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We report on the phase transitions, solution structure, and consequent effect on the photophysical properties of
poly[3-(6-trimethylammoniumhexyl)thiophene] bromide (P3TMAHT) in aqueous sodium dodecylsulfate (SDS).
Polythiophene was mixed with SDS or deuterated SDS to form PATMAHT(SDS), complex (x = the molar ratio of
surfactant over monomer units) in D,O and studied by small-angle neutron and X-ray scattering (SANS/SAXS) and
optical spectroscopy. At room temperature, PAsTMAHT forms charged aggregates with interparticle order. The
addition of SDS eliminates the interparticle order and leads to rod-like (x = 1/5) or sheet-like polymer—SDS aggregates
(x = 1/2to 1) containing rod-like (x = 1/5to 1/2) or sheet-like (x = 1/2 to 1) polymer associations. Partial precipitation
occurs at the charge compensation point (x = 1). Ellipsoidal particles without interparticle order, reminiscent of SDS
micelles modified by separated polymer chains, occur for x = 2 to 5. Free SDS micelles dominate for x = 20. Structural
transitions lead to a concomitant variation in the solution color from red (P3TMAHT) to violet (x = 1/Sto 1) to yellow
(x > 2). The photoluminescence fingerprint changes progressively from a broad featureless band (x = 0) through the
band narrowing and appearance of vibronic structure (x = 1/5to 1) to the return to a blue-shifted broad emission band
(x = 5). The polymer stiffness reaches a maximum for x = 1, which leads to minimization of the Stokes shift (0.08 eV).
This work gives fundamental information upon how surfactant complexation can influence both the solution structure

and photophysical properties of a water-soluble polythiophene.

Introduction

Since the introduction of water-soluble 7-conjugated polymers
in the 1980s," they have been developed for diverse applications
including light emitting diodes,” chemosensors,” and biosensors,*
where water provides a non-noxious media for device environ-
ment or signal amplification. Control of the water—polymer
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interaction is desirable for polymer deposition in inkjet,’ layer-by-
layer,*” and Langmuir—Blodgett® processes. Strategies to control
solubility in water include incorporation of hydrophilic terminal
groups such as noncharged ethynylene’ or charged amino groups'’
into side chains off the polymer backbone. Sophisticated sr-con-
jugated polyelectrolytes'' and charge-transfer supramolecules'”
have been introduced in water. Another possibility is the combi-
nation of two ionomers as with the well-known example of
poly(3.4-ethylenedioxythiophene) and poly(4-styrenesulfonate).'®
In another strategy, water solubility is controlled by nonionic'* or
ionic'® surfactants that may form a layer between the polymer and
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water. The solubility and subsequent optical effects such as fluores-
cence enhancement'® and change in color, so-called surfactochro-
mism as introduced by Lavigne and Bunz et al,'"* can be controlled
without synthesizing a series of polymers but simply by varying the
surfactant fraction. This has further implications for biosensing, where
the surfactant enhances the polymer’s role as an emissive donor and
may improve both sensitivity and selectivity of the sensor.'®
Counterion tailoring has a major influence on the water
solubility of polythiophenes (PTs) as pioneered by McCullough
et al.'"” With increasing counterion size, these authors reported a
significant color change from a red aggregated phase to a yellow
solution with disrupted aggregates, with the effect resembling the
well-known order—disorder transition from an ordered solid of
rigid rods to a disordered liquid of more coiled PT chains.'®
Sodium dodecylsulfate (or sodium lauryl sulfate, SDS) has a
well-known micellar structure in water, resolvable by small-angle
scattering,'® with a critical micellar concentration (cmc) ~
8.2 mM ~ 2.4 mg/mL in water.”® Further structural complexities
are obtained for SDS complexes with oppositely charged poly-
electolytes®' or when SDS absorbs onto neutral latex particles.**
When associated with zz-conjugated polymers, SDS has been used
to control chemical synthesis of polypyrrole* or electrochemical
synthesis of PT.* Moreover, it forms a dispersion with polyaniline.”>
Scherf and coworkers have recently introduced a family of
m-conjugated block copolymers,*® including examples of a hydro-
phobic polyfluorene block such as poly[9,9-bis(2-ethylhexyl)-
fluorene] (PF2/6) connected to either a nonionic PT block, for
example, poly[3-(6-diethylphosphonatohexyl)thiophene] (P3PHT),
or a polyelectrolyte PT block, such as poly[3-(6-trimethyl-
ammoniumhexyl)thiophene] (P3TMAHT). The hydrophilic char-
acter of the PT blocks leads to solvent-induced self-assembly in
mixtures of selective and nonselective solvents including PF2/
6-P3PHT in water—tetrahydrofuran or water—hexane’’ or PF2/
6-b-P3STMAHT in water—tetrahydrofuran® or water—methanol.’
In one example, poly(9,9-dioctylfluorene) (PFO) is coupled to
P3TMAHT to form PFO-h-P3TMAHT.* In water, this polymer
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shows a small-angle X-ray scattering (SAXS) maximum at g ~
0.1 A™', indicating order in solution. The addition of nearly a
charge equivalent amount of SDS leads to the disappearance of
this maximum and the appearance of a new maximum around g ~
0.16 A~". This effect is followed by significant photoluminescence
(PL) enhancement of the emission band of PT block, which
together point to structural reorganization of PSTMAHT block.
The details, however, remain an open question.

In this article, we present a systematic structural study of the
homopolymer P3STMAHT with SDS addition in D0, thus
forming the P3STMAHT(SDS), complex (x = the molar ratio
of surfactant over monomer units). This article has two objec-
tives. First, whereas the classical picture of McCullough shows the
optical transitions of water-soluble PT with the increasing coun-
terion size, we consider the alternative scenario of increasing the
counterion fraction where charge balance is also changed. A
standard surfactant is employed to make this experiment well
controlled and generalized. Second, we use small-angle neutron
scattering (SANS) in connection with optical spectroscopy and
find phase transitions from ordered PATMAHT to rod-like (x =
1/5) and sheet-like aggregates (x = 1/2—1), where polymer chains
are ordered within the structures, and ellipsoid particles (x =
2-5), which include separated polymer and SDS mantle. Free
SDS micelles dominate for higher x. These transitions are
followed by distinctive, visibly observable optical changes as
transitions from pale red (P3TMAHT) to turbid violet (x < 1)
and orange-yellow (x > 2). These results reveal for the first time
the phase behavior of the PAsTMAHT-SDS system, where the
optical transitions are induced by changes in the polymer con-
formation within polymer—surfactant aggregates, whose self-
organization is, in turn, controlled simply by varying the surfac-
tant fraction. The results may be readily used to model the
behavior of water-soluble PFO-»-P3TM AHT-type block copoly-
mers. Generally speaking, whereas there are diverse structural
studies of PTs in the solid state (see examples in refs 31 and 32) or
organic solvents,*® less attention has been placed on their water-
soluble variants. Our work contributes to the structural under-
standing of this niche, water-soluble z-conjugated polymers and
water-soluble PTs in particular.

Experimental Section

Materials. The synthesis of PAMAHT with a bromide coun-
terion (Chart 1) followed the guidelines described by McCullough.”
The number-average and weight-average molecular weights were,
respectively, M, = 9.5 kg mol™! and M,, = 12.4 kg mol ™!, as
measured for polymer precursor with a bromine terminal group
(precursor 2 in Scheme 1 in ref 7). Therefore, the degree of
polymerization was 40—50. SDS (Chart 1) was purchased from
Sigma-Aldrich, and deuterated SDS (SDS-d5s) (98.5% D) was
purchased from CND Isotopes. These materials were mixed with
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Chart 1. Chemical Structures of PSTMAHT Polymer (n = 40—50)
and SDS Surfactant

AN
N\Br

/

S n
P3TMAHT
N _O
/\/\/\/\/\/\0/3\4 Na*
o-
SDS

D,O (99.9% D, Cambridge Isotope Laboratories, Inc.). We
prepared PSTMAHT(SDS),—D,0O mixtures, where x stands for
the molar ratio of SDS over PSTMAHT monomers, by mixing
10 mg/mL P3TMAHT—D,O solution, where the concentration
is given with respect to the PsTMAHT monomer units, with
10.55 mg/mL SDS—D,0 solution so that the desired molar ratio x
was reached. The value x = 1 corresponds to the stoichiometric
charge balance. The compositions of polymer—surfactant com-
plexes studied by small-angle scattering and initial optical mea-
surements are given in Table 1.

Instrumentation and Methods. Photographs of the samples
were taken using a Canon Ixus digital camera.

SANS measurements of P3TMAHT, SDS, and P3TMAHT-
(SDS), in D,O were performed on the Yellow Submarine instru-
ment at the BNC in Budapest (Hungary).** SANS measurements
of PAsTMAHT(SDS-d,s5), in D>O were performed at the SANS-1
instrument at the GKSS Research Centre in Geesthacht
(Germany).*® The overall ¢ range was from 0.004 to 0.4 A7 In
both cases, the samples were filled in Hellma quartz cells of 2 mm
path length and placed in a thermostated holder. The raw
scattering patterns were corrected for sample transmission,
background, and sample cell scattering. The isotropic 2-D scat-
tering patterns were azimuthally averaged, converted to an
absolute scale, and corrected for detector efficiency by dividing
by the incoherent scattering spectra of | mm thick pure water. The
scattering from a mixture of D,O and water (99:1) was subtracted
as the background. The small incoherent scattering due to non-
deuterated polymer was taken into account by the fitting proce-
dure. All measurements were performed at 20.0 £ 0.5 °C.

SAXS experiments of PsTMAHT and P3STMAHT(SDS), in
D,O were gerformed at the 1711 beamline at MAX-lab in Lund
(Sweden).*® The X-ray energy was 11.3 keV, and the sample-to-
detector distance was 1.3 m, yleldmg agrange of 0.01 t0 0.2 Al
The beam size was 0.30 x 0.30 mm? (vert. x hor.). The scattermg
patterns were measured using a MarCCDI165 detector. The
intensity scale was calibrated using water.

UV /vis absorption and photoluminescence (PL) measurements
of PSTMAHT(SDS),—D20 were performed using a Perkin-Elmer
Lambda 1050 UV/vis/NIR spectrophotometer and a HORIBA
Jobin Yvon Fluorolog-3 fluorimeter, respectively. The measure-
ments were first performed on the same samples used for scatter-
ing measurements to enable direct comparison. Additional measure-
ments were made on samples diluted by a factor of 100 in water
(i.e., total concentration ~0.1 mg/mL (or ~0.01 vol %)). In dilute
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Table 1. Composition of PSTMAHT(SDS),—D,O and
P3TMAHT(SDS-d,s).—D,0 Samples

monomer SDS SDS-d5s overall

concen. concn concn concn

X (mg/mL) (mg/mL) (mg/mL) (mg/mL)
1/5 8.33 1.76 10.09
1/5 8.33 1.62 9.95
12 6.67 3.52 10.18
12 6.67 3.24 9.90
1 5.00 5.28 10.28
1 5.00 4.85 9.85
2 3.33 7.03 10.37
5 1.67 8.79 10.46
5 1.67 8.09 9.75
20 0.48 10.05 10.53

samples, the SDS concentration is below the cmc of pure SDS in
water, but the molar ratio x for a given sample is unaltered.

The elevated concentrations used in scattering measurements
exceeded the recommended concentration regime for optical spectro-
scopy (~107°=10"% M). We therefore anticipated considerable
difficulties in our measurements due to both saturation of the
detector and self-absorption. To eliminate these problems to some
extent, samples were measured in short-path-length (1 mm)
quartz cuvettes. For UV/vis absorbance the reference beam was
attenuated using an in-built neutral density filter (1% T). For PL
measurements, the signal intensity was attenuated manually using
a neutral density filter (1 > 400 nm O.D. ~ 0.35, 1 < 364 nm
0.D. = 0.55).

Analysis of Scattering Data. The scattering functions were
interpreted using scaling concepts. This simple interpretation was
enhanced by numerical modeling to certain geometric shapes
using the indirect Fourier transformation (IFT) programs
GNOM? and Glatter*® This allowed the evaluation of particle
shape in terms of simulated annealing with DAMMIF.*

Selected data sets of the supposedly highly asymmetric particles
show a deviation between the experimental data and the curves
calculated from the IFT analysis. This deviation was interpreted
as a crossover from rigid to flexible particles. In this analysis, we
considered scattering intensity as

1450)
¢ dQ

~ g (1)

where c¢ is concentration and o is the scattering power of the
considered particles. Cylindrical particles would lead to the
scattering power o = 1 for [;' < ¢ < R, where /, and Rcs
are the persistence length and the cross section of particles. The
coiled particles are assumed to show oo = 2 for L™! < ¢ < I3,
where L is the contour length of the particles.

When the data indicated a crossover from o. = 1 to 2, the data
were further analyzed using both a Gaussian chain model as well
as direct modeling of Pedersen.®’ In the latter modeling, the
flexibility of the long aggregates or polymers is estimated by
considering simultaneously both parts of the scattering curve
(below and above the crossover point). The scattering intensity
of such semiflexible particles is*

1d>(a)

¢ dQ

~ Swc(q, L, lp)Scs(q, a, b) (2)

where Swc(q,L.l,) is the single chain scattering function for a
semiflexible chain including excluded-volume effects of /, and L.

(37) Svergun, D. 1. J. Appl. Crystallogr. 1992, 25, 495-503.

(38) Glatter, O. J. Appl. Crystallogr. 1977, 10, 415-421.

(39) Franke, D.; Svergun, D. I. J. Appl. Crystallogr. 2009, 42, 342-346.
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x=0 x=15 x=12 x=1 x=2 x=5

Figure 1. Photograph of PASTMAHT(SDS),—D,O for x = (a) 0,
(b) 1/5,(c) 1/2,(d) 1, (e) 2, and (f) 5 at room temperature.

Scs (¢.a,b) represents the scattering of the elliptical cross section
of the semiflexible aggregates.

Results and Discussion

Visual Considerations. Figure 1 shows a photograph of
P3TMAHT(SDS), in D,0 as a function of molar ratio, x. Pure
P3TMAHT powder is red, and the color is maintained when the
polymer is dissolved in D,O. The solution turns purple on SDS
addition at concentrations below the nominal charge compensa-
tion point (i.e., when x < 1). When the SDS concentration exceeds
this point (x > 1), the solution gradually becomes yellow.
P3TMAHT forms a transparent solution with D,O and with
high concentrations of SDS (x = 2), but some precipitation occurs
forx = 1/2to 1.

The color change from purple to yellow is similar to that
reported by McCullough for HT-2,5-poly(thiophene-3-propionic
acid) when the counterion size is changed from small to large."”
These authors also found a similar tendency with increasing
counterion fraction (for NH4OH). The observed precipitation
for PATMAHT(SDS), 4 is also analogous to the lysozyme—SDS
system.*! Both lysozyme and oppositely charged SDS are inde-
pendently water-soluble but form a self-organized complex to-
gether. At the charge neutralization point, these complexes form a
system of dissolved and precipitated phases in equilibrium with
each other.

The solvatochromicity reported by McCullough!” was under-
stood in terms of self-assembly (purple) and disassembly (yellow).
It seems plausible that the changes observed for PAsTMAHT-
(SDS),—D»0O must also stem from significant structural altera-
tions. To study these alterations we carried out solution scattering
experiments.

Solution Structure. Pure Compounds in D>O: SANS
Experiments. Pure compounds were used as a prelude for
polymer—surfactant complex experiments Figure 2a plots SANS
patterns of PSTMAHT—D,0 at various concentrdtlons The
data are dominated by an upturn at low ¢ (<0. 01 A Y and a
broad interference maximum at higher ¢ (~0.04 A™"). The length
of the thiophene monomer is ~4 A? and thus the length of a
single PsTMAHT polymer chain is 160—200 A. This value falls
below the upper limit of our observation window (~800 A);
therefore, if the polymer was dissolved down to the molecular
level, then the SANS curve would level off as a Guinier plateau at
experimentally attainable ¢. Since no such plateau is observed but
instead there is an upturn, this indicates the presence of polymer
associations. Figure 2b plots the position of the interference
maximum as a function of concentration. As the peak moves
toward higher ¢ with increasing concentration, this points to order
between the polymer associations. The peak position scales as

(41) Morén, A. K.; Khan, A. Langmuir 1995, 11, 3636-3643.
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Figure 2. (a) SANS data of PASTMAHT—D-O at concentrations
7.5 mg/mL (open brown squares), 10 mg/mL (open blue squares),
and 15 mg/mL (open green squares). The curves are normalized to
concentration. Red lines are fits to the interference maxima, as
described in the text. Dashed lines show —2, —3, and —4 decays for
comparison. (b) Position of the observed interference maximum
(¢max) and the corresponding distance between PSTMAHT aggre-
gates as a function of concentration. The data points at 5 and
20 mg/mL are taken from ref 28. 7" = 20 °C.

Gmax & 32002~ (153 which is indicative of aggregates ordered

in a 3-D array.*?

The SANS patterns of the SDS—D,0O systems used in this
study are shown in the Supporting Information. The lower con-
centration equals the nominal SDS concentration (5.28 mg/mL)
in the studied polymer complexes at the nominal charge compen-
sation point (vide infra). The higher concentration corresponds to
the equivalent overall concentration of polymer—SDS complexes
(~10 mg/mL). Both samples exceed the surfactant cmc in water
(~2.4 mg/mL).%° The data are consistent with the well-described
SANS data of SDS—D,0" with a broad maximum at 0.04 to
0.05 A™%; the feature stems from intermicellar interactions, its
position scaling with concentration.

P3TMAHT(SDS), and P3TMAHT(SDS-d>5), in D>O:
SANS Experiments. Figure 3 plots SANS patterns of
P3TMAHT(SDS),—D,0 for x < 1, that is, when the molar ratio
is less than or equal to the nominal charge compensation point
(Figure 3a), and for x > 1, that is, when the ratio exceeds this
point (Figure 3b). The data of PASTMAHT—D,0 and SDS—D,0
are shown for comparison, along with selected model fits using
both softwares GNOM and Glatter (black and orange lines,
respectively). The SDS concentration exceeds its cmc in water in
all cases except for the sample x = 1/5. The SANS data of

(42) (a) Boden, N. Micellar Liquid Crystals. In Micelles, Membranes, Micro-
emulsions, And Monolayers; Gelbart, W. M., Ben-Shaul, A., Roux, D., Eds.; Springer:
New York, 1994; pp 153—211. (b) Chen, S. H.; Sheu, E. Y.; Kalus, J.; Hoffman, H.
J. Appl. Crystallogr. 1988, 21, 751-769.
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Figure 3. (a) SANS data of P’TMAHT—D,O (open blue squares)
and PSTMAHT(SDS),—D,O below the nominal charge compen-
sation point: x = 1/5 (solid red squares), x = 1/2 (solid black spheres),
and x = 1 (solid green diamonds). (b) SANS data of SDS—D,O
(open blue circles) and P3STMAHT(SDS),.—D->0 above the nomi-
nal charge compensation point: x = 2 (solid brown down tri-
angles), x = 5 (solid cyan up triangles), and x = 20 (orange crosses).
The black and orange solid lines represent structural models fitted
to thedata. “S” and “R” (a) denote fits to the alternative sheet-like
and rod-like models for x = 1/2. (See the text for details). Dotted
lines show the ideal slopes for comparison. The overall concen-
tration was ~10 mg/mL for each case. 7' = 20 °C.

P3TMAHT are significantly altered by SDS addition and do not
resemble either those of the pure constituents or their super-
position, which indicates the formation of completely new self-
organized structures. The scattering power estimated from these
data gives us a putative idea of the particle shape. Further
information on the shape was extracted from the weighted
autocorrelation function of the particle contrast of neutron
scattering lengths density in heavy water, known as the distance
distribution function p(r). The obtained functions as well as
the simulated particle shapes obtained for selected systems are
shown in Figure 4. Essential structural parameters estimated from
these data are compiled in Table 2.

Figure 3a shows that the scattering intensities of P TMAHT-
(SDS),—D,O increase up to x = 1. This is likely to be the point of
charge compensation between the polymer and surfactant.
Charge balance diminishes the water solubility and leads to
partial phase separation, visually observed as precipitation, the
extent of which, however, is less than the total amount of material
(Figure la) All data show a nearly monotonous decay for ~0.004
t00.06 A~". This decay varies with increasing x from —1 (x = 1/5)
to =2 (x = 1) and is associated with the 10-fold increase in
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Figure 4. (a) Examples of distance distribution functions as esti-
mated from the SANS data of PASTMAHT(SDS),—D-O for x =
1/5 (dashed red line) using an elongated rod-like particle model; for

= 1/2 (solid black line) and x = 1 (dotted green line) using a
sheet-like particle model; and for x = 2 (brown dashed and double-
dotted line) and x = 5 (cyan dashed—dotted line) using a model
where the particle shape can be arbitrary. These functions corre-
spond to the fits shown in Figure 3. The overall concentration of all
samples was ~10 mg/mL. (b) “Top-view” examples obtained from
the corresponding data by simulated annealing.

scattering 1nten51ty At higher ¢, the data show a shallow down-
turn (for >0.06 A™") approachinga —4 decay (> 0.1 A Yforallx,
the intensity level staying nearly constant. Unlike the case of
P3TMAHT—-D-O, no interference maxima are observed for
P3ITMAHT(SDS),—D,O. These data give us an idea of the
formation of stiff rod-like (x = 1/5), sheet-like (x = 1), and
possibly worm-like (x = 1/2) polymer—surfactant associations
without interparticle order. The lateral size of these aggregates
reaches up to the 800 A window or beyond. The diameter of
rod-like aggregates corresponds to polymer surfactant bilayers
(~40 A). In contrast, the sheets appear very thin (~20 A)
corresponding to the solid-state d-spacing of poly(3-octylthio-
phene),* thus basically to a single polymer layer. Both sheet-like
and rod-like models may be fitted to the data for x = 1/2, but both
models deviate at the lowest ¢ values. These models are marked by
“S” and “R” in Figure 3a. The asymmetrical shape of the p(r)
function calculated from the rod-like model implies a transition
from rods to sheets (Figure 4a and Supporting Information).
Figure 3b shows that the scattering intensities of PAsTMAHT-
(SDS),—D,O0 are significantly reduced for x > 1. No signs of
large rod-like or sheet-like aggregates are seen, but the data are
reminiscent of 3-D aggregates with finite lateral size (~100 A)
Since the data are not far from those of pure SDS, this situation
could point to macrophase separation of polymer after the charge
neutralization point, with the scattering arising purely from SDS
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Table 2. Essential Structural Parameters Obtained from the SANS Data for PSTMAHT(SDS),—D,0 and P3TMAHT(SDS-d,5),—D,0 by

Indirect Methods”
X analyzed ¢-range o model Dinax (/0\) Res g (A) Ry, (A) R, (A)
With SDS
1/5 0.006 to 0.06 1.25+£0.03
0.006 to 0.28 rod 42 12.5+0.1
0.006 to 0.28 rod* 42 13.34+0.2
0.006 to 0.28 rod* 79 18.5+0.1
12 0.006 to 0.06 1.69 +0.02
0.006 to 0.28 sheet 15 4.6+0.1
0.006 to 0.28 rod* 99 28+1
1 0.006 to 0.06 1.94 +0.01
0.006 to 0.28 sheet 19 5.7+0.1
0.006 to 0.28 sheet* 20 6.6+0.1
2 0.006 to 0.28 n/a arbit. 100 32.24+0.2
5 0.006 to 0.28 n/a arbit. 75 223+0.1
With SDS-d5s
1/5 0.006 to 0.018 2.05 +0.06
0.018 to 0.08 1.10 £0.03
0.018 to 0.20 rod 40 11.6+£0.1
0.006 to 0.24 rod* 39 11.94+0.2
12 0.006 to 0.018 2.22+£0.03
0.018 to 0.08 1.14 £ 0.02
0.006 to 0.24 rod* 44 142+0.1
0.006 to 0.24 rod* 99 22.0+£0.5
1 0.006 to 0.018 2.95 4+ 0.02
0.018 to 0.08 1.97 £0.03
0.006 to 0.20 sheet 20 6.2+0.1
0.006 to 0.24 sheet* 20 7.31+0.1
5 0.018 to 0.08 1.07 £0.04
5 0.011 to 0.25 1.254+0.03 rod* 44 15.6+£0.4

“ 0, Dimax» Rcs o R g, and Ry, are, respectively, the scattering power, considered maximum size of the particle (rod diameter, sheet thickness, or particle
size), the radius of gyration for the cross section of a cylindrical particle, for the thickness of a sheet-like particle or for the whole arbitrary-shaped particle.

The values are estimated using GNOM [ ] or Glatter [*].

micelles. However, no interference maximum is seen for x = 2,
and only remnants are observable for x = 5. This means that
some polymer must be incorporated into or alternatively absorbed
onto the surfactant associations and screen electrostatic interac-
tions. The second explanation is a significant release of free ions
due to the formation of PASTMAHT(SDS), complexes, which
leads to good screening of electrostatic interaction between
micelles. For x = 20, the data approach that of pure SDS with
an interference maximum that indicates the dominance of pure or
nearly pure SDS micelles.

To study the internal structure of these aggregates further, we
performed SANS experiments with deuterated SDS. Figure 5
plots SANS patterns of PATMAHT(SDS-d,s),—D,0 for x =
1/5 to 5 normalized to the monomer concentrations. Because the
contrast difference is significantly higher between P3STMAHT
and D,O than between SDS-d,5 and D,0, the scattering mainly
arises from the polymer contribution within the expected polymer—
surfactant associations. Also shown are fits to the models
obtained using softwares GNOM and Glatter (black and orange
lines). The data of the pure polymer are shown for comparison.
Structural parameters calculated from these data are collected in
Table 2. As expected, the scattering intensities of all samples are
reduced, this effect increasing with x, which is in agreement with
the idea of PSTMAHT—SDS aggregates.

When considering the case x = 1/5, the data show a —2 decay
below ~0.018 A™! (= ¢*) and a —1 decay above it. This turning
point is best shown in a Holtzer plot (Supporting Information).
At first sight, this is indicative of rod-like polymers turning into
Gaussian coils at longer distances. The corresponding persis-
tence length (/,) would be ~190 A, if determined from the relation
gy~ 3.5 The case x = 1/2 resembles x = 1/5, but the slopes

e ' .
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Figure 5. SANS data of PSTMAHT-D-O (open blue squares) and
P3TMAHT(SDS-d5s5),—D-0 for x = 1/5 (solid red squares), x =
1/2 (solid black spheres), x = 1 (solid green diamonds), and x = 5
(solid cyan up triangles). The black and orange solid lines represent
models fitted to the data. (See the text for details.) Dotted black
lines show —1 and —2 decays for comparison. The overall con-
centration was ~10 mg/mL. 7" =20 °C.

deviate further from the ideal —2 and —1 behavior. As the obtained
persistence length exceeds the length of a single P’TMAHT chain,
these data indicate the situation where rod-like (x = 1/5) or sheet-
like (x = 1/2) PATMAHT(SDS-d)s), aggregates contain PATMAHT

(43) Lecommandousx, S.; Chécot, F.; Borsali, R.; Schappacher, M.; Deffieux,
A.; Brilet, A.; Cotton, J. P. Macromolecules 2002, 35, 8878-8881.This is a
semiempirical definition and valid for bottle-brush polymers with the length > 1,
(Hsu, H.-P.; Paul, W.: Binder, K. Macromolecules 2010, 43,3094—3102). However, we
may actually consider polymer associations.
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associations (and not separated polymer chains) that can bend
within the polymer—surfactant aggregates.

The case x = 1 shows a scattering curve following approxi-
mately a —2 decay for the whole g-range. This indicates the
existence of sheet-like polymer associations within sheet-like
polymer—surfactant aggregates. For x = 5, the scattering curve
follows a —1 decay, thus indicating the presence of dissolved rod-
like polymers either incorporated into or absorbed onto ellipso-
idal polymer—surfactant aggregates. The scattering level is more-
over reduced, which is clearly visible in the height of the Holtzer
plateau (Supporting Information). For comb-like brush poly-
mers, this plateau equals wM; where My is the linear mass
density.** The reduction of M is consistent with the idea of
separated polymer chains.

The p(r) functions calculated from these data compared with
those calculated from the data of P3ATMAHT(SDS),—D,O
(Figure 4) are presented in the Supporting Information. For
x = 1/5 or 1, the functions show a small shift of the maximum,
indicating that the SDS molecules can penetrate inside the
polymer template. For x = 1/2, the function is very asymmetric.
The maxima coexist at ~15 A, but there is a large variation at
larger r. This indicates narrow polymer domains and significant
SDS contribution at larger r, which is consistent with the idea of
polymer bundles inside larger polymer—surfactant aggregates.

P3TMAHT(SDS), and P3TMAHT(SDS-d>s), in D50 at
Low x Limit: SANS Experiments with a Semiflexible Model.
Specific attention is placed on the internal aggregate structure at
low x limit. These data show a potential crossover from rod-like
to coil-like behavior (eq 1), and this effect is most pronounced
inside the aggregates. Figure 6 plots the SANS data of
P3TMAHT(SDS),—D,0 and P3STMAHT(SDS-d55),—D,0 for
x = 1/5 and 1/2 side by side. The solid lines represent the curves
calculated from the models of semiflexible aggregates (eq 2) for
the whole g-range with SDS and for the higher g-range (>0.018
A™") with SDS-d»s. The low g-range (<0.018 A™') of the
data with SDS-ds is fitted to a Gaussian chain model. Structural
parameters obtained from these curves are compiled in Table 3.
These models give a satisfactory reproduction of the upturn of the
scattering data, which points to the flexibility of the aggregates
formed. The consideration also indicates that the flexibility of
polymer—SDS aggregates is increased (Kuhn length decreased)
when increasing x from 1/5 to 1/2. Furthermore, their cross-
section becomes more elliptical.

When comparing SANS data of PATMAHT(SDS-d>s),/5s and
P3TMAHT(SDS); /5, we do not observe major changes at the
lowest ¢ (Figure 6a). This scattering thus appears like the trace
scattering expected from large aggregates, which is fully consis-
tent with the idea that PSTMAHT is not dissolved but forms
bundle-like polymer associations inside the polymer—surfactant
aggregates. The second (Gaussian) model component is present in
the case of SDS-d55 but not in the case of SDS, which implies that
part of the surfactant is incorporated into the polymer associa-
tions. A similar, though much weaker, tendency is seen for x = 1/2
(Figure 6b).

The aggregate stiffness, and thus the persistence length, is
influenced by both the interaction within and between the
aggregates. Our consideration takes the intra-aggregate interac-
tion into account, but to estimate interaction between aggregates,
the data should be extrapolated to the value at “zero concentration”.
The contour length is influenced by the polydispersity of the
aggregates. Although in the present case, the aggregates are likely
to be polydisperse, we were not able to determine this prior to

(44) Fischer, K.; Schmidt, M. Macromol. Rapid Commun. 2001, 22, 787-791.
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Figure 6. (a) SANS data of PSTMAHT(SDS);/;5s—D>O (solid red
squares) and PSTMAHT(SDS-d,s),/5—D,0O (open brown squares).
(b) SANS data of PSTMAHT(SDS),,—D-0 (solid black squares)
and P3TMAHT(SDS-d>s5),—D>,0 (open black squares). Solid
lines represent semiflexible models fitted to the data. (See the text
for details.) Dotted lines show —2 and —1 decays for comparison.

modeling. Note that the polydispersity of aggregates is not the
same as the polydispersity of P TMAHT.

P3TMAHT and P3TMAHT(SDS), in D;O: SAXS Experi-
ments. Figure 7 plots SAXS patterns of PSTMAHT—D,0 and
P3TMAHT(SDS),—D-O for x = 1 and 5. The data for the pure
polymer show an upturn and a broad maximum (~0.046 Afl)
that compare well to the upturn and maximum (~0.042 A~") seen
in the SANS data (Figure 4). The case x = 1 is dominated by a
monotonous slope of —1.93 to —2, also corresponding to the
SANS data. For x = 5, the data are, however, different, showing
an additional maximum at 0.18 A" F ree SDS micelles show an
intermicellar SANS peak at 0.04 to 0.05 A" and a SAXS peak
~0.16 A" associated with the polar cell of the surfactant head
groups.” The peak observed for x = 5 in SAXS points to the
existence of free SDS micelles with a well-defined internal
structure, but the absent or significantly weakened SANS peak
indicates a lack of intermicellar order, plausibly due to the charge
screening of PSTMAHT polymer attached to the micelles.

Photophysical Consequences. Our photophysical studies of
P3TMAHT(SDS),—D-0 have two objectives. First, a significant
difference in the visual appearance of the samples (Figure 1)
suggests that the surfactant dramatically alters the electronic and
optical properties of PSTMAHT, and this “surfactochromism”
deserves detailed consideration. Second, the photophysical data
provide an indirect probe for the intramolecular structure, thus
complementing the above-described scattering experiments and
the idea of intermolecular structure. For example, because the
relation between optical spectra and z-stacking of PTs in solu-
tions is known,*® we can obtain an idea of polymer association
and separation for each x.
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Table 3. Parameters Obtained from the Semi-Flexible and Gaussian Models Fitted to the SANS data for PSTMAHT(SDS),—D,O and
P3TMAHT(SDS-d,5),—D,0*

X analyzed ¢ range (10\71) model Kuhn length (A) R, (A) a (A) b (A)
With SDS
1/5 0.006 to 0.3 semiflexible chain 440 + 40 2542 10+ 2
12 0.006 to 0.3 semiflexible chain 160 420 40+4 10+2
With SDS-d»s

1/5 0.006 to 0.018 Gaussian chain ~755

0.018 to 0.3 semiflexible chains 380£30 16 £2 15+£2
12 0.006 to 0.018 Gaussian chain ~400

0.018 to 0.08 semiflexible chain 15010 2242 16+£2

“For the semiflexible chain, Kuhn length equals 2/;,. R, and @ and b are, respectively the radius of gyration for the Gaussian chain and the axes of ellipse

for the ellipsoidal cross section of the semiflexible chain or particle.
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Figure 7. SAXS data of PSTMAHT—D,O0 (solid blue curve) and
P3TMAHT(SDS),—D>0O with x = 1 (dotted green curve) and x =
5 (dashed and dotted cyan curve). Red lines show fits to the
apparent interference maxima. The dotted black line shows a —2
decay for comparison. The overall concentration was ~10 mg/mL.
T~ 20 °C.

Figure 8 plots the photoabsorption data of PSTMAHT(SDS),
in D,0 as a function of x. Figure 9 plots the corresponding PL
data. The absorption and emission maxima are compiled in Table 4.
Also shown are the monomer, SDS, and overall concentrations
of the studied samples. The data shown in Figures 8a and 9a are
obtained from the samples measured using scattering techniques
(~10 mg/mL). The data shown in Figures 8b,c and 9b are obtained
on dilution of the samples by a factor of 100, which leaves the
relative PSTMAHT—SDS mole fraction unchanged but dilutes the
SDS concentration below its cmc.

On variation of x, distinct surfactochromatic shifts in the
absorption maxima are observed (Figure 8), which become more
resolved upon dilution (Figure 8b,c). For x = 0 the UV/vis
absorption spectrum is characterized by a broad, featureless band
with a maximum at 429 nm. On increasing the SDS mole fraction
to 1/5 and then to 1, the maximum is progressively more red-
shifted, and the band exhibits vibronic structure. However,
between x = 1 and 5, a dramatic hypsochromic (blue) shift in
the absorption maximum (to 422 nm) is observed and is accom-
panied by a loss of the vibronic structure. Moreover, this
absorption maximum is blue-shifted further than that observed
for PSTMAHT in the absence of SDS, which may indicate that
the charge excess of SDS screens PSTMAHT interactions. As
shown in Figure 1, the data correspond to a visual color change of
the solution from deep red (x = 0) to deep purple (x = 1/5to 1) to
yellow (x = 5). The trends are independent of sample concentration,

indicating that they cannot be attributed to the formation of
simple SDS micelles. Excitation spectra (Supporting Informa-
tion) are in agreement with the absorption data for a variety of
emission wavelengths (620, 650, and 680 nm).

A qualitative comparison of the absorption efficiency may be
achieved by normalizing the spectra relative to the monomer
concentration (Figure 8c). The relative integrated absorbance
remains constant for all samples with the exception of x = 1,
where a dramatic reduction in the absorbance to 20% is observed.
The lower absorption of the PSTMAHT(SDS), y—D,O system
may be accounted for by charge compensation, leading to
decreased water solubility and eventually visually detectable
macrophase separation (Figure 1d) in the formation of a fine
precipitate.

The PL spectra of PATMAHT(SDS),—D-,0 on excitation at
430 nm also exhibit clear surfactochromatic effects (Figure 9): a
broad featureless band for x = 0, increased band narrowing, and
the appearance of vibronic structure on SDS addition from x =
1/5 to 1, followed by the return to a blue-shifted broad emission
band for x = 5. In the concentrated samples (Figure 9a), the
emission spectra are broader and red-shifted in comparison with
the more dilute solutions (Figure 9b), but the surfactochromatic
behavior is essentially concentration-independent.

The optical properties of PTs are known to be very res-
ponsive to intrachain conformational changes and interchain
aggregation.* The broad emission band observed for S TMAHT—
D50 is characteristic of PT emission. On addition of SDS (x =
1/5 to 1), the emission spectrum changes dramatically, resolving
into a narrower emission band with clear vibronic structure
(AE =~ 0.15 eV), which is assigned to the vibronic progression
of the C=C stretching mode.*® The Stokes shifts are calculated to
be 0.32 and 0.08 eV for x = 1/5 and 1, respectively. The vibronic
structure along with the small Stokes shift suggests that the
polymer adopts a more planar, ordered conformation in the
presence of SDS, which prevents free rotation of the polymer
backbone. This effect is most pronounced for x = 1, consistent
with the idea of forming the most planar system, 2-D lamellar
sheets or disks, in this concentration regime. Therefore, the data
support the idea of formation of structured P3TMAHT(SDS).,
complexes for x = 1/5and 1.

On addition of further SDS (x = 5), the emission band loses its
vibronic structure and reverts back to the broad emission band
seen for PSTMAHT—D,0, suggesting the return to a more

(45) Stokes, K. K.; Heuzé, K.; McCullough, R. D. Macromolecules 2003, 36,
7114-7118.

(46) Sundberg, M.; Ingands, O.; Stafstrom, S.; Gustafsson, G.; Sjogren, B. Solid
State Commun. 1989, 71, 435-439.
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Figure 8. Photoabsorption data of PSTMAHT—D,O (solid blue
curve) and P3STMAHT(SDS),—D-O for x = 1/5 (dashed red curve),
x = 1(dotted green curve), and x = 5 (dashed and dotted cyan curve)
at ~20 °C. The overall concentration was (a) ~10 or (b,c) ~ 0.1 mg/mL.
The data are normalized to the global maximum in subfigures
(a,b) and to the monomer concentration in subfigure (c).

twisted conformation along the polymer backbone. In fact, for
x = 5, the emission maximum is considerably blue-shifted com-
pared with the PSTMAHT—D,O system, suggesting both the
reduction in interchain interactions due to screening of polymer
aggregates by SDS in this phase regime where SDS is present in
(charge) excess, and also the improved solubilization of PTMAHT
into fully solubilized and separated chains.

Phase Diagram. The overall behavior of P TMAHT(SDS),—
D,0O can be understood at three levels: the equilibrium of
polymer—surfactant aggregates and (possible) precipitate, the
structure of aggregates as whole, and the polymer conformation
inside (or absorbed onto) the aggregates.

Figure 10 plots a phenomenological phase diagram of aqueous
P3TMAHT(SDS), as a function of x at room temperature, when
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Figure 9. Normalized PL data of P3STMAHT—D,O (solid blue
curve) and P3STMAHT(SDS),.—D,O0 for x = 1/5 (dashed red curve),
1 (dotted green curve), and 5 (dashed and dotted cyan curve) at
~20°C. The overall concentration was (a) ~10 or (b) ~0.1 mg/mL.

Table 4. Absorption (4,,5) and Emission Maxima (4.,,) of

P3TMAHT(SDS), in D,O“
overall concn
X (mg/mL) Aabs (nm) Aem (nm)
0 10.00 broad band,
edge at 504
0 ~0.1 429 620, broad band
1/5 10.09 broad band,
edge at 504
1/5 ~0.1 435, 507, 622, 675, structured band
533 (sh), 579 (sh)
1 10.28 546, 590
1 ~0.1 519 (sh), 559, 604 628, 679, structured band
5 10.46 420
5 ~0.1 422 626, 668 (sh), broad band

with two components
“Excitation wavelength (4.,) was 430 nm. “sh” denotes shoulders.

the overall concentration is ~1%. Also shown are schemes of the
suggested main components (or aggregates) for each x, ranging
from polymer aggregates (x = 0) to nearly pure SDS micelles
(x > 5). Polymer—surfactant aggregates dominate for x = 1/5to
5. Pure polymer aggregates and pure SDS micelles may also
coexist with polymer—surfactant aggregates for x ~ 1/5 and 5,
respectively. As indicated by visual observation and the drop in
optical density (Figure 8c), significant precipitation occurs only
forx = 1.

Pure PSTMAHT (x = 0) forms charged aggregates containing
several polymer chains that are ordered in a loose array in D,0.
For x = 1/5, PASTMAHT aggregates coexist with elongated
(rod-like) P3STMAHT—SDS aggregates, which are associations
of both PASTMAHT and SDS. This system does not show
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Figure 10. Top: Suggested phase diagram of PSTMAHT(SDS),—D,O as a function of x at room temperature when the overall con-
centration is ~1%. The dashed lines represent phenomenological phase transitions. Bottom: Schematic representations of the suggested
aggregate structures in aqueous solutions. The gray and white areas refer to PSTMAHT and SDS, respectively.

long-range order, but the aggregates are randomly distributed in
water. For x = 1/2 to 1, P3STMAHT(SDS), forms sheet-like
aggregates that coexist with emerging precipitation for x = 1. For
x = 1/5to 1/2, PASTMAHT appears as cylindrical multipolymer
associations within these aggregates. For x = 1, these associations
become sheet-like and most rigid. The transition from rod-like to
sheet-like aggregates is not fully resolvable, but the data of
P3TMAHT(SDS),  can be fitted to either the model of rod-like
or sheet-like particles.

For x = 2—5, PSTMAHT(SDS), forms ellipsoidal 3-D aggre-
gates. As indicated by SAXS data, these aggregates appear
essentially as SDS micelles. However, their charges are screened by
polymer chains, which are either inside or absorbed onto them.
For x = 20, the system characteristics are dominated by free SDS
micelles that are ellipsoidal and charged showing long-range order
in DzO

Conclusions

In summary, we have performed a systematic investigation of
the phase behavior and structure formation of PSTMAHT(SDS),,
in D,0O. At room temperature, the observed phase transitions are
from charged PSTMAHT aggregates with interparticle order to
rod-like (x = 1/5) and sheet-like particles (x = 1/2 to 1) with
embedded polymer bundles (x = 1/5to 1/2) or sheet-like (x = 1)
polymer associations. Partial precipitation occurs at the charge
compensation point (x = 1). Ellipsoidal particles, essentially SDS
micelles modified by rod-like, dissolved polymer chains, occur
beyond this point (x & 5). Polymer—SDS complexes for x = 1/5
to 5 show no interparticle order, whereas free SDS micelles
dominate for x = 20. These transitions are followed by distinctive
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surfactochromic changes visibly observable as color transitions
from pale red (P3TMAHT) to turbid violet (x = 1/5to 1) and
orange-yellow (x > 2). In the classical picture of McCullough,
similar optical transitions for water-soluble PT polyelectrolytes
are induced by steric factors with increasing counterion size. In
the presented picture, the optical transitions are controlled by the
increasing counterion fraction, where both steric factors and
charge balance are changed. These transitions are explained in
terms of increasingly complex structural reorganization. These
results shed new light on the phase behavior of water-soluble
m-conjugated polymers.
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