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Abstract

The interaction between the water-soluble anionic conjugated copolymddpdlphenylene-[9,9-bis(4-phenoxy-butylsulfonate)]fluorene-
2,7-diyl} (PBS-PFP) and various surfactants has been studied in aqueous solution by UV-vis absorption spectra, fluorescence and electrical
conductivity. It is suggested from the linear dependence of absorbance, fluorescence and electrical conductivity on concentration that in
the absence of surfactant, moderately stable dispersions are formed. These are affected in different ways on adding cationic, anionic or
neutral surfactants. With the cationic cetyltrimethylammonium bromide, quenching of fluorescence intensity and lifetime, and formation of
a new emission occurs at concentrations well below the critical micelle concentration (cmc). Electrical conductivity measurements indicate
a discontinuity at surfactant/polymer ratio corresponding to electroneutrality, due to complexation. With the anionic sodium dodecyl sulfate,
fluorescence quenching is also observed, but is attributed to formation of some mixed polymer/surfactant aggregate. The most striking changes
are observed with the non-ionic pentaethyleneglycol monododecyl eth&sjvhere a blue shiftin fluorescence emission, dramaticincreases
in lifetime and quantum yield, and changes in electrical around the cmc are interpreted in terms of incorporation of single polymer chains in
elongated cylindrical micelles. This is supported'bByNMR spectroscopic measurements.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Recently, interest has been shown in water-soluble ionic
derivatives of these and related conjugated polymers, which
Conjugated organic polymers are technologically impor- show potential in areas such as chemical and biologi-
tant materials with applications in areas such as light emitting cal sensorg7—-14] and self-assembly systenfis5—18] In
diodes, organic lasers, photovoltaic systems and thin film addition, with the introduction of ink jet printing for fab-
transistorq1,2]. Particular emphasis has focused on poly- ricating light emitting diode (LED) displays and other
mers and copolymers of 9,9-substituted fluorenes, since thes@rganic electronic systems, the demand for water-based con-
emit light in the blue with high efficiencies and also show jugated polymer systems is likely to increagi®]. The
fairly high stability [3,4]. In addition, they behave as fairly  water-soluble conjugated organic polymers function as poly-
rigid “hairy-rods” [5] and also order into liquid crystalline electrolytes, and show interesting interactions with surfac-
structureg6]. tants [9,10,13] In particular, with the anionic polymer,
poly(2,5-methoxy-propyloxysulfonate phenylene vinylene)
* Corresponding author. Tel.: +351 239854482; fax: +351 239827703, (MPS-PPV), the fluorescence quantum yield is enhanced by
E-mail address: burrows@ci.uc.pt (H.D. Burrows). more than an order of magnitude on adding the cationic
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2.2. Apparatus and methods

O.Q O 2.2.1. Spectroscopic measurements

Absorption spectral measurements were made in 1cm

O O quartz cuvettes on a Shimadzu UV-2100 spectrophotome-
n ter. The steady-state fluorescence spectra were measured
NaO3SHCHyCHyCH,CO OCH,CH,CH,CH,SO3Na with a Fluorolog 3-22 instrument with 0.5 nm excitation and

emission bandwidths. Fluorescence decays were measured
using a home-built Time-Correlated Single Photon Count-
ing apparatus with an Nfilled IBH 5000 coaxial flashlamp

or an IBH NanoLED kexc=373nm) as excitation source.
This was coupled to a Jobin-lvon monochromator, Philips
XP2020Q photomultiplier, and Canberra instruments time-
to-amplitude converter and Multichannel Analyser. Alternate
measurements (1000 counts per cycle), controlled by fecay
software (Biodidimica-Portugal), of the pulse profile at 337,
356 or 373nm and the sample emission were performed
until 1 to 2x 10* counts at the maximum were reactjgg]

The fluorescence decays were analysed using the modulat-
ing functions method of Striker with automatic correction for
the photomultiplier “wavelength shifi24]. All experiments
were carried out at room temperature.

Solution electrical resistances were measured with a
Wayne-Kerr model 4265 Automatic LCR meter at 1kHz. A
Shedlovsky-type conductance cell was u§2s]. The cell
constant (approximately 0.8465cf) was determined to
+0.02% from measurements with KClI (reagent grade, recrys-

Fig. 1. Structure of PBS-PFP.

surfactant dodecyltrimethylammonium bromide, although
there is no significant change in the emission spectrum
[9]. In contrast, with a neutral, water-soluble sugar sub-
stituted polyp-phenyleneethynylene), marked changes in
emission spectra were observed on addition of various sur-
factants, which the authors termed surfactochromidis}.

We have observed that with aqueous solutions of the water-
soluble copolymer pol{,4-phenylene-[9,9-bis(4-phenoxy-
butylsulfonate)]fluorene-2,7-diy(PBS-PFPFig. 1), a blue
shift in fluorescence spectrum together with an increase in
both fluorescence quantum vyield and lifetime is observed
on adding the nonionic surfactant pentaethyleneglycol mon-
ododecyl ether (©Es) [20]. This occurs at surfactant
concentrations close to the critical micelle concentration
(cmc) of the surfactant, and is attributed to the break-up
of PBS-PFP aggregates, and incorporation of the polymer

into cylindrical micelles. With these rigid rod polyfluo- ; : :
rene derivatives, it is likely that the polymer—surfactant tallised and dried using the procedure and data ff2j.

. ; i ) . Measurements were made at 25400.01°C in a Grant ther-
interactions will be somewhat different from those in

more flexible polymers, where a variety of conformational mols tat bath. . .
changes are possible, ,and where association is commonly, H NMR s.pectra. of PBS-PFP were run on solutions in
treated with a “pearl-necklace moddP1]. We present a D20 on a Varian Unity 500 MHz spectrometer.

more general study on the interaction of the anionic PBS-
PFP with surfactants in aqueous solutions, considering its
behaviour with the cationic cetyltrimethylammonium bro-
mide (CTAB, CH(CH>)15N(CHj3)3Br), the anionic sodium
dodecyl sulfate (SDS, CGHCH2)1:0SO3Na) and the neutral

2.3. Sample preparation

As indicated in Sectior.1, dispersions of PBS-PFP in
water are not stable over extended periods of time. How-
ever, at a PBS-PFP concentration around® 3 g dnm3 it

Ca2Es. was possible to prepare systems which were stable enough
for fluorescence and electrical conductivity measurements by
keeping under continuous stirring overnight and making the

2. Experimental relevant measurements immediately afterwards.

2.1. Materials
_ 3. Results and discussion

The polymer PBS-PFPY,, =~ 6500 g mol'!) was syn-
thesised by condensation of 2,7-dibromo-9,9-bis(4-sulfo- 3 7. Behaviour of PBS-PFP in aqueous solution
nylbutoxyphenyl)fluorene (A) and 1,4-phenylenediboronic
acid using Pd(PRJ4 as catalyst. Full details of synthesis ~ The polymer PBS-PFP did not dissolve readily in water.
and characterisation have been given elsewtj26e22] However, by stirring overnight it was possible to obtain a rel-
Cetyltrimethylammonium  bromide (CTAB, Aldrich), atively stable dispersion, although on leaving a solid precipi-
sodium dodecyl sulfate (SDS, Aldrich), pentaethylene tated out of this. With freshly prepared solutions, a relatively
glycol monododecyl ether (GEs, Fluka) and other reagents  proad absorption was observed, with a maximum at 381 nm
were of the purest grade available, and were used with- (Fig. 2). The absorbance of this increased linearly with poly-
out further treatment. All solutions were prepared using mer concentration, in agreement with the Beer—Lambert law.
Millipore-Q water. Similarly, alinear increase in fluorescence with concentration
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Table 1
0.08¢ 1 Fluorescence lifetimes observed for aqueous solutions of PBS-PFP upon

addition of CTAB
1 [CTAB] (mol dm~3)

Fluorescence lifetime (ns)

% 0.06}
g E Observed at 420 nm Observed at 530 nm

< 2 o0 i 0 0.36 _
2 3.3x 1077 0.25 -
< 6.7x 1077 0.24 -
0.005 s 7.9%x 106 0.22 -

[1/10" g dm” 3.1x10°5 0.27 0.26

1.49

2.0x10°* 0.29 0.19

1.68

800

a Biexponential decay.

Fig. 2. Absorption spectra of PBS-PFP in water at various concentrations. . . o
Inset: Beer—Lambert plot of absorption at 381 nm as function of polymer Sibly arise from the relatively rigid-rod structure of PBS-PFP,

compared with the random coil MPS-PPV.

As with other polymer—surfactant systenjgl], all
was observed. The precipitation probably results from asso-these changes occur at surfactant concentrations (ca.
ciation of PBS-PFP aggregates in solution, which have pre- 4 x 10~ mol dm—s) very much lower than the cmc of CTAB
viously been reported fop-phenylene and fluorene based (8 x 10~4 mol dm 2 [30]). The results strongly suggest com-
polymerg4,20,27,28]and other conjugated polyelectrolytes plexation between the oppositely charged surfactant and
[29]. The absorbance behaviour will be further discussed with polymer favoured by electrostatic interactions. However,
electrical conductivity results in Secti@3, because of the rigid structure of PBS-PFP, we feel that the
polymer—surfactant aggregates have a somewhat different
structure from the pearl-necklace structure seen in more flex-
ible polymer—surfactant systems. The origin of the new band

Solutions of PBS-PFP in water showed a structured flu- at525 nmis discussed in detail elsewH@®. These changes
orescence between 400 and 550 nm, which is similar to thatwere accompanied by a decrease in the fluorescence lifetime
observed with other phenyl-fluorene copolymi@3]. Upon observed at the main band and appearance of a second com-
addition of various concentrations of CTAB, a decrease in ponent with rather longer lifetime at 525 nifaple J).
intensity of the fluorescence was observed and was accompa- In contrast, on addition of the anionic SDS to aqueous
nied by formation of a new emission around 525 nm. There solutions of PBS-PFP, although quenching of fluorescence
were no changes in the emission spectra of the dominantoccurred Fig. 3(b)), no new bands were observed, and there
specieslkfig. 3(a)). This contrasts with the behaviour of MPS- was no observable change in the fluorescence lifetime of the
PPV with cationic surfactants, where a dramatic increase in polymer within the time resolution of our system. Again,
fluorescence intensity was observed. These differences posemission maxima did not shift on addition of the surfactant.

concentration.

3.2. Fluorescence spectral and lifetime measurements

1.0 — . , 1.0 — , . 1.0 — . .
3 3 £
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g > 05 1 = 05f .
=1 = =
E E |

= 0.0 = . - 0.0 :
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Fig. 3. Fluorescence spectra of aqueous solutions of PBS-PFP upon addition of: (a) CTAB; (b) SOSE{cNGte blue shift in fluorescence spectra in (c)
on adding surfactant. In (a) and (b) the Rayleigh scattering peak is also shown.
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Fig. 4. Fluorescence quantum yields (circles) and lifetimes (triangles) for
aqueous solutions of PBS-PFP as functions glHg concentration.

It would seem that although there is some aggregation of
polymer and surfactant, there is no specific interaction driving
this.

Very different behaviour from that with either CTAB or

SDS was observed with aqueous solutions of PBS-PFP in

the presence of the neutraj£Es. A blue shift in the emis-

ductivity was around 3.5 10-°Sm! and the molar con-
ductivity depends on the square root of concentration, in
agreement with the Kohlrausch equat[@s]

A= A%— AcY? 2)

where A°=0.362+£0.011SmMmol™!, A=8.50+0.27
Smot32m’2 The molar limiting conductivity A is
similar to that of other polyelectrolytes in aqueous solution
[32].

The facts that the behaviour of aqueous solutions of PBS-
PFP, both with respect to the Beer—Lambert and Kohlrausch
laws, are linear functions of concentration suggest that in
the absence of surfactants the polymer aggregates may be
considered as separate chemical entities.

Upon addition of CTAB to an aqueous solution of PBS-
PFP (8.6x 10~% (moles monomer) dm?), a linear increase
in electrical conductivity was observed up to surfactant con-
centrations 1.3% 10~° mol dm 3, where a change of slope
and second linear region was seen. As with the fluorescence
measurements, this break occurs at surfactant concentrations
much lower than the cmc. Further, itis observed ata monomer
surfactant ratio of approximately 1:2. Since each monomer

sion maxima Kig. 3(c)) was seen, and was accompanied by a5 ywq anionic groups, this corresponds roughly to charge

dramatic increases in both fluorescence quantum yield and

lifetime (Fig. 4). We have suggestd@0] that the spectral
changes, which are very similar to those observed with a
phenyl-fluorene copolymer on going from thin films to iso-

lated polymer molecules in solvents such as cyclohexane
[28], are due to break up of PBS-PFP aggregates by the

solvent. It is noteworthy that these properties change in the
vicinity of the cmc of GoEs (5+ 2 x 10~2 mol dm23 [31]).

As will be discussed in Sectidh4, we believe that this is due

to the polymer becoming incorporated into long, cylindrical
surfactant micelles.

3.3. Electrical conductivity of solutions

Since PBS-PFP is a polyelectrolyte, electrical conduc-
tivity measurements are likely to be informative. We have

studied the effect of the PPS-PFP concentration on the electri-

cal conductivity in aqueous solution. The molar conductivity
(A) was calculated using

neutralisation. Results are summarisedaible 2

Electrical conductivity measurements were also made on
aqueous solutions of PBS-PFP in the presence of SDS. In
this case, very different behaviour was observed from the
system with CTAB, and all the electrolytic conductivity data
could be fitted to a single straight line over the surfactant
concentration range 810~* to 5x 10-2mmol dnt3. At
higher concentrations, phase separation occurred. From the
electrical conductivity behaviour and the fluorescence mea-
surements, some kind of aggregation of the surfactant and
polymer is occurring which reduces the free SDS concentra-
tion in solution. This may be a polymer—surfactant anionic
mixed micelle.

A third type of behaviour was observed with solutions
of PBS-PFP in the presence ofifEs. As both the sur-
factant and polymer concentrations were varied in these
experiments, the results are shown in a three-dimensional
plot. In this case, on addingi6Es, ionic conductivity, and
hence molar conductivity, increased with surfactant concen-

A = (k — kg)/(c x 1000)

wherex andkg are the electrolytic conductivities of solu-
tion andc is the polymer concentration (1.5%710°° to
1.495x 10~% mol dm3). The experimental electrolytic con-

1) tration, with a sharp increase around<30->mol dm 3,
where micellisation startd={g. 5). Possible reasons for the

increase in conductivity on adding §E5 are discussed else-
where[20]. What is important for this discussion is that the
break point in the curve is very close to the surfactant cmc

-(I;itiigzes of electrical conductivity € A + Bc) of aqueous solutions of PBS-PFP upon addition of surfactants

Surfactant Ac (MM) A(pem ) B (necm1M~1) R? cmc (mM)

CTAB 3x10%t07.1x 1073 1.566 157385 0.998 0.0135
1x102t00.21 2.716 72220.1 0.998 0.0028

SDS 3x 104t05x 1072 1.039 75441.41 0.999 -

3x102t00.20

Positive deviation to straight line
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e

region fig. 6(a)) to the polymer, we now believe these are
due to trace impurities, and that no signals attributable to
PBS-PFP are observed in this region in the absence of sur-
factant. However, upon addition of;gEs at concentrations
above the surfactant cmc, broad signals due to the polymer
are observedHig. 6(b)). These results are completely con-
sistent with suggestions from the other techniques that PBS-
PFP is incorporated as isolated polymer chains in elongated,
cylindrical C2Es micelles. Small angle neutron scattering
experimentg37] suggest that when no surfactant is present,

1E-4

1E5 %

[CE]/M

1E6 e

BT <12 the polymer exists as solid-like aggregates, which provides
0.960 g 81.0 a clear explanation for the inability to observe NMR signals
0975 0990 06 N under these conditions.
P ) o <®
Rsp 1.005 A &
e, &
“uty 1.020 00 v\\

4. Conclusions

Fig. 5. Effect of G2Es and polymer concentrations on the molar conduc-

tivity of PBS-PFP solutions. The interactions of surfactants with relatively rigid-rod
conjugated polymers are of interest both from theoretical and

(5+2 x 10~>mol dm3 [31]). Combining this observation  practical viewpoints. The behaviour is likely to be rather dif-

with the fluorescence data gives strong evidence for a modelferent from systems involving more flexible polymers, where

where at surfactant concentrations above the cmc, PBS-PFRpearl-necklace structures are invoked. In these studies, we

becomes incorporated as isolated, rigid-rod molecules in longhave shown that the anionic PBS-PFP interacts strongly with

cylindrical micelles. Support for this from NMR data willbe  CTAB at concentrations well below the surfactant cmc. From

given in the next section. both changesinthe fluorescence behaviour and electrical con-
ductivity as functions of surfactant concentration, we suggest
3.4. NMR studies that this is due to complexing of the cationic head group of the

surfactant by the sulfonate group of the polymer through elec-
From IH NMR spectra, self-diffusion and proton relax- trostatic interactions. Itis probable that the alkyl chains of the
ation studies, it has been shown that with increasing surfac-surfactant become orientated close to the polymer backbone.
tant concentration GEs forms elongated rod-like micelles It is hoped to test this through molecular simulations. With
[33,34] This has been confirmed by dynamic light scattering SDS, there is evidence of aggregation from both fluorescence
[34] and small angle neutron scatterii3$]. NMR studies in and electrical conductivity measurements. Although we do
such systems are expected to show considerable line broadnot have any evidence for the type of species present, we
ening due to slow tumblin{B6]. ThelH NMR spectrawere ~ suspect it may be some type of anionic mixed micelle. Much
run of PBS-PFP in BO solutions. Although in our previ-  clearer indications of micellisation came from fluorescence,
ous reporf20] we assigned sharp signals in the 6.8—7.9 ppm conductivity and*H NMR studies on PBS-PFP in the pres-
ence of the neutral surfactani4Es. All the results strongly
* support a model where isolated polymer chains are incor-
n porated in elongated, cylindrical polymer micelles. Studies
) : M ‘ in progress of the behaviour of this polymer in various sol-
‘ WW il “ vents are consistent with it being present as isolated chains in
‘MW” W L )// \Nm good solvents, but forming polymer aggregates in poor ones.
MWWM‘W ‘ ‘ MM WMWW Within this model, the interior of GEs micelles would seem
to be a favourable environment for the polymer.
a
(a) ‘h |

|
I | \*t
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