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ABSTRACT: The aqueous solutions of a fully neutralized flexible conjugated polyacid, the poly(3-thiophene
sodium acetate) (P3TNaA), are studied by small angle scattering techniques, as a function of polymer concentration,
molecular weight and added salt concentration. The characteristic polyelectrolyte scattering peak obeys the
predictions of the isotropic model, in good agreement with the behavior of saturated polyelectrolyte solutions.
Despite the presence of irreversible aggregates formed during the synthesis, no further aggregation occurs in
solution whatever the polymer or added salt concentration. Thus, these conjugated polyelectrolytes remain
hydrosoluble and well-dispersed when the electrostatic repulsion is screened, probably due to their small bare
persistence length that prevents large dispersion forces in the undoped state.

1. Introduction contrast with the previously studied conjugated polyelectrolytes,
undoped poly(thiophene) derivatives are known to have a rather
low persistence length, about 2.2 nm for poly(3-butyl thiophene)

in nitrobenzene at 65C2° and about 2.4 nm for poly(3-hexyl
thiophene) in tetrahydrofuran at room tempera#ndoreover,
ever the extended electron delocalization along the polymer SINCe charges are brought by carboxylic groups the degree of
backbone makes such polymers insoluble and considerablelonization can be controlled through the pH.
efforts have been devoted to the modification of existing  The synthesis of poly(3-thiophene acetic acid) has been
monomers to increase their solubility without compromising the Previously described by Kim et &l.Introducing slight modi-
delocalization of ther electrons. One interesting route to this fications in their method we obtained P3TNaA chains with
goal is the grafting of side groups carrying electrical chafges. varying degree of polymerization DP, 45 DP < 125, and
The obtained conjugated polyelectrolytes become then water-reasonable polydispersity index close to 2. In this paper, the
soluble or water-dispersible and new more environment-friendly agueous solutions of fully neutralized chains are studied by
processing routes can then be envisioned for these materialsmeans of small-angle neutron and X-ray scattering techniques,
Moreover this new feature opens interesting applications as as a function of pOIyelectrolyte Concentration, molecular We|ght,
biosensors or as chemosensors in aqueous soldtions. and added salt concentration. A forthcoming contribution will
For these applications the understanding of the polyions deal with the effects of varying the charge of the chéfhs.
conformation as a function of physicochemical parameters is .
critical. As an example, the efficiency of photoluminescence 2 Experimental Part
quenching in conjugated polymers appears to depend on the 2.1 Synthesis and Characterization of poly(3-thiophene meth-
extension of the chains in solutidn! conditioning the sensitiv-  yl acetate) (P3TMA). The poly(thiophene-3-acetic acid) (P3TAA)
ity of bio- and chemosensors based on this phenomenon.is obtained through saponification of the ester groups of P3TMA
However only few papefsl’ have reported on the structure of ~ chains, first synthesized by an oxidative-coupling polymeriza-

aqueous solutions of conjugated polyelectrolytes as revealed bytion.*>*° as proposed by Kim et &l The 3TAA monomer was
scattering techniques. purchased from Acros and first esterified into 3TMASome slight

difications to the original procedure were found to increase the
Recent reports have focused on the structure of aqueous o e . . -
solutions of Fz:onjugated polyelectrolytes with a ratherqrigid reproducibility of the synthesis and the yield of the precipitated

polymer, and helped us to obtain large quantities of rather high

Conjugated polymers have generated a large amount of work
in the past two decades and have proven to be promising
materials in different fields including nanoconductors, field-
effect transistors, bio- and chemosensors, photovoltaitsu-

backbone, like derivatives (3]‘ polyphenylené)**7 or poly- molecular weight P3TMA. With our procedure, this yield is about
(phenylenevinylene) (PPV}°In the first case, either hexagonal 359 whereas it was not larger than 12% with the original procedure.
ordering of aggregated cylindé&2or well-dispersed chaits!’ Our modifications together with the details of the methods of

were obtained, depending on the nature of the side chains. Incharacterization of the samples are described in the Supporting
the second case, the experimental results have shown a broa¢hformation (Sl).

scattering peak in the small-angle neutron scattering curves. The Samples were fractionated by Soxhlet extraction, successively
behavior of this maximum as a function of polyelectrolyte by different solvents to obtain fractions with increasing molecular

concentration and added salt concentr&t#8is consistent with ~ Weights, as described in the Supporting Informatitih.and *3C
the isotropic modé# 20 of polyelectrolyte solutions. In all these ~ NMR analysis showed no significant difference in the regioregu-

studies the polyelectrolytes are salts of strong acid groups and!arlty of the different fractions that can be considered as regio-

. ) L . —on irregular samples. Table 1 gives the weight-average molecular
thelrgﬁectlve C,hafge is fixed a,t the Mapnﬂa@psawa valué! . weights and polydispersities of the main fractions used in the
This paper is part of a series dealing with the properties of gcattering experiments.
poly(3-thiophene sodium acetate) (P3TNaA) solutions. In 55 gynihesis and Characterization of Poly(3-thiophene

sodium acetate) The saponification of the P3TMA was performed
* Corresponding author. E-mail: schossel@ics.u-strasbg.fr. under milder conditions than those used in the work by Kim et
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Table 1. Characteristics of the P3TMA Fractions

SEC

PS calibration P3TMA calibration

Mw Muw/Mp My,

5800 15 10000

7000 15 11900
24 000 2.2 41 000

a2 Relative errors oM, values are estimated about 0.2.

al?” (see Sl for the details). After the saponification, the excess of
NaOH was neutralized by HCI and the samples were carefully
dialyzed, which yielded a partial acidification of the polyelectrolyte
chains since poly(3-thiophene acetic acid) is a weak polyacid.
Therefore, an aliquot of the solution was titrated forth and back
with NaOH and HCI to determine the true neutralization degree of
the polymer in the dialyzed solution. The appropriate amount of
NaOH was then added to the batch solution to recover fully
neutralized P3TNaA chains that were isolated by freeze-drying. The
water content of the final red-orange solid was determined by
thermogravimetric analysis to be about 10% and was taken into
account for the preparation of solutions. The final product was
stored in the dark, under argon, at room temperature.

IH NMR spectrum of the polyelectrolyte in,D indicated that
the saponification was complete and yielded one ionizable group
per monomer. UV-visible absorption spectroscopy showed a broad
maximum in the absorbance locatedlaty = 435 nm and a peak
heightemax= 6600 cm! M1, Field-flow-fractionation gave a value
of the weight-average degree of polymerization of the polyelec-
trolyte chains in good agreement with that of the P3TMA
precursors, confirming that no significative chain degradation
occurred during the saponification with our experimental conditions.

2.3. Sample Preparation. The solutions were prepared by
weighing the appropriate amount of polymer in ultrapure water
(Millipore) or in DO (Eurisotop, 99,9%), depending on the
scattering technique used. They were heated &Cstbr 2 h and
prepared at least 2 days before use. In the case of filtrated solutions
the final concentration was measured by Y¥sible absorption
spectroscopy.

2.4, Small-Angle Neutron Scattering (SANS)Different ex-
perimental runs were conducted on spectrometer PAXY (Labora-
toire Leon Brillouin, Saclay, France). Samples were prepared as
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angle. In most cases, the concentration is the nominal one, as
given by the amount of dry polymer dissolved in the solvent.
For the highest concentrations, however, the nominal concentra-
tion of the filtered solutions can be about 15% larger than the
concentration measured by WWisible absorption spectroscopy
and the latter one was used instead, in order to collapse together
the scattering curves in the highrange, where the intensity
should be proportional to the concentration of polymer units
since intermolecular correlations become negligible.

The scattering curves exhibit two prominent features: a strong
upturn at lowq values and a peak at intermediatealues. The
upturn intensity appears to be proportional to the polymer
concentration and its level is comparable for chains with
different DPs (Figure 1). Its scattering behavior can be described
empirically by a power law with an exponent closet8 and
its amplitude seems to be more prominent than for usual
polyelectrolyte solutions for which upturns are often not
observed forg values larger than 0.01A. As an example, a
similar power law behavior with a smaller exponent abet7
has been reported for the upturn intensity measured in aqueous
solutions of quaternized poly(2-vinylpyridin&).In this case,
the upturn intensity is thought to be linked in some way to the
so-called slow relaxation mode measured in polyelectrolyte
solutions by dynamic light scattering experiments. However a
consensus about the physical meaning of this slow mode has
not been reached as y&tin our case the features of the upturn
intensity suggest that it could be associated with the presence
of aggregates with moderate size, constant density and rough
surface: fractal aggregates would correspond to a power law
with an exponent smaller than3 while sharp and smooth
interfaces would contribute with a Porod law decay and an
exponent of—4.

The scattering peak appears to be slightly better resolved for
the smaller chains and, for both DP values, its positjoshifts
to larger values as the polymer concentration increases (Figure
2). Two concentration regimes can be distinguished: (i) at high
polymer concentrationg* is independent of the molecular
weight of the chains and its variation is consistent with a power
law gt ~ CY2 (ii) at smaller polymer concentrations, the

described above. Measurements were carried out in standard Hellmgosition of the peak depends on the molecular weight and its

cells built from two quartz disks separated by an annular quartz

spacer with a thickness of 2.5 mm. Standard data treatment was

performed and involved correction for transmission and thickness,
normalization by the intensity scattered from 1 mm ofcH and
background subtraction (incoherent scattering from polymer and

variation is consistent witlg* ~ C3,

These variations are those expected for the so-called poly-
electrolyte peak, as predicted by the scaling laws within the
isotropic modée¥-20 and confirmed by experiments on solutions

solvent scattering). Incoherent scattering level for each sample wasOf Polyelectrolytes with a saturated backbd#e’” The high

obtained from interpolation through a set of measurements per-
formed on mixtures of BO/H,O with different compositions. The
interpolated value was calculated on the basis of the H content in

concentration regime is the semidilute dfi¢he polymer chains
are overlapping and the scattering peak reflects the correlation
hole due to the strong repulsion between electrostatic blobs and

the sample. The data were put on an absolute scale by using thehe small osmotic compressibility of the solutiofsn the low

incoherent scattering cross section of 1 mm @OH
2.5. Small-Angle X-ray Scattering (SAXS)Small-angle X-ray

scattering experiments have been performed with spectrometer
ID02 and D2AM (European Synchrotron Research Facility, Gren-
oble). Quartz capillary (ID02) or sample holder (D2AM) with mica
windows were used and the sample thickness was kept to 1 mm.
Data treatment involved correction for incident photon flux and
for sample transmission, and subtraction of the intensity scattered
from pure water, free counterions, and empty cell.

3. Results and Discussion

3.1. Without Added Salt. Typical SANS intensity curves
1(g)/C scattered from P3TNaA solutions are shown in Figure 1
for chains with DP= 45 and DP= 125. HereC is the polymer
concentration and is the scattering vector defined @s= 47/4
sin (¥/2), with A the incident wavelength andl the scattering

concentration regime, the peak scales like the inverse of the
average distance between dilute charged objects. The transition

Shetween these two regimes occurs for the overlap concentration

C* ~N/R3, whereN and R are the DP and a characteristic
dimension of the chains, respectively. For polyelectrolyte chains
extended by long range repulsive interactioRs~ N and
thereforeC* ~ N —2.18 This power law has been confirmed
through the compilation of experimental results obtained on
solutions of poly(styrene sodium sulfonate) (NaP&Spur
experimental values fo€* as a function of degree of polym-
erization fit fairly well in the data compilation for NaPSS (Figure
3).

It can be emphasized that, as for NaPSS solutions, a
noticeable difference appears betwegnvalues measured by
SANS and SAXS at high concentration. This has been explained
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Figure 1. Evolution with polymer concentration of the SANS scattering intensity per monomer: (ay B®, (b) DP= 125. The straight lines
correspond to &3 power law decay.

0.3 of an empty cylinder in SAXS. Intermolecular correlations mix
increasingly with the details of the local form factor as their
— characteristic length scale decreases upon concentration increase
;55 and g* values measured by SANS and SAXS split. As a
o consequence, the observed power laws differ. The same effect
is at work here where a further complication arises from the S
01k atoms contributing significantly more than the other atoms in
) the SAXS experiments. As a consequence, for concentrations
larger than 0.2 mol/L, we observe a scaling behavior that
depends on the scattering techniqug: = 0.151C%43 (SAXS)
0.05 instead ofg* = 0.180C%5 (SANS). On the other hand, SANS
' experiments are extremely difficult in the dilute regime where
K synchrotron SAXS is more reliable. Therefore, the data in Figure
b ‘ ‘ 2 are obtained from SAXS experiments for concentrations below
102 10! 10° C = 0.1 mol/L and from SANS above this limit.
C (mollL) Finally the correlation lengtlf = 27/q* of solutions of
Figure 2. Variation of the peak positiog* as a function of polymer  flexible polyelectrolyte chains in the weak coupling limit is
concentration. The continuous and dotted lines have slop#s arfid expected to follow the scaling laf¥:
Y3 in the semidilute and dilute regimes, respectively. Relative errors
on g* are estimated about 0.10 from the plots in Figure 1. En f72/7(|B/b) 71/7(bC) —-1/2 (1)
0
. 10 wheref is the degree of ionizatiorg the Bjerrum length, and
< ] b the length of the monomer. For chains in the strong coupling
g 107 L q limit, f should be replaced by the effective chafgecalculated
= : by Manning-Oosawa theory'24 Thus, for fully ionized chains
o 10 (f = 1), fex is pinned atb/lz and
£~ (Ig/b)"(b0) (2)
-3
107 E The compilation of published data has indeed shSwimat the
position of the maximum in the scattering curves of polyelec-
10 ] trolytes in the semidilute regime follows a master curve when
g* is plotted as a function ofs2&, with & calculated by eq 2.
s o ] Figure 4 shows the corresponding data for the present samples
e ) = "l 5 together with the data compilation published previod8lFor
10 10 10 DP 10 10 the P3TNaA,b was taken as = 0.38 nm. The data for

Figure 3. Comparison ofC* values obtained for NaPSS (opened P3TNaA collapse reasonably well on the same master line as

symbols) and for P3TNaA (closed symbols). Data for NaPSS come Other polyelectrolytes with a saturated backbone. A better
from the compilation given in ref 39. Relative errors in our experiments agreement with the compiled data would be obtained with the
are estimated to be 0.2 on DP values and 0.16bmalues determined value b = 0.23 nm, which appears, however, to be rather
from the data in Figure 2. The continuous line corresponds to a power nreglistic from molecular models.

law with exponent-2. In the isotropic model, the intensity per monomepgat q*

as a subtle effect arising from the difference of contrasts in the is predicted to scale déq* )/C ~ C ~%21920in agreement with
two techniqueg? in SANS, the contrast is provided by the atoms the experimental behavior of flexible saturated polyelectrolyte
in the backbone relative to the solvent while in SAXS the solutions in the semidilute regin¥é#2The same behavior was
contrast arises mainly from the Na counterions condensedreported recently for the rather rigid conjugated chains based
around the backbone. Thus, in SANS, the form factor of the on PPV Figure 5 shows that solutions of P3TNaA exhibit
chains is locally, at higly values, that of a filled cylinder instead  the same trend as the semidilute regime is entered. However it
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10 102 107 10° amount of added sal€ = 0.34 mol/L. Small triangles correspond to
2m/E (A'1) the intensity of the sample 81o = 11.9 once a power law fitted to the

upturn intensity measured at low salt concentration has been subtracted.
Figure 4. Master curveg* vs 2t/ wheref is calculated by eq 2 in This remaining contribution can be fitted by a Lorentzian curve
the text. Closed symbols: our data for P3TNaA (errors bars as in Figure (continuous line).
2); Open symbols: compilation of published experimental data with
details given in ref 40. for the intermolecular contribution to the total structure func-
tion.#3
bP One interesting feature is the effect of salt addition on the
o 45 upturn intensity. For a conjugated polyelectrolyte solubilized
* 125 by electrostatic repulsions, one would expect that the screening
8 of these interactions would enhance the formation of aggregates
as the overall solvent quality becomes poorer. This was the
e . observed behavior for neutral polydiacetylene (P4BCMU)
solutions where the solvent quality was varied through the
0.05 temperaturé? side-by-side aggregation due to van der Waals
interactions was revealed by a strong increase of the ajall
‘ } . intensity as the solvent quality became poorer. For a rigid
01 C (mollL) conjugated polyelectrolyte based on PPV the opposite behavior
Figure 5. Evolution of the scattering intensity per monomer at the Was observed: salt addition was found to decrease the upturn
maximumI(g* )/C as a function of polymer concentration. Relative intensity at smally values® In the present case, these effects
_?Lrgr;r?ésv ?ﬁg{{:‘:ttsgt?}%g“&;t%ﬂ;“g;ﬂ”j@Lég:lsu'rigs ;‘ag)a:gﬁsp were never observed and the upturn intensity remained at the
= 125, C* could not be determined and shoulc? be abc’)ut .0.04 mol/L same level a_s in the abse.nce Of. added salt, whatever the
from the extrapolation of the data in Figure 3. molecular weight of the chains. This can be checked for the
sample with the higher salt concentration by subtracting a power

seems thal(q*)/C is still slightly dependent on the molecular law with exponent-3 fitted to the upturn intensity measured
weight even in the semidilute regime. This difference could be at low salt concentration. The remaining intensity (Figure 6,
due to a contribution of the upturn intensity but it was also triangles) has a Lorentzian shape with a correlation length about
observed for NaPSS solutiGfigor which the upturn intensity ~ 40 A (Figure 6, continuous line), as can be expected for a
is present at smalleg values than in the present system. This semidilute polyelectrolyte solution at this concentration with
suggests that the crossover transition between the dilute andgn excess of added salt.
the semidilute regime could span a larger concentration range .
for the scattering intensity at the peak than for the position of 4 Conclusions
this peak. The structure of the aqueous solutions of P3TNaA, a flexible
3.2. With Added Salt. We have increased the screening of conjugated polyelectrolyte, has been studied by using small
electrostatic repulsions by adding a monovalent salt, NaCl. All angle scattering techniques as a function of polymer concentra-
SANS experiments have been performed at a fixed polymer tion, molecular weight, and added salt concentration.
concentratiorC = 0.34 mol/L. The total ionic strength is defined The small angle intensity scattered from P3TNaA solutions
asl = (ferC + 2Cy)/2, wherefes = b/lg = 0.54 andCs is the can be satisfactorily described by the isotropic model for
molar salt concentration. The ratifio measures the increase polyelectrolyte solutions and the associated scaling laws. Thus,
of the screening relatively to that arising from the free these fully neutralized conjugated polyelectrolytes exhibit the
counterions)o = feC/2 = 0.092 mol/L. The Debye screening same overall behavior as other flexible polyelectrolytes with a

o
w

I(q)/C (cm™'M™)

©
pry

O e
L

lengthlp is then simply given byp = Ip o(l/lg)~Y2 wherelp o saturated backbone.
= (8mlglg) Y2~ 10.1 A. The main difference between saturated and conjugated chains
As we increased the salt concentration upCto= 1 mol/L lies in the strong upturn scattering that arises at laggelues

(1 = /Iy = 12), the solutions remained optically clear, and we for the conjugated polymers than usually reported for saturated
never observed a phase separation. The effects on the totathains. Remarkably, the upturn intensity appears to be propor-
structure function are classical (Figure 6) as far as the poly- tional to polymer concentration, to depend very weakly on the

electrolyte peak is concerned: the peak shifts to smaNaiues molecular weight, and to be independent of the added salt
for moderate quantities of added salt and finally disappears for concentration. Moreover, upon monovalent salt addition, we do

higher salt concentrationsC{ > 0.1 mol/L). Actually, this not observe a phase separation for these fully charged chains.
behavior corresponds to a peak moving in the opposite direction All these features indicate that in the present case the dominant
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