of the order of 2
nm. This decrease would not be detected with individual
samples prepared and measured at a given R value in standard
cells, due to the experimental errors mentioned above. There is
no clear trend in the value of the slope associated with this
decrease, e.g,, with the length of the alkyl chains. We cannot
totally exclude some contamination by atmospheric CO,
despite the Ar flux in the titrated solution. Indeed we observed
a decrease of A, by about 10 nm after a few days for a pure
polymer solution conserved in a sealed Hellma cell. This
decrease is faster when the polymer concentration is lower and
is not observed for polymer solutions at pH 5.3 (collapsed
state). Therefore although the pH is kept constant by the
buffer, it seems that progressive contamination by CO, shifts
the acido-basic equilibrium in the medium and affects the
neutralization degree of the polymer chains and their
absorption spectra. In the titration experiments, this first
regime up to R &~ 10~ corresponds to a titration duration of at
most 100 min and this possible contamination has only a
minimal effect.

A second regime (II) is linked with an abrupt decrease of A,
by 30—50 nm, which occurs on one or two decades of R
increase and becomes steeper for n values increasing from 6 to
12. For even larger n values (n = 14 and 16) the steepness of
the decrease does not seem to change any more.

A third regime (III) occurs only for surfactant length larger
than n = 10 and corresponds to a slight increase of 4, followed
by a jump for R values in the range 1—10, depending on n.

dx.doi.org/10.1021/1a204862u | Langmuir 2012, 28, 4815-4828
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Figure 4. Variation of the position of maximum absorbance A, with the composition ratio R for different alkyl chain lengths n: (a) C, = 0.176 mM
and (b) C, = 0.68 mM. Data are obtained by in situ measurements during titration.
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numbers in the legends correspond to composition ratio values R. The black curves are the emission spectra of pure polymer (C, = 0.176 mM). The
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This general behavior is completely different from that
observed with tetramethylammonium bromide (n = 1), where
regimes II and III are absent (Figure 4b). Therefore it is related
to the presence of an hydrophobic tail in the surfactants. As a
general trend, the increase of the surfactant hydrophobicity
shifts the onset of the three regimes to lower R values. For
6 < n < 12, the regime II shifts to smaller R range when n
increases. For 10 < n < 16, this trend disappears progressively
but the minimal value of A, increases at a roughly constant value
R ® 0.15 and the jump in A, occurs at decreasing R values.

Figure S displays the evolution of emission spectra for
complexes made from OTAB, DeTAB and DoTAB (CP =0.176
mM, pH 9.7, ionic strength 36 mM). For comparison, the
emission spectrum of the pure polymer solution is also shown:
it is a broad peak with a maximum at 1., ~ 472 nm (black
curve). The blue labeling turns to red to emphasize the R values
where the emission curves display a striking transformation. In
the case of DoTAB surfactant (Figure Sc), this occurs for R
values in the vicinity of R ;. Below R, the emission spectra
are almost insensitive to the presence of surfactant. Above R,
a shoulder appears in the emission spectra at larger wavelengths
and turns progressively into a second emission peak around 600
nm as R increases. Thus the strongest effects of surfactant
binding appear in the emission spectra above R, ie., when
the absorption spectra become much less sensitive to the
further addition of surfactant. Although R, cannot be defined
for shorter surfactants (n = 8, 10), a similar shoulder appears in
the presence of OTAB and DeTAB only for R values where A
has considerably decreased (Figure Sab). Therefore, for all
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three surfactants, it seems that the second emission band can
occur only after the large decrease in A,

In order to quantify all of these observations, we analyzed the
full emission profiles as a combination of two contributions. We
first evaluated the second emission band by subtracting an
average spectrum calculated from those recorded at lowest R
values (blue curves). The resulting curves can be satisfactorily
described by a Gaussian curve with maximum location and
width only weakly dependent on the surfactant length. We
finally extracted the amplitude of the different contributions for
each surfactant over the whole R values. If the shape of the
second contribution is very similar for each surfactant, both its
onset and its amplitude depend markedly on the surfactant
length. It appears sooner and exhibits a much steeper growth
when n = 12 (see the Supporting Information).

For the sake of comparison we show in Figure 6 the
absorption and emission spectra for solutions of complexes at a
higher composition ratio, R = 57. For complexes formed with
DoTAB the second emission peak is very intense, about 3 times
brighter than the initial emission peak of the pure polymer,
which has disappeared. By contrast, the second emission band
is still weak for complexes made from OTAB, much less intense
than the emission of the pure polymer. Complexes formed with
DeTAB have intermediate behavior.

In Figure 6 are also shown the absorption and emission
curves of the same samples after filtration. The absorption
curves show very little effect of the filtration in agreement with
the data reported for PTAA/DoTAB complexes (Figure S2).
On the other hand the emission curves display a much more
contrasted behavior according to the surfactant length. For
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Figure 6. Absorption (dotted lines) and emission (continuous lines) spectra at fixed composition ratio R = 57 (CP = 0.176 mM) for the three
surfactants OTAB, DeTAB, and DoTAB. Black and red colors refer to spectra measured, respectively, before and after filtration of the samples.
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Figure 7. Thermogram (a) and differential enthalpy curve (b) during the isothermal titration of PTAA by DeTAB (Cp = 1.67 mM). Endothermic
processes correspond to down spikes in (a) and to negative AQ in (b). The thermogram in (a) corresponds to the injection of the most

concentrated surfactant solution for R > 0.061.

OTAB based complexes, the filtration has no effect on the two
bands of the emission curve, while the emission by DoTAB-
based complexes is very sensitive to the filtration: the amplitude
of the second emission band decreases by a factor about 3
despite the low sample fraction retained in the filter. Complexes
formed with DeTAB show an intermediate behavior with a
small effect of filtration on the second emission band and no
effect on the emission of the pure polymer.

3. Thermodynamic Aspects of PTAA/Surfactant Bind-
ing: Isothermal Titration Calorimetry. Figure 7 displays the
thermogram and the differential enthalpy curve AQ(R)
measured when DeTAB is progressively added to a buffered
solution of PTAA at a concentration Cp = 1.67 mM, about ten
times larger than for the previous results, as explained in the
experimental section.

The thermogram displays two distinct regimes corresponding
to exothermic and endothermic heat exchanges upon addition
of surfactant (Figure 7a). The differential enthalpy curve
(Figure 7b) is calculated from the areas of the peaks in Figure 7a,
corrected from the contribution of the dilution of the surfactant
and normalized by the amount of added surfactant. The general
aspect of the curve AQ(R) agrees with usual interaction isotherms
of oppositively charged surfactant/polyelectrolyte mixtures.”” At
small R values (R < 0.006), the isotherm exhibits a plateau be-
havior at about 6 kJ/mol, which corresponds to a noncooperative
exothermic binding of the surfactant molecules to the polymer.
Experimental errors are larger in this region since the injected
surfactant quantities are correspondingly small. Then the
exchanged heat increases to a maximum of about 8 kJ/mol for
R = 0.015. This rise corresponds to the onset of cooperative
binding where the presence of bound surfactants facilitates further
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binding. Then there is an abrupt decrease to 0 at R & 0.1 where
the exchanged heat becomes negative, indicating a new
endothermic binding process that can occur for entropic reasons.
Finally this negative AQ vanishes smoothly for R &~ 1. We did not
pursue the experiments above this value because the injected
surfactant solutions would have contained surfactant micelles.

B DISCUSSION

Previous small-angle scattering results®> on more concentrated
systems have shown that salt-free semidilute solutions of fully
neutralized PTAA display the classical behavior of semidilute
polyelectrolyte solutions: they exhibit the usual correlation peak
with a position that scales like Cpl/ ? and an upturn at low scat-
tering vector that is due to a small fraction of aggregates. Thus
in dilute solutions we can safely assume that the same chains
are molecularly dispersed since the most abundant species
exhibits a very reasonable size (Rg = 7.7 + 0.7 nm) for the
apparent hydrodynamic radius of an isolated chain (Figure 1a).
The weak shoulder on large relaxation times side, which we
resolved as a second log-normal distribution, is then likely a
trace of the chain aggregates responsible for the upturn in
SANS intensity at higher polymer concentations.”> The fact
that our CPE chains are mostly molecularly dispersed in the
solution has consequences on their solution behavior upon
surfactant binding.

Binding by DoTAB. Combining the various information
gathered by PCS and spectroscopy experiments, we obtain a
rather clear picture of the effect of DoTAB binding on the CPE
chains, based on well-established behavior of oppositely
charged polyelectrolyte/surfactant mixtures.'>~>*
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Figure 8. Parallel evolutions of (a) Ry (blue dots) and A, (black dots) and (b) the intensity of second emission band (red dots) and A,
(black dots), as a function of composition ratio R (DoTAB, C, = 0.176 mM).

For small composition ratio, the exchange of condensed Na
counterions by oppositely charged alkyl chains is favored by
entropic and enthalpic gains and the binding of the free charged
surfactant with the oppositely charged chains follows
spontaneously. Thus increased hydrophobic interactions inside
the coils induce their progressive collapse as the amount of
added surfactant increases and the apparent hydrodynamic
radius of the dispersed chains decreases by a factor close to 2
for composition ratios well below 1 (Figure 2).

Further surfactant addition enriches the mixed aggregates
until combined effects of charge neutralization and increased
hydrophobicity yield complexes with a very poor solubility.
In more concentrated solutions, precipitation would occur but
in our very dilute solutions, this phase separation is prevented,
at least on the time scale of our experiments. Instead very
slow formation of superaggregates occurs and appears as a
surge in the amount of sample eliminated by filtration, a large
increase in the scattering intensity of the filtered solutions,
and an increase in the volume fraction of the larger objects
still present after filtration (see corresponding figures in the
Supporting Information). The size of these large objects also
increases (Figure 2). Cryo-TEM images show distinctly the
coexistence of very small dense mixed aggregates (~S nm) and
superaggregates (>40 nm) in the unfiltered solution (Figure 3,
bottom).

For large excess of added surfactant (R > 10), the
superaggregates get enriched in surfactant and gain a net
charge that favors their redissolution: they break and the
fraction of sample that can flow through the filter increases
back to 1 and the total scattering intensity decreases (see
Supporting Information). In the filtered solution, the average
size Ry of superaggregates tends to saturate (Figure 2).

This behavior and its interpretation are quite well established
for mixtures of ionic surfactants and oppositely charged poly-
electrolytes with a saturated backbone. As far as we know, these
features were never observed before in the case of CPEs. In the
relevant literature, surfactants are usually added to dissolve pre-
existing aggregates of poorly soluble chains. The so-called
surfactochromicity is then mainly associated with the dis-
sociation of chain aggregates existing at R = 0.>7*%*7%57 Here
the good water solubility of PTAA chains yields a specific spec-
troscopic behavior upon DoTAB addition.

For small composition ratios, R < 1, chain collapse is
associated with an increase of the conformational disorder and
a decrease of the average conjugation length signaled by a blue
shift of the absorption spectra (Figure 8a). As far as we know,
such a direct correlation is evidenced here for the first time for
CPEs. Strikingly the emission spectra are nearly insensitive to
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the individual chain collapse (Figure Sc). In contrast with
results reported for other conjugated backbones, no significant
emission intensification®”*O*> 44467503657 1 gyench-
ing*!75%%%57 can be observed for these small composition
ratios. We found also that the emission spectrum of the pure
PTAA solution is much less sensitive to pH value than its
absorption spectrum (see the Supporting Information). Both
behaviors support the explanation of an energy transfer to
chromophores with lower energies after the excitation,®”"°
which we mentioned above to explain the effect of excitation
energy on the emission spectra.

On the other hand, after chain collapse, the enrichment of
the mixed polymer—surfactant aggregates with new surfactant
molecules is associated with the surge of a new emission band
red-shifted by nearly 130 nm with respect to the initial emission
band of the pure polymer (Figures Sc and 8b). The latter
disappears progressively as the intensity of the new emission
band increases. In this regime the absorption spectra are much
less sensitive to the enrichment of the mixed aggregates by
surfactant molecules except in the vicinity of R & 5.7 where the
fraction of sample retained by the filter is highest.

In Figure 8 we added data points corresponding to a sample
first prepared at R = 57 and then enriched at R = 360. For this
last value the surfactant concentration in the solution is very
high and about five times the cmc. For these two samples, the
positions of the absorption maximum, A, = 407.9 (R = 57)
and A, = 409.3 (R = 360), do not differ significantly from the
values measured below R = 5.7. The emission maximum is
slightly blue-shifted, A, = 586.7 nm (R = 57) and A, = 583.0
nm (R = 360), compared to A, & 600 nm at smaller R values.
However its intensity is still steadily increasing. The slight blue
shift and the steady emission increase at high composition
ratio are consistent with the chain environment becoming less
and less polar as the aggregates are further enriched with
surfactant.>'

The appearance of a new emission band at about 600 nm is
thus the signature of a new structure for the mixed surfactant/
CPE aggregates at high composition ratio. Indeed surfactant—
polyelectrolyte complexes formed at high composition ratio in
dilute solutions have a structure similar to the mesophases
observed at higher polymer concentrations.**~** The large red-
shift compared to the initial emission peak of the pure polymer
suggests that excimer formation is facilitated by this new
structure. It is worthwhile noticing that chain collapse upon pH
decrease does not modify the shape of the emission curve.
Therefore the intimate mixing of the surfactant molecules with
the CPE chains is required to observe the second emission

band.
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Influence of Alkyl Chain Length. The effects of varying
the alkyl chain length in the surfactant molecules are consistent
with the above picture and bring complementary informations.
The evolution of A, with R shows that the collapse of the
chains is delayed to higher R values as n decreases from 12 to 6.
This shift is no surprise since it is related to a similar shift of the
critical aggregation concentration (cac) that is well documented
in the literature.'® %232 For 4 > 12, the behavior is more
complex since the collapse does no longer shift to smaller R
values as n increases. Also the minimal value of 1, increases
(Figure 4), which suggests that the steric constraints associated
with the bound surfactants start to swell the collapsed chains.

On the other hand it appears increasingly difficult to observe
a full chain collapse as n decreases. The highest composition
ratios investigated for OTAB and HTAB are between 10 and
100, depending on the polymer concentration, and the solution
contains then a large excess of isolated surfactant molecules
available for binding. However further surfactant addition has
still an effect on the chain conformation and A, has not
reached a steady state value for these large composition ratios.
This means that the mixed aggregates are not yet saturated with
surfactant at these R values. The balance between the enthalpic
gain and the entropic penalty associated with the surfactant
binding is likely responsible for these effects. Since the entropic
penalty depends on the surfactant concentration in the solution
and the chain collapse is linked to the local surfactant
concentration inside the mixed aggregates, the binding fraction
and the chain collapse result from a complex interplay between
the surfactant hydrophobicity and the polymer concentration in
the solution.

Finally we note that the surfactant HTAB (n = 6) has no
known cmc value and is not forming measurable micelles when
mixed with poly(styrene sulfonate).*> This points to a
significant contribution of the strong hydrophobicity of
PTAA backbone toward the formation of mixed polymer—
surfactant aggregates. Molecular simulations of gemini cationic
surfactants bound to a PFP-based polyanion have shown similar
strong interactions of the alkyl chains with the polymer
backbone.** Moreover surfactochromicity was also described
for CPEs mixed with neutral or like-charged surfactants, which
shows the significant role of nonCoulombic interactions in the
binding of surfactants to CPEs.>> A strong attractive interaction
between polymer backbone and surfactant is expected to
decrease the influence of hydrophobic interactions between
surfactants and the related cooperativity effects in the binding
process.15’27’28

The emission properties of the complexes are also influenced
by the alkyl chain length, with two main effects as n decreases
from 12 to 8: the appearance of the second emission band is
delayed to larger R values and its growth is slower (see
Supporting Information). These features can be explained by
the same effects as discussed above for the evolution of 1, (R)
with n.

Samples prepared at same composition ratio R = 57 with
OTAB, DeTAB, and DoTAB, are in fact very different, both
in their dispersion state and their spectroscopic properties
(Figure 6, black curves). With DoTAB, the light scattering
intensity has started to decrease after having reached its maxi-
mum at R & 5.7 and the larger superaggregates undergo already
a redissolution process. With OTAB, the collapse of the chains
is still not complete at the same R value (Figure 4). With DeTAB,
we have an intermediate situation where 4, values start to initiate
a plateau for the highest R values. Thus the same composition
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ratio corresponds to different internal structures in the three
systems, which do not exhibit the same emission features. The
full collapse of the chains at small R values seems a necessary
condition to observe an intense second emission band at larger
R values.

The filtration of the same samples (Figure 6, red curves)
shows that the amount of material retained on the filter is quite
comparable, about 5, 15 and 7% for respectively OTAB,
DeTAB, and DoTAB. This quite low retention has however a
dramatic effect on the second emission intensity, which
decreases by a factor about 3 after the filtration in the case of
DoTAB-bound aggregates. This shows that there is a large
fraction of red emitters in the material that is filtered out. On
the other hand, the emission intensity increases steadily with
DoTAB addition, even above the cmc (Figure 8), and this
suggests that this intensity is not linked to the size of the larger
superaggregates, which is expected to decrease with the amount
of added surfactant.

Therefore it seems that a hierarchical structural model could
account for our experimental results. The basic unit would be
the mixed surfactant/CPE with size ~5 nm formed at small R
values but the second emission band would appear only upon
aggregation of these units after their enrichment in surfactant at
large composition ratios, probably through the formation of
excimers. The structure of these basic units depends on the
hydrophobicity of the surfactants and seems an important
ingredient. After filtration, the persistence of the second
emission band together with the existence of objects with
very well-defined size R, & 80 nm (Figure lg) indicates that
these nanometric aggregates are responsible for the new
emission. However, in the unfiltrated sample, a large fraction of
these nanoparticles are aggregated in much larger flocs that can
be filtered out. In this picture the disappearance of the initial
emission of the pure polymer would be due to its progressive
replacement by the excimer emission as the nanometric
aggregates are forming,

Critical Aggregation Concentration. The critical aggre-
gation concentration can be associated with the onset of chain
collapse.””*®*° Therefore the correlation of the decreases in Rg
and A,,, should provide us with a convenient determination for
the cac in surfactant/CPE mixtures. Here we can tentatively
associate the cac with two easily determined characteristics of
the curves A,,,(R) in Figure 4, either their departure from
regime I, ie, the onset of regime II, or the intersect of two
straight lines fitted in regime I and in regime II (see Supporting
Information). Figure 9 shows the dependence on n of these cac
values together with the cmc values of the pure surfactants in
pure water and brine (0.1 M NaCl).**~* Clearly the general
behavior of these cac values as a function of alkyl chain length
does not depend on the method used to determine them.
There is however a factor about 10 between the numerical
values obtained with the two methods.

For saturated polyelectrolytes, the representation in Figure 9
yields slopes associated with the energy y saved by bringing
one CH, unit from water to a less polar environment, C,,.
exp(—any/kT),"*'7*%3? and a simple model*® predicts that the
coefficient a should be identical for the variations with # of the
cac and the cmc in brine. The data in Figure 9 do not show the
expected exponential dependence over the whole range of
n values: the cac values estimated for TTAB and CTAB deviate
from a linear extrapolation of log(cac) measured for surfactants
with smaller alkyl chains. Therefore it is difficult to conclude on
a comparison of slope values.

~
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Figure 9. Variation of the cac with the alkyl chain length n: C, = 0.176
mM (circles); C, = 0.68 mM (squares). Blue labeled data are obtained
from the departure of regime I, red labeled data from the intersection
of two straight lines drawn in regimes I and II (see the Supporting
Information). Data and error bars are mean values estimated from
several titrations. The literature values®*™® for the cmc of the
surfactants in pure water (opened diamonds) and in 0.1 M NaCl brine
(closed diamonds) are also plotted for comparison.

The cac values are, depending on the method used to
determine them, about four to 5 orders of magnitude smaller
than the cmc of the pure surfactants. For similar polymer
concentration and ionic strength, DoTAB has a cac about 0.1
mM with dextrane sulfate and about 0.01 mM with polystyrene
sulfonate, a difference attributed to the hydrophobicity of poly-
styrene backbone.'® In the case of DoTAB/PTAA, we estimate
a cac about 0.4—5 uM, below the value obtained with poly-
styrene sulfonate by a factor 2—20. The very small ratio cac/
cmc is an additional argument for a very strong interaction be-
tween the surfactants and the hydrophobic conjugated
backbone.””?® In this case, it is expected that a much more
progressive chain collapse takes place on a wider interval of
surfactant concentrations. It becomes then more difficult to
define accurately a cac.’”?® In these conditions, it can be
expected that our data do not follow the prediction of a simple
model, which does not consider explicitly the interactions
between surfactants and hydrophobic backbones to derive the
cac dependence on hydrophobic tail length.*®

We can estimate the average number of bound surfactant
molecules per chain corresponding to our cac values. In the
case of DoTAB, it corresponds to about 0.7—7 (respectively
0.2—2) surfactant/chain for C, = 0.176 mM (respectively C, =
0.68 mM). These numbers are very small, but, as emphasized
by one referee: “The cac is the surfactant concentration where
micelles first can be detected and at this point the concen-
tration of micelles (and therefore the concentration of
micellized surfactant) can be extremely low. Thus, it is
problematic to make statements about the number determined
here. The number of surfactant monomers bound to the
polyion just below the cac need not be directly related to cac,
and can in principle be close to zero, i.e., the surfactant binding
may practically coincide with cac”. In the present case, the
absorbance spectra are clearly blue-shifted around these
tentative cac values, which supports a progressive effective
binding of the surfactant monomers to the chains and suggests
an alternative explanation: the decrease in A,,(R) might reflect
mainly a decrease of the average conjugation length, each
bound surfactant acting as a random boundary to the deloca-
lization of 7 electrons. This would imply that the cac cannot be
easily deduced from the variation of A, (R). Although PCS
results show a good correlation between the decrease in A,,(R)
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and Rg (Figure 8a), the experimental errors on the latter values
prevent their use to assign the cac value. Therefore another
technique is needed to confirm the location of the cac on the
Aps(R) curves.

Considering this strong hydrophobicity of PTAA backbone,
we can anticipate that cac determination by measuring binding
isotherms with surfactant-selective electrodes would be as dif-
ficult for PTAA/surfactant system as it is indeed for other hy-
drophobic polymer/surfactants associations.'”®

Isothermal titration calorimetry provides an alternative
method for this purpose®”®~°" since the rise in the differential
enthalpy curve (Figure 7b) can be associated with the onset
of cooperative binding and the location of the cac. The value
Ceoc ® 15 uM at a polymer concentration C, = 1.67 mM can be
compared with the values obtained from the absorption mea-
surements with DeTAB, C,. ~ 1-14 uM at C, = 0.176 mM
and C,. ~ 1-22 yuM at C, = 0.68 mM. The concentrations,
ionic strength and pH conditions are not homogeneous for
these scarce data and it is only possible to conclude that cac
values estimated from absorption spectroscopy and ITC have
the same order of magnitude. This confirms a small value about
a few unities for the average number of bound surfactant per
chain at the cac. Systematic comparisons between the cac values
measured by the two techniques need clearly to be done. They
are postponed to future work because they require the synthesis
of a new sample batch due to the higher concentrations needed
for combined ITC and absorption spectroscopy experiments.

As a final comment, we note that the average aggregation
number of the micelles should remain about the same in the
presence and in the absence of the polyions.”>”>*** Consi-
dering the numbers associated with our experimental condi-
tions, this implies here an inhomogeneous binding process,
some chains being dressed and collapsed while others remain
free of bound surfactant. Such inhomogeneous binding was
observed in the case of DNA/CTAB mixtures’” and
predicted by some models.”***** It could justify the presence
of different small size species in the time distribution functions
obtained in the PCS experiments (Figure le,g).

To summarize, it appears that the present system does not
exhibit a cac in the usual meaning of the term where the
associated collapse transition is rather sharp. Here the
correlated decreases in Rg and Ay, occur in a rather wide
range of composition ratio and the binding of surfactant to
the hydrophobic backbone is likely inhomogeneous. Therefore
both Rg and A, are averaged quantities measured on an
assembly of chains with different conformations. Thus the
strong hydrophobicity of the backbone appears as an essential
feature to design sensitive and quantitative colorimetric sensors
for ligands with hydrophobic domains.

Binding Processes. Another interesting feature revealed by
the ITC experiments is the existence of two different processes
in the binding of DeTAB to PTAA. The first exothermic
process at low R values shows that both the initial non-
cooperative binding and the cooperative binding (above the
cac) are enthalpically favored. This is in agreement with our
comments above concerning the role of the hydrophobicity of
the PTAA backbone in the binding process. In fact the binding
between oppositely charged surfactants and hydrophilic
polyelectrolytes is often endothermic and is favored only
because of entropic reasons.>**"*** On the other hand when
the polymer backbone is hydrophobic, the initial binding is
exothermic.”® A transition between endothermic and exother-
mic behavior has also been observed upon decreasing the
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charge density of the polymer backbone.*** At higher com-
position ratios, the intrachain micellization of bound surfactants
has been associated with an endothermic contribution.®® A
similar mechanism could explain the occurrence of endother-
mic behavior in our case as the mixed aggregates are progres-
sively enriched with bound surfactants after the hydrophobic
backbone has been covered in the initial steps. Further detailed
study is needed to confirm this as yet tentative explanation.

Comparison with Other Systems. The appearance of a
new emission band upon addition of surfactants to conjugated
polyelectrolytes has been observed previously in only two
studies as far as we know. The first example is a weakly soluble
anionic oligomer (DP = 9) based on a PFP backbone (PBS-
PFP) interacting with CTAB.>" The oligomer solution is very
dilute (8.6 M) and the stoichiometry ratio varies between
about 0.04 and 4.5. The authors observe a decrease of the
emission peak centered around 424 nm until R & 0.5 where
a new emission band centered about 525 nm appears.
Meanwhile the initial emission peak shifts slightly to the blue
at 418 nm. These phenomena are attributed to an increase in
the interaction between the oligomers upon surfactant addition,
which would favor energy transfer to lowest energy states
associated with aggregates or excimers, the slight blue shift
being due to the local environment of the oligomers becoming
less polar.

The second example is a cationic polyelectrolyte based on a
PPV backbone (TEAO-PPV) interacting with sodium dodecyl
sulfate surfactant.** The polymer concentration is low (20 M)
and R varies between 0.05 and 1000. The very broad initial
fluorescence peak is centered at about 520 nm. It shifts to 535
nm and its intensity increases by a factor 2 when R increases to
0.5. Then as R is increased to about 50, this initial fluorescence
vanishes and is replaced by a less intense emission centered
around 585 nm. Above R = 250, the initial fluorescence
reappears and dominates the second emission band that does
not disappear. In parallel the position of the absorption
maximum shifts from 445 to 483 nm (0.05 < R < 5) then back
to 465 nm (R = 1000). These observations are interpreted in
relation with the cac and the cmc of the system. Above the cac,
the first exchange between counterions and surfactants relax
the torsion of the backbone due to the electrostatic interactions
and favor a more planar conformation, associated with a red
shift of A, and increased interchain interactions that favor the
formation of excimers with lower emission energies. Then,
above the cmc of the surfactant, the polymer chains adsorb
onto the surfactant micelles and the induced constraints on the
backbone decrease the average conjugation length resulting in a
blue shift of the absorption spectra. As surfactant molecules
intercalate between the chains, the decreased interactions
between the chains are less favorable to excimer formation and
the initial emission behavior tends to be recovered.

Thus, our system displays a third scenario where, upon
surfactant addition, the collapse of the individual chains is the
first step. For long enough alkyl chain length, they fold then in
a new conformation that favors the appearance of a very intense
second emission peak upon aggregation of these basic units at
large composition ratios.

B CONCLUSIONS

Upon binding by cationic surfactants, the conjugated polyanion
PTAA exhibits original spectroscopic properties in comparison
with other conjugated polyelectrolytes, due to its good water
solubility. In particular absorption and emission spectra show
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markedly opposite sensitivity to the presence of bound
surfactants in the two regimes of composition ratio R, R < 1
and R > 1.

For small R values, the UV-—visible absorption of the
solutions is highly sensitive to the presence of minute amounts
of bound surfactants and the maximum absorption position 4,
shifts to shorter wavelengths by 30—50 nm as the apparent
hydrodynamic radius of the chains Rg decreases by a factor 2.
Thus conformational rearrangements during the chain collapse
are associated with a large decrease of the average conjugation
length. Emission curves in this R range are essentially
insensitive to the collapse of the chains and the presence of
bound surfactants, likely due to excitation energy transfer to
remaining longer chromophores.

For large R values, the absorption curves are only weakly
sensitive to changes in the composition ratio while the emission
spectra display a new emission band shifted to larger
wavelengths by nearly 130 nm. The intensity of this new
emission band increases with the amount of added surfactant,
until it becomes more intense than the initial fluorescence of
the pure PTAA and the latter vanishes (DOTAB). We interpret
these features as the signature of the formation of new
structures, as the mixed surfactant/polymer aggregates get
enriched in surfactant and form superaggregates at large R
values. The internal organization of these new structures re-
mains an open question but it could be similar to those repor-
ted for other surfactant/polyelectrolyte aggregates.**™**

As the surfactant tail becomes shorter, the blue shift of 4,
and the intensity rise of the new emission are delayed to larger
composition ratios while their variations become smoother
functions of the surfactant concentration. As yet we cannot
conclude whether the lower surfactant hydrophobicity has a
direct effect on the chain conformation and the internal
organization of the new stuctures, or merely results in a lower
ratio of bound to free surfactant at a given surfactant concen-
tration. Most likely, both effects are intertwined.

The strong hydrophobicity of the conjugated backbone plays
a very important role. In particular, the effects of bound
surfactant can be measured for very small average number of
bound surfactant per chain, at composition ratios much lower
than in any previously studied mixtures of oppositely charged
surfactants and polyelectrolytes. This suggests an inhomoge-
neous binding of the surfactants to the chains at small R values.
Another consequence of this strong hydrophobicity is to blur
the notion of cac, and to smooth the collapse transition and
therefore the decrease of A, (R).

The particular spectroscopic properties of the PTAA sample
investigated here seem related to its unique combination of a
strongly hydrophobic backbone, a large ratio of contour length
to persistence length, and an overall good aqueous solubility.
Our results show that a conjugated polyelectrolyte with these
characteristics is well suited as a quantitative colorimetric bio-
sensor at small composition ratio, and as a fluorescent bio-
marker at large composition ratio.

B ASSOCIATED CONTENT

© Supporting Information

Details and figures on the following: the error made on the
maximum absorption position, the influence of excitation
energy on the emission characteristics, the effect of filtration on
sample concentration, the evolution of the scattering intensity
with composition ratio, the relative abundance of small and
large objects, the analysis of the second emission band, the
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influence of pH on spectroscopic properties, the determination
of cac values, raw ITC data, and the reproducibility of PCS
results. This material is available free of charge via the Internet
at http://pubs.acs.org.
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