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We report on the solubilization, phase behavior, and self-organized colloidal structure of a ternary water
polyfluorene-surfactant (amphiphile) system comprised of polyelectrolytic fib§-phenylene[9,9-bis(4-
phenoxybutylsulfonate)]fluorene-2,7-diy{PBS—PFP) in nonionic pentaethylene glycol monododecyl ether
(Cy2Es) at 20°C. We show in particular how a high amount (milligrams per milliliter) of polyfluorene can be
solubilized by aqueous gEs via aggregate formation. The PB®FP and GEs concentrations of 0.3k

104-5 x 10*M and 2.5x 10475 x 10* M, respectively, were used. Under the studied conditions, the
photoluminescence (PL), surface tension, static contact anglesra) {sotherm measurements imply that
D,0—PBS-PFP(GEs)« realizes three phase regimes with an increasing molar ratio of surfactant over monomer
unit (X). First, forx < 0.5, the mixture is cloudy. In this regime polymer is only partially dissolved. Second,

for 1 < x < 2, the solution is homogeneous. In this regime polymer is dissolved down to the colloidal level.
Small-angle neutron scattering (SANS) patterns indicate rigid elongated (pohpmdéactant) aggregates

with a diameter of 30 A and mean length 000 A. The ratio between contour length and persistence
length is less than 3. Third, for> 4, the solution is homogeneous and there is cooperative binding between
polymer and surfactant. Surface tension, contact angle, and surface pressure remain essentially constant with
increasingx. A PL spectrum characteristic of single separated polyfluorene molecules is observed. SANS
curves show an interference maximungat 0.015 A%, indicating an ordered phase. This ordering is suggested

to be due to the electrostatic repulsion between polymer molecules adsorbed on or incorporated into the
Ci.Es aggregates (micelles). On dilution the distance between micelles increases via 3-dimensional packing.
In this regime the polymer is potentially dissolved down to the molecular level. We show further that the
aggregatesx(= 2) form a floating layer at the airwater interface and can be transferred onto hydrophilic
substrates.

1. Introduction Control of the solubility ofz-conjugated polymers is a

There are myriad reasons to develop water solubt®nju- nontrivial task. Few such polymers can be dissolved in water.
gated polymers and tailor their phase behavior, structure, andA typical strategy to achieve water solution is to introduce
supramolecules in water. Water soluble€onjugated polymers ~ neutral or charged hydrophilic functionalities to the terminal
form an option for interrogating biological substratésThe position of the polymer backbone. Examples include catfghic
inkjet process and layer-by-layer self-assemtilye major and sulfonate® poly(p-phenylene) (PPP) and sulfonated poly-
advantages of polymers over oligomers in light emitting diode (p-phenylenevinylene) (PPV), poly[5-methoxy-2-(4-sulfoxybu-
(LED) fabrication—benefit from electroluminescent materials toxy)-1,4-phenylene-vinylene] (MBL-PPVY. Water soluble
in nonnoxious SOlVent, harmless for the Cartrid@%luning polyﬂuorenes (PFs) used in DNA pept|de nucleic acid detec-
of the air-water interface ofr-conjugated polymefss a base  tjoni2 belong to this class of materials. However, the water
of Langmuir-Blodgett (LB) f'lmsi having opportunities in — goyhility of PFs is difficult to achieve imigh concentrations
sensors. Dissolvingzi-conjugated “model” polymers in water o4 cosolvents such as methanol are employed to ensure the
g?r;; ifﬁ.upro{ngtﬁ genergl quersFtandlng of the Self'assemblyuniformity of the solutiond2 Another strategy to assist solubility

-conjugated hairy-rod polymers. of m-conjugated polymers is a surfactant layer separating
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CHART 1: Chemical Structure of the PBS—PFP 2. Experimental Section
Copolymer ) )
Materials. The preparation of PBSPFP M, = 6.5 kg/mol)

0.0 (Chart 1) has been described in refs 14 and 15. For studying
the polymer-solvent system, PBSPFP was dissolved in
Q O " deuterated dimethyl sulfoxide (DMSOY ©9.8%; Euriso-top)
o 0 to a concentration of 1.3 mg/mL. The ternary polymer
J)/ surfactant-water solutions were prepared with® (>99.9%;
GOSS Scientific Instruments Ltd) and s (Sigma) to form
PBS-PFP SO5Na the D,O—PBS-PFP(G2Es)x system where is the molar ratio
of Ci2Es with respect to the polymer’s monomer unit. The
Oxyethylene glycol-monoethers i)?1?2 are archetypical  concentration of polymer in heavy water is given with respect
surfactants widely used in fundamental phase studies ofto monomer units (not with respect to the whole polymer) and

NaO3S

microemulsion$?~27 block-co-polymers?® and micelleg?3°The it varied from 0.3x 1074 to 5 x 104 M while x varied from
phase behavior of pentaethylene glycol monodo.decyl ether ( 0.5to 15 corresponding to the surfactant concentration2®
dodecyl pentaoxyethylene glycol ether){Es)3"-3?is particu- x 1074—75 x 104 M. All samples were prepared by combining

larly well-known: Pure G;Es forms cylindrical micelles but  D,O mixtures of the pure constituents. Stirring for 1 day and
the oil-swollen G2Es micelles are wormlike with a rather high  yltrasound agitation for 10 min were used to ensure uniformity
flexibility and cannot be described as rigid ro8s? of the solutions. To avoid any degradation, fresh surfactant was
Several GE;s can be used to solubilize selected PPF=and used and samples were measured within a few days of
PFs!4% A particular example concerns poll,4-phenylene-  preparation.
[9,9-bis(4-phenoxybutylsulfonate)]fluorene-2,7-gigbpolymer
(or PBS-PFP), see Chart 1. PB®FP is not water soluble.
However, when the concentration of PBBFP is 8.3x 1076
M and 0-10 mol of GEs with respect to the polymer's
monomer unit (6-6 x 104 M) are added, the constituents form
a transparent solution with optical changes at the threshold
surfactant concentration of & 107> M. This concentration is
close to the critical micelle concentration (CMC) of binary
aqueous GEs, 5 x 1075 M.221t has been further demonstrated
how this results in consequent fluorescence enhancerhent.
In this paper we present a further investigation of the

Thin Films. The (@—A) isotherms were measured and
nominal Langmuir monolayers formed with use of a LB715
Langmuir-Blodgett trough (Molecular Photonics). The samples
were spread onto the surface of a pure water subphase with a
microliter syringe. The films were compressed at a speed of
9.4 x 1075—4.2 x 1074 nm?/(s*molecule), and a dipping speed
of 0.080 mm/s was used for transfer to solid substrates consisting
of (hydrophilic) glass plates or glass plates made highly
hydrophobic with a 2% solution of dimethyldichlorosilane in
1,1,1-trichloroethane (BDH). Silicon wafers were used to
solubilization of an aqueous PB®FP/G,Es mixture at provide a parallel set of samples to glass. In every case the
concentrations much higher than those used in the previoust€mperature was 2& 1 °C.
study!* A feasibility study for thin film formation from a water PL Measurements. PL measurements of solutions were
subphase is also reported. A high PBRFP concentration of performed with a Jobin-Yvon Fluoromax fluorimeter and quartz
5 x 10* M (i.e. 10 times that of the earlier stutly was cell at 20+ 1 °C. The excitation wavelength was 370 nm and
specifically selected as it might better allow the formation of monochromator resolution 1 nm. As the chromophore concen-
thin films from water. The studied surfactant concentration tration was constant for the samples studied, the effect of self-
regime (2.5x 1074—100 x 10~* M) and temperature (2€C) absorption to the peak position could be ignored. PL measure-
would correspond to thejlphase (notation for isotropic liquid  ments of films were done on a Jobin-Yvon Fluorolog
introduced in ref 37) of the binary wate€;,Es system, yet spectrometer. The excitation wavelength was 350 nm and
exceeding its CMC. monochromator resolution 1 nm. Measurements were carried

Three phase regimes with different characteristics were out either immediately or within 2 days after film preparation
observed by photoluminescence (PL), surface tension, contactand the results were consistent within this period.
angle, and f—A) isotherm measurements. The structural  gyrface Tension MeasurementsSurface tension was mea-
evolution of ob;erved phases was probed by using small-angleg,req with the microbalance of a LB715 LangmtBlodgett
neutron scattering (SANS). Ternan,®—PBS-PFP(G2Es)x trough (Molecular Photonics), using the Wilhelmy plate method
solgtlor) proves ta be homogeneous when the polymer concen-4¢ o0+ 1 °C. DO gave a surface tension of= 72.5+ 1.0
tration is 5x 10™* M and when the molar ratio of surfactant  ,\/m corresponding to that of distilled water. Experiments

over monomer, is around 1, defining the first phase boundary. ; ;
X . ere repeated at least three times to ensure consistent values.
The SANS data of the ternary system differ from that of a binary P

aqueous surfactant. Elongated objects (mean lengo A)
with near circular cross section (diameteB0 A) are seen for
x = 1-2. These objects are stiffer and thinner thapEs

micelles in the same concentration regime. This observation ’ . . .
indicates aggregate rather than micelle formation in the ternary SUréments were performed with a horizontal Vickers microscope

system. Increasing the surfactant concentratiors at 4, an equipped with a Canon EOS digital camera at2Q °C. This
interference maximum appears @t~ 0.015 A1 indicating method gave a contact angle of 880.5° and 89+ 0.5° for
ordering of the micelles with a characteristic separation distance distilled water and BO, respectively. Measurements were
of 40 nm, defining the second phase boundary. The ordering isreproduced several times. The saturation time for wetting was
suggested to be due to electrostatic repulsion rather than steric0 s for each sample corresponding to that observed fgisC
hindrance. The ternary aggregates form a floating layer at the Oil systems on hydrophobic surfaces in ref 38.

air—water interface, which enables thin film formation from SANS MeasurementsSANS experiments were made with
water. the Yellow Submaringnstrument at the Budapest Neutron

Contact Angle MeasurementsFor contact angle measure-
ments, solution drops were studied on glass plates whose
surfaces had been made highly hydrophobic with a 2% solution
of dimethyldichlorosilane in 1,1,1-trichloroethane (BDH). Mea-
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Centre in Budapest, Hunga#yand with the SANS-1 instrument lo5(0)
at the GKSS research center in Geesthacht, Gerritfsdgveral M, = 2 )
sample-to-detector distances (from 0.7 to 9.7 m) and wave- App,

lengths (from 5.7 to 11.4 A) were employed to cover the range . .
of the magnitude of scattering vectargrom 0.005 to 0.3 AL Overall Size and Flexibility of Aggregates.The length and

The wavelength resolution of théellow Submarine 20% (full- flexibility of rOd"ki aggregat(ejsl were ffobta(ljr}led E?’ fittiFg dthe
width at half-maximum) while that of the SANS-1 is 10%. scattering curves by two models: stiff and flexible cylinders.
Hellma quartz cells with 5 mm path length were filled with the In both cases the scattering intensity is written as

sample solution and placed in a thermostated holder, kept at 1(Q) ~ L

20.0 + 0.5 °C. The raw spectra were corrected for sample @ ~ S @LI)%(@Re ()
transmission, room background, and sample cell scattering by
conventional procedurg$The 2D isotropic scattering patterns
were azimuthally averaged, converted to an absolute scale, an
correct.ed for detectfor efflcu;pcky by dividing bﬁ’ the |ncqherfent single-cylinder scattering function for a flexible cylinder with
scattering spectra of 1 mm thick pure water. The scattering from o, . 4ed-volume effects and is written as

D,O used for the sample preparation was subtracted as a

background; the small incoherent scattering due to the proto-g (q,L,l) = {[1 — &(q.Ll )1SpaidaL]) +

nated surfactant and polymer was disregarded. The data for one p) P nga'u ) g @LIG@ELL) (7)
sample were collected f@ h onaverage. AL I)Soda a.blp

where for the model of flexible cylinders_(q,L,l,) is the
cattering function of a flexible cylinder of contour lendth
nd persistence length. ExpressionS_(q,L,lp) contains the

. where Snaiq,L,lp) is the scattering function of a flexible

3. Analysis of SANS Data (cylindrical) chain with excluded-volume effectSoq(q,L) the
Local Structure. The absolute intensity SANS patterns were scattering function of a rqéand &(q,L,lp) a crossover function,

analyzed by using a model independent indirect Fourier and where the functio(q,L,l,) corrects the crossover region.
transform method (IFT) developed by GlatférHere we Detailed expressions can be found in refs-44.
considered noninteracting micelles at theange 0.02-0.3 A1 In the case of a stiff ro& (q,L,Ip) reduces t&od(a,L), which
and took instrumental resolution into account according to represents the scattering of an infinitely thin cylinder of length
Pedersert In the case of elongated particles, the IFT approach L as
allows the decoupling of the model scattering function and fitting

the cross-sectional structure at tirgegime dominated by local _ 2SiqL) - gqL/2

rigidity of aggregates. The asymptotic behavior of the scattering Sed@L) = qL 4si ( quz) (8)
function for g > 1/, (I, is the persistence length) can be

expressed as whereSi(x) = /5 tsint dt.

For some cases, the aggregates could not be modeled by
po o po o . ¥
(o) = %2 NI-(adr dr =2 1 cylindrical cross section. There we used models of elliptical
@ q ﬁ’ Ped(r)Jo(a) q cs®) @ cross section. The scattering function in this case is written as

whereJy is the zeroth-order Bessel function ahg(q) is the 2 .a2(23,(qr(A,B,0))\?
cross-sectional scattering intensity. SAAB) =/, (W) )
The normalized cross-sectional distance distribution function "
Pes(r) is given by whereJ; is the first-order Bessel function(A,B,0) = [A? sin20
+ B? cog0]2, andA andB are the semi-axes of the ellipse. A
= __C A circular cross section correspondsAc= B.
Pes(r) ZﬂMLfA'O(r)Ap(r ) dr 2) Aggregation Number from Position of Maximum. In the

case where an interference maximum is observed in the
wherep is the scattering length densitythe overall concentra- ~ scattering curves, it is possible to obtain the aggregation number
tion, andM, the mass per length, and where the vectoasd from the position of this maximum. Here, one assumes that the
r' are lying in the cross-sectional plane. observed maximum corresponds to the (111) planes of a fcc
From Pcs(r) we calculated the integral parameters of the lattice?” Aggregation numbem is expressed via maximum
aggregate cross section. The cross-sectional radius of gyrationPosition gmax as
Rcsg is given by

1/2\3
o 5 12 m= %(ﬁ) Nac (10)
B L r fjcs(l') dr @) Omax
SS9~ o ; ; :
ﬂ) Peg(r) dr whereNa is Avogadro number and is the concentration of

molecules. Knowing the volume of one molecule, the size and
volume of the aggregates can be obtained. If the aggregates
have strong interaction, this approximation gives similar results
to direct modeling®

In the case of homogeneous cylidrical objBet g= 2R,
where R is the radius of cross section. The cross-sectional
forward scattered intensitiz5(0) is given by

4. Results
les(0) = Zﬂfo Pes(r) dr (4) Solution Formation. Solution formation was studied by
visual inspection. Figure 1 depicts essential visual examples of
which allows us to calculate the mass per lendfih,(in units the solutions. In the studied concentration regimes 01®4—

g/cm), via 5 x 1074 M) PBS—PFP is not soluble in water but precipitated
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Figure 1. (a—d) A photograph of BO—PBS-PFP(G.Es), for x = 0, S50 ] & 4% g
1, 2, and 10, respectively, suggesting solution formation. The-PBS © 1 ) E 1 40 §
PFP concentration is & 10~* M for all x. 40 F o—> 4 @
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2 0.8 7] Figure 4. Contact angle (solid squares) and surface tension (open
E 1 squares) of BO—PBS-PFP(G2Es)x as a function of molar ratia. The
g 0.6 N dotted lines distinguish tentative phase regime#ill T = 20 °C.
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Figure 2. PL spectra of PBSPFP (solid line) and PBSPFP(G2Es)x ?_ 151 i
for x =2 (dashed line) and 8 (dotted line) i@ at 20°C. The PBS- @ L §
PFP concentration is & 107 M for all x. é 10 —
S - x=1.0 e
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S L I i ] Figure 5. Characteristic £—A) isotherms of PBSPFP(G:Es)x
L so3 b b solutions forx = 0.5, 1, 2, and 8 measured with a compression speed
E &Yl ol 4 of 9.4 x 1075-4.2 x 10~* nm?/(s'molecule) at a temperature of 20
% C 7 1°C.
291 - i . .
= C o) N the surface tension of the ternary systemxor 4 is somewhat
& - (o] E higher than that of equally concentrated binary ones. Static
2891 jo¥e) i contact angle behaves much like surface tension approaching
C L ] that of pure DO for smallx and that of binary solution fox >
2 T . 3 4 5 8 7 8 4 yet remaining higher than those of equally concentrated binary

x systems. The results obtained are compiled in Table 1.
Figure 3. PL maximum of RO—PBS-PFP(G:Es), as a function of Figure 5 plots typical surface pressui@rea f—A) isotherms
molar ratiox at 20°C. The PBS-PFP concentration is & 1074 M for of PBS-PFP(G2Es)x on a pure water subphase. For= 0.5,
all x. The dotted lines distinguish tentative phase regimdé.| 1.0, 2.0, and 8.0, 0.22 mL of solution with concentrations of
0.46, 0.56, 0.77, and 1.99 mg/mL, respectively, was spread.
Three phenomenological regimes can be recognized correspond-
ing to those shown in Figures 3 and 4. When precipitated

particles are always observed. Aqueous solutions of puiesC

(2.5 x 1074—-100 x 10~ M) are naturally transparent. When

mixing these constituents we see a clear transition so thatPBS macroscopic particles of PBSFPFP in water are seen far=

PFP(G2Es)x appeared visually cloudy for < 1 and perfectly 0.5, the surface pressure approaches zero. The transparent

transparent (or slightly bluish due to the fluorescence) for mixture with higher surfactant fractiong & 1) results in an

x> 1. expanded isotherm, with a distinct upturn with decreasing
Phase BoundariesPhase behavior was probed by using PL, surface area. This indicates the formation of a floating layer at

surface tensiond|, static contact angle, andr{A) isotherm the water-air interface. The surface pressure increases when

measurements. Figure 2 plots essential examples of the PLis increased from 1 to 2 but essentially saturatesxfor 2.

spectra of DPO—PBS-PFP(G2Es)x as a function of molar ratio Inspecting Figures-35, three different regimes of dissolution

x. Figure 3 plots in turn the position of the-® maximum as of PBS—PFP in the @Es/water mixture are observed. At lower

a function of x. A progressive blue shift of the whole PL concentrations of GEs (x < 1) the rapidly decreasing surface

spectrum, with the spectral maximum shifting from 430 to 419 tension and contact angle and approximately solid state PL

nm, occurs on surfactant addition. indicate that interaction between polymer and surfactant is quite
Figure 4 plots surface tension and static contact angle onlow and that surfactant molecules are predominantly free in the

hydrophobic surfaces. When PBBFP is added to £D, o drops solution. We denote this as Regime |I.

some 5 mN/m. Adding surfactant cause® drop further until At intermediate concentration ofiéEs x = 1—4 the emerging

it approaches the level of the binary system at4. On average, blue shift in PL points to the gradual dissolution of the polymer,
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TABLE 1: Materials Parameters of the Studied Samples in RO at 20 °C

surface
monomer surfactant overall visual first PL tensiono contact
material concncyn (M) concncs (M) concn (mg/mL) appearance max (nm) (mN/m) angle (deg)

Ci2Es 0 25x 10 0.10+ 0.02 transparent n/a 3251.0 85.5+1.0
CioEs 0 10x 10 0.41+0.02 transparent n/a 3061.0 40.0+2.0
Ci2Es 0 30x 104 1.224+0.02 transparent n/a 3101.0 38.5+2.0
CiEs 0 100x 104 4.07+0.02 transparent n/a 3141.0 33.5+2.0
PBS-PFP 5x 104 0 0.36+ 0.02 precipitated particles 430 n/a 84-M.5
PBS-PFP 2.5x 104 0 0.184+0.02 precipitated particles n/a

PBS-PFP(G2Es)os 5x 10 25x 10 0.46+ 0.02 cloudy but no particles 430 46#81.0 81.0+0.5
PBS-PFP(G2Es)1.0 5x 10 5x 107 0.56+ 0.02 transparent 430 3881.0 67.5+£05
PBS-PFP(G2Es)2.0 5x 10 10x 104 0.77+ 0.02 transparent 426 3651.0 58.0+2.0
PBS-PFP(G2Es)4.0 5x 10 20x 104 1.174+0.02 transparent 424 3351.0 51.54+ 2.0
PBS-PFP(G2Es)s.0 5x10* 30x 104 1.58+ 0.02 transparent 419 33881.0 49.0+2.0
PBS-PFP(G2Es)s.o 5x 10 40 x 10 1.99+ 0.02 transparent 419 3351.0 45.0+2.0
PBS-PFP(G:Es)100 5x 10 50x 104 2.3940.02 transparent 31410 42.0+20

while the moderately decreasing surface tension and contactits observation window €27/¢min &~ 1000 A). Figure 6 plots
angle shows the saturation of the free surfactant concentrationthe scattering curves for the ternary system at low surfactant
i.e., that there is a strong polymesurfactant interaction. This  concentrationx = 0.5. The power law scattering at the lowest
could be somewhat analogous to the critical aggregate conceng-range indicates the presence of large aggregates; Fd@.03
tration (CAC) of colloid science. This is Regime II. In this A-1 the scattering curve resembles those seen in Regime |I
regime, surfactant molecules are suggested to be partly locatedsee later, Figure 7). This indicates the appearance of aggregates
close to the polymer and partly at the interface. In other words, with characteristic sizes of the order of 100 A. At the highest
the interaction between polymer and surfactant may not be q, the intensity decreases ag|~33. Altogether, we see that in
strong enough to catch all surfactant molecules and we mayRegime | the polymer crystals start to dissolve with the
call this noncooperatie binding of G2Es. assistance of the surfactant.

Finally at highx > 4 we observe constant values of all  \igyaly Transparent Solutions of,D—PBS-PFP(Ci2Es)x
parameters, which indicates that the fraction of freeEgis at Intermediate Surfactant Fractiox = 1—4. Figure 7 plots

constant and that the surplus2Es is bound a'g the aggregates  gaNS data of BO—PBS-PFP(G2Es)2.0 and DO—CisEs of
(Fé)olymer—surfac_tart;t_ %r_ pur? surfactan(;). This hmea”S th‘f’“ W€ the corresponding surfactant concentration as well as fits
observecooperatve binding o GFs. We denote this as Regime  gptained from the IFT. The scattering intensity follows a power
lll. We note in the end that no macrophase separation occurred, ~q-* over wideg-range. Figure 8 plots the cross-sectional

after 6 .r.no.nths so the transparent solutions seem to represenbair correlation functions obtained from the IFTcat 0.02 A
anPeth_uI:brlg;n siate. in A Solution. Th | ~1 Table 2 summarizes the cross-sectional parameters. The
article structure In Agueous olution. The nanoscale upper limits for the cross-sectional pair correlation function are

structure of the. pgrtlcles in aqueous solution was studied with found to be 34 A for the aggregates in the ternary system and
SANS. To obtain information on the conformation of the pure . : . .
44 A in the binary system. The radius of the cross section

PBS-PFP, we dissolved it first in deuterated DMSO at obtained by circular approximation is smaller for PBFP-
0.1 wt %, which resulted in a transparent solution. The SANS y _pp_ .
. o T (Ci2Es)x aggregates witlh = 1 and 2 than for GEs micelles at
curve of this solution is, however, not distinguishable from the . : .
a similar concentration. The values of mass per unit length

background. The small molecular weight of the polymet obtained are in agreement with the values of radii and show

units) and the incorporation of the side chains into the solvent . )
prevented measurements of its structure as could be done for éhat PBS-PFP(GzEs)x aggregates with = 1 and 2 consist of

high molecular weight P#250 dissolved ind-toluene.

1 - T T LI T T T T LI T =
Cloudy Mixtures of BO—PBS-PFP(C-Es)x at the Low 10 E ' ' E
Surfactant Fraction Limit x> 0. As ternary BO—PBS-PFP- C ]
(Ci2Es)« for x =< 0.5 is visually cloudy, the SANS method will , i )
detect only that fraction of the colloidal objects which fall into 10 3 E
[ T T 1T I T T T T T T 17T | T ] - : :
L AA | g 107 E_ —E
; “a g F E
10 E_ AA _E = r ]
: g2 %Q%m ] 102 E
L | - ]
© B 1 - -
G
=102 | = 10°E =
E qM% E E 1 1 11 1.1 I 1 1 1 1 11 1.1 I 1 3
L ] 0.01 0.1
L g2 A% i q (A
F .y Figure 7. SANS data of DO—PBS-PFP(G:Es),0 with a monomer
100 Lol L i A | concentration of 5< 104 M (open symbols) and fD—C;.Es with a
0.01 ;. 0.1 concentration of 1& 107* M (solid symbols, intensities were multiplied
q (A7) by 2 for clarity), which corresponds to the surfactant concentration of

Figure 6. SANS data of DO—PBS-PFP(G:Es)os for a monomer the casex = 2 as well as the corresponding fits obtained by IFF
concentration of 5x 104 M. T = 20 °C. 20°C.
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TABLE 2: Cross Sectional Parameters of Rodlike Aggregates of PBSPFP(Cy,Es)x and Micelles of Cy,Es Obtained by Model
Independent Analysi$

monomer surfactant Resyg R M, 1078 no. of no. of G2Es
material concnem, (M) concncs (M) A) A) (g/cm) monomers/nm molecules/nm
CiEs 0 25x 10 145+ 0.2 20.5 0.99 0 15
Ci2Es 0 10x 104 152+ 0.3 215 1.01 0 15
CiEs 0 30x 104 15.6+0.3 22.1 1.02 0 15
PBS-PFP(G2Es)1.0 5x 10 5x 10 10.2+ 0.3 14.1 0.389 2 2
PBS-PFP(GzEs)2.0 5x 104 10x 10 11.6+0.2 16.4 0.513 2 4

@2 Ris the radius of the cross section in homogeneous and circular approximation of the cross Bkcisoiihe average mass of aggregates per
1 cm, also the present number of monomer of PBEP(G2Es) per 1 nm and the number of;££s molecules per 1 nm in the case of aggregates
and pure micelles.
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Figure 8. pcy(r) obtained by IFT from the scattering curves: solid Figure 10. SANS data of RO—PBS-PFP(G.Es)x for a monomer
line for D,O—Cj,Es with a concentration of 1& 10~* M and dashed concentration of 5x 104 M with x = 4 (solid triangles), 6 (solid
line for D,O—PBS-PFP(G2Es)2.0 with a monomer concentration of 5 squares), and 8 (open squares) normalized to a total concentration of
x 104 M. T = 20°C. PBS-PFP and @Es. T = 20 °C.

T LR ' ellipsoid model results in values of semi-axes= 26.0+ 0.5
AandB =16.0+ 05 A.

Overall, the solutions are transparent and SANS data suggest
the formation of elongated aggregates which are ngE{L
micelles. The aggregates are thinner (with nearly circular cross
section) and have lower mass per unit length than corresponding
pure micelles. Two quite different models yield similar char-
acteristics of the aggregates’ size. The stiff cylinder model fits
well apart from lowesg (cf. Figure 9) while the flexible cylinder
model fits well over the whole-range. However, the ratio
between total length and persistence length<i3, which
suggests that the aggregates are stiff rather than flexible.

Visually Transparent Solutions of;D—PBS-PFP(Ci2Es)x

109 ———- '6'01 S— '0'1 at the High Surfactant Fractigrk > 4. Figure 10 plots SANS
' g(AY) ' data of BO—PBS-PFP(GoEs), for x > 2. The scattering
Figure 9. SANS data of PBSPFP(GsEs)so With a monomer intensities are normalized t(_)_the_ total concentration ofPB_S
concentration of 5< 10~ M and fit by flexible (solid line) and stiff ~ PFP and &Es. A clear transition is seen when the molar ratio
cylinder models (dashed lineJ. = 20 °C. is increased ta = 4. A distinct interference maximum appears
at 0.015-0.02 A1 (the scattering angle increasing withand
2 repeat units and-24 surfactant molecules per nanometer. In  potentially a very broad maximum at 0.026.035 A L. The
contrast, GEs micelles consist of~15 molecules per nano-  position of this maximum is the same far= 6 and 8, which
meter. implies that the intermicellar distance does not change much

Figure 9 plots the data of —PBS-PFP(G:Es)20 and with increasing. The values of normalized intensities are higher
corresponding fits to the models of a stiff and flexible cylinder. for x = 8 than forx = 6, which implies the growth of aggregates
The cross section is nearly circular. The flexible model results with increasingx. The determination of the number of PBS
in a contour length of 90& 100 A, a persistence length of  PFP repeat units from the position of the interference maximum
300+ 30 A, and a radiu®k = 15.24+ 0.5 A while the stiff (eq 9) yields~20 PBS-PFP repeat units and160 surfactant

cylinder model yields a length of 888 80 A and a radiuR = molecules per one aggregatexat= 8. This means that each
15.4+ 0.5 A for D,O—PBS-PFP(GEs).2.0 The application aggregate contains two polymers on average. The characteristic
of the flexible model to SANS data of equally dense(>- dimension of the aggregates is of the order of 40 A.

C12Es (10 x 1074 M) solution yields the values of 75& 80 Figure 11 plots the SANS data 060—PBS—PFP(G2Es)s.0

and 120+ 10 A, respectively, for the contour and persistence on dilution by D:O. Figure 12 plots the position of the maximum
lengths. The cross section is not circular. Fitting it with the as a function of concentration for= 8 and 10. We observe
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Figure 11. SANS data of RO—PBS-PFP(G2Es)x for x = 8 with a were studied by using LangmuiBlodgett dipping with hy-

PBS-PFP concentration of &% 10 (squares), 2.5 104 (spheres), . : ‘L
1.25 % 10°* (upper triangles), and 0.626 10-* M (lower triangles). drophilic and hydrophobic glass substrates. Unsurprisingly, the

T=20°C. dipping was unsuccessful far= 0.5. When higher surfactant
fractions were used and surface pressure kept constant, we
0.008 | 1600 observed a smooth kink in the slope of the interface area at the
0.026 E iy beginning of the dipping with hydrophilic substrate suggesting
0.024 |- ] 1590 & material transfer from the subphase. This effect was not seen
0.022 1 g with hydrophobic glass. As the highest amount of polymer was
0020 f— 400 s anticipated to be transferred by keeping the polymer fraction
< 0.018 N _—300 a8 and surface pressure simultaneously high, we considered high
Jootsf <« 17 s surface pressure at the low surfactant fraction limit, ke=, 2.
I oo € As the surface tension of PBEFP(G:Es)2 0 does not approach
0.014 1 i 5 that of aqueous surfactant (cf. Figure 4), no substantial surfactant
0.012 F 100 E surplus was assumed. Figure 13 plots the PL spectra of nominal
. i PBS—PFP(G2Es)20monolayers on hydrophilic and hydrophobic
0.010 | L L1 1o glass showing the characteristic PL of polyfluorene.
1 2 3 4 5 6 7
O (MV10°) 5. Discussion
Figure 12. The gmax (0Open symbols) and intermicellar distance (solid . ) ) o
symbols) vs monomer concentratigpcorresponding ta = 8 (squares) Solution Formation. In our work, the first “definition” of
and 10 (spheres). The solid line is a linear fitgpfx for x=8.T = 20 dissolution is the visual transparency and under the studied
°C. concentration regime this occurs fob@-PBS-PFP(GEs)x
TABLE 3: The Intermicellar Distance and Surface Tension atx = 1'. Formation Of. a transparent ternary system supports
of D,O—PBS—PFP(C1;Es)y as a Function of Molar Ratio x the previous assumption of the ponr_ner part|c_les br_oken by
and Overall Concentration C1.Es surfactant* Nevertheless, bare visual consideration does
monomer overall surface interm. not indicate that PBSPFP would be dissolved down to the.
molar conenc,, conen tensions  distance molecular level. It simply means that no gross macroscopic
ratio x (M) (mg/mL) (mN/m) (nm) particles are seen.
20 5x10° 1174002 335:10 48+1 Phase Boundaries.The binary waterC;,Es system is an
6.0 5y 104 1584002 33310 42+1 appropriate starting point for our discussion. It reveals a CMC
80 5x10* 1.99+0.02 33.5:1.0 38+1 of around 5x 107° M.22 Near room temperature it shows an
2-8 i-g;ﬁ%: 8-ggi 8-8% gg;‘i 1-8 ggi % isotropic liquid Ly phase when the GEs fraction is below~35
80 0625 10%4 0254002 342-10 nia wt %, 32 which corresponds to a;gEs concentration of-9 x
8.0 0.3125x 104 0.12+0.02 36.1+1.0 nl/a 10-1 M. The normal hexagonal Hphase is seen for higher
10.0 5x 1074 . 239+0.02 311+£1.0 40+1 surfactant concentrations. Transition from antb an Ly’ +
00 25:lny,  1%1000 2210 Ml Ly phase occurs aT = 3550 C, increasing wih GE.
10.0 0625« 10* 0.30+002 329+10 nla fraction?? The present study was performed at°ZDwith the

surfactant concentration between 51074 and 75x 1074
scalinggmax ~ c0-31+ 005~ c1/3 which suggests that the distance M. Therefore, the studied “base” binary mixture at’#Dwould
between micelles increases in a way of 3D packitwy.The correspond to the 1 phase above the CMC.
interference maximum, which depends mainly on concentration A progressive blue shift of the whole PL spectrum, with the
of polymer according to 3D packing, implies that the concentra- spectral maximum shifting from 430 to 419 nm, occurs on
tion of C;,Es aggregates is determined by the number of active suggestive polymer dissolution (Figure 2). The “solution PL”
sites in polymer molecules. The intermicellar distance (long indicates that polymer chains are fully separated from each other
period) and surface tension as a function of molar ratio and but here its form does not depend on the nature of the
concentration are displayed in Table 3. Surface tension stayssurrounding media. This result differs slightly from the previous
constant on dilution, which further enforces the idea of study that suggested a shift down to 412 g fact that
cooperative binding. presumably stems from the lower overall concentration. The

Floating Aggregate Layer at the Air—Water Interface. The PL characteristics of watefPBS-PFP(G.Es)'* can also be
floating layers of PBSPFP(G2Es)x at the air-water interface found elsewhere. The overall situation illustrated in Figure 3
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gives us tentatively three phenomenological phase regimes: twothe increased scattering intensity seen in Figure & at0.02
possible plateaus for < 1 (Regime I) anck > 4 (Regime IlI) A-1 completely disappears. Consequently, the large polymer
where, respectively, the PL spectrum approaches that of the solidaggregates are completely dissolved opF 1. Second, the
state and solution PL of PF, as well as the intermediate region SANS curves followg~! behavior over a wide range gf which
for x = 1—4 (Regime ). is characteristic of rodlike objects. At corresponding concentra-

The idea of three phase regimes is supported by surfacetions binary aqueous:@s follows roughlyq~* behavior as well,
tension and static contact angle. Figure 4 illustrates regimesbut the scattering curves clearly differ from those of the ternary
whereo approaches the values of puredand pure aqueous  System, the difference becoming apparent in the structural
Cu2Es. In phase Regime Il the values ofare low but still higher ~ parameters obtained by the fitting procedures. Third, the
than those in Regime Ill in which they are still slightly higher ~reasonable fits in Figure 7 obtained with the IFT approach justify
than those in binary systems. This suggests that the freethe modeling by elongated particles in both the binary and
surfactant molecules are present in Regime Il at a concentrationternary mixtures. Small deviations at the lowestreflect
smaller than the CMC. These observations are in accordanceflexibility of elongated objects or the presence of significantly
with the changes in contact angle (Figure 4). As both surface larger aggregates which are not taken into account by IFT.
tension and contact angle of aqueous PBEP(G.Es)x are Fourth, Figure 8 indicates that the aggregates in the ternary
consistently slightly larger than those of correspondingly System possess a smaller cross-section than the micelles in the
concentrated aqueous;Es, we expect that PBSPFP binds ~ binary system.
part of G.Es. The surface tensidhand contact ang¥éof Cy,Es The scattering data were fitted to the models of stiff and
and GEs/oil systems have been reported elsewhere. flexible cylinders (Figure 9). The choice of the model of a stiff

Finally, three phenomenological regimes may be recognized cylinder is justified by distinctive-1 scaling at the intermediate
in the (z—A) isotherms as well (Figure 5). When precipitated g-range and by the successful application of model independent
macroscopic particles of PBSFP in water are seen far= IFT analysis. As this model can be an oversimplification and
0.5, the surface pressure approaches zero indicating negligibleas the oil swollen surfactant micelles are known to be wormlike,
film formation at the air-water interface. This supports the Wwe applied the flexible cylinder model as well. The flexible
above-mentioned assumption that PBS-P is at or below the ~ cylinder model gives a visually better fit at lowegtvalues
solubilization limit and binds the majority of surfactants for ~ (Figure 9), but this agreement does not improve the overall
= 0.5. The higher surfactant fraction € 1) leads to a floating ~ accuracy of the fit, considering the resultipg values g? =
layer at the waterair interface. The surface pressure increases 2.44 for the stiff cylinder model and 2.2 for the flexible cylinder
rapidly with Cj,Es fraction but saturates for > 2, separating model). As described above, the parameters obtained are similar
Regimes Il and Ill. We observed some fluctuations when the as well. It is also noteworthy that the persistence length of-PBS
measurements were repeated, which is potentially due to thePFP(G2Es)z20is actually larger than the overall length of PBS
instability of the layer. However, the gross deviation between PFP (<20 nm), a similar result as has been reported for the
the three regimes was reproduced. PPP-CiE; system?®

In this framework, the solution structure of Regimedlll Furthermore, the data suggest that the aggregates in the
was then studied by using SANS. We have shown in section 4 ternary system are thinner than the pure surfactant micelles
that the suggested regimes correspond to the SANS data, wheréndicating that they do not consist of well-defineghEs micelles
the distinction between Regimes Il and lll is, however, observed with a PBS-PFP core. We find that this is plausible, because
betweenx = 2 and 4 rather than betwearn= 1 and 2. Below there are only a very few surfactants per repeat unit2)l

we discuss SANS data of ;D—PBS-PFP(G:Es)x for x = Therefore we believe that;gEs will mainly aggregate with the

1-10, show comparison to ®—C;.Es in similar conditions polymer rather than form micelles and suggest that there is a

and provide an interpretation for the different regimes. noncooperatie binding between PBSPFP and GFEs. Fiber
Particle Structure in Solution. Regime | x < 0.5 Partial aggregates of PPP within surfactant micelles have been

Solubilization PBS-PFP is not water soluble but forms a cloudy found elsewheré& However, in that work, the mass ratio of
mixture with a typical solid-state PL spectrum (cf. Figure 2). surchtant over monomer unit was 10, i.e., much higher than in
The existence of nondissolved particles prevents us from giving Regime 1.
a reliable quantitative analysis. However, inspecting SANS data  Regime Il 4 < x < 15: Interacting Micelles and Cooperag
plotted in Figure 6, the following conclusions can be drawn. Binding As shown in Figures 1812, an interference maximum
The slope—2.5 at smallest] can imply the presence of large, at~0.015 A 1is seen for the ternary D—PBS—-PFP(GEs)x
polydisperse or mass fractal objectsl000 A). Assuming mass  for x > 4. This peak corresponds to the maximum of the
fractals, their fractal dimensiobn, would be equal to the value  structure factor of the ordered micellar system. Upon dilution,
of the slope* The region with slope—0.7 appears to be the interference maximum shifts predictably toward lower
crossover toward the scattering pattern from the smaller objects,and remains observable down+d.25 x 10~4 M. Essentially
which display a slope 0f~3.3 at highestg. This would the same behavior is observed foralt 4. We observe scaling
correspond to a surface-fractal-like surface of these parfitles, dmax~ c3indicating 3D packing. This scaling behavior differs
which are presumably aggregates formed by the dissolvedfrom that of aqueous poly(sodiupiphenylenesulfonat&)and
polymers and surfactant molecules. Altogether, we propose thatMBL —PP\A! which show an interference maximum scaling
we observe large nondissolved polymer particles, and “mixed” Qmax ~ c*2
surfactant-polymer aggregates, similar to what exist in Regime  we note that the Hphase of the binary system is formed
Il (see below). only when the surfactant fraction is as high as 35 w%.
Regime 1] 1 < x < 4: Dissobed AggregatesThis regime is Therefore, the observed ordering in the considered dilute
important as a low fraction of surfactant and potential solubi- solutions (~1 wt %) is certainly not caused by steric effects
lization are simultaneously achieved. We draw attention to the but rather by the electrostatic repulsive interactions induced by
following features seen in Figures 7 and 8 following the classic the charged PBSPFP molecules. This ordering should not be
texts>455 First, in contrast to the cloudy solutions»at= 0.5, a surprise as the counterion sensitive order and a reflection at
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low g due to electrostatic repulsion have been reported also for ones. Third, forx = 4—15 (Regime |ll, interacting micelles),
example for aqueous PP and MBL—PP\A1 polyelectrolytes. the SANS curve shows an interference peafj at0.015 AL,

A simple structure that could be considered for Regime Il This ordering is suggested to be due to the repulsion between
is that where the polymer is included in the hydrocarbon core the charged polymers attached to or incorporated into the
of the G2Es micelle, similar to the wormlike micelles in water micelles.

Ci2Es—decané or wateralkyl-substituted PPPCE sys- Altogether these results show that a high amount (milligrams
tems. Nevertheless, in this case the charges would be ratheiper milliliter) of otherwise insoluble polyfluorene can be
screened by the outer part of the micelle, thus diminishing the solubilized in water by using GEs via complicated aggregate
intermicellar repulsion, which is contrary to our observation. formation. These aggregates form a floating layer at the air
A further argument against this structure is that the polymer water interface and can be transferred onto the hydrophilic
surfactant aggregates observed in Regime Il are thinner thansubstrate with use of Langmuir dipping.

the surfactant micelles. Another possibility for PBBFP is to
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