5226 Macromolecules 2009, 42, 52265235
DOI: 10.1021/ma900361p

Macromolecules

ARTICLE

SDS Interactions with Hydrophobically End-Capped Poly(ethylene oxide)

Studied by °C NMR and SANS

Chantal Rufier,”* André Collet,” Michel Viguier,* Julian Oberdisse,>"

and Serge Mora®

"Institut Charles Gerhardt UMR-CNRS 5253 and *Laboratoire des Colloides, Verres et Nanomatériaux,
UMR- CNRS 5387, Université Montpellier 2, C.C 1702, PI. E. Bataillon F-34095 Monipellier Cedex 05,
France, and *CEA Saclay, Laboratoire Leon Brillouin, F-91191 Gif Sur Yvette, France. * Present address:

Adolphe

Merkle Institute, Ilford Bat. 180, Route de I’Ancienne Papeterie, CH 1723 Marly, Switzerland

Received February 17, 2009, Revised Manuscript Received May 4, 2009

ABSTRACT: The interactions, in aqueous medium, between hydrophobically end-capped poly(ethylene
oxide) (PEO) and sodium dodecyl sulfate (SDS) have been investigated by means of tensiometry, *C NMR
spectroscopy and small-angle neutron scattering (SANS). Besides the association of SDS with the ethylene
oxide backbone of associative polymer (AP), revealed by '>*C NMR, SDS interacts with hydrophobic end-
caps leading to the formation of mixed aggregates. At low SDS concentration, the formation of flowerlike
mixed aggregates is governed by AP. Despite the poor affinity between hydrocarbon and fluorocarbon
chains, uncooperative binding was detected between SDS and fluorinated AP end groups. With a further
increase of SDS concentration, the critical aggregation concentration (cac) marks the onset of SDS
cooperative binding with AP end-caps. This process driven by SDS leads to the formation of micellar
aggregates with a necklacelike structure. Due to the SDS/AP complex formation, the surfactant aggregation
number determined by SANS is lower than that observed in pure water.

1. Introduction

Associative polymers (APs) are used in a wide range of
applications as Vlscos1fy1ng agents and rheology modifiers of
aqueous systems.' According to the hydrophobic/hydrophilic
balance, these amphiphilic polymers can present a phase segrega-
tion in aqueous medium with a dilute solution of polymer and a
viscous gellike phase. The phase separation is enhanced by the
presence of highly hydrophobic perfluorinated groups. This
phenomenon, explained by the theory developed by Semenov
et al.,” was more easily investigated using telechelic APs that can
be considered as model polymers. It was established, with fully
hydrophobically end-capped poly(ethylene oxide) (PEO M, =
20000 g/mol), that phase separation occurs when the length of the
hydrophobic end group exceeds 18 CH, (or the equivalent CH,).?
Addition of surfactant improves homogenization of the ternary
system. A very small amount of surfactant is sufficient to prevent
phase separation. For instance it was found that the ternary
system SDS/Can(CHz)]O'PEOZOk (CH2)10C8F17/Wdt€I' is homo-
geneous when the molar ratlo Csps/Cpor is equal to 0.3, whatever
the AP concentration (C,, o1).> The role of surfactant is not limited
to the homogenization of ternary mixtures, the rheological
properties are also profoundly modified. Upon addition of
surfactant to a solution of AP, the viscosity increases, passes
through a maximum for a surfactant concentration close to its
critical micelle concentration (cmc) in pure water solution, and
then decreases.* ° Similar trends are observed with the plateau
modulus (Gy) at low polymer concentration and with the visco-
elastic relaxation time (7).” The rheological response in presence
of anionic surfactant is complex due to the interactions of
surfactant with hydrophobic end groups of AP (as observed with
mixtures of surfactants) but also with the PEO hydrophilic chain.
Interactions of SDS with PEO have been investigated by several
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authors 1nvolvmg various techniques such as tenswmetry,
microcalorimetry,” "2 conduct1metry,13 ' light'> and neutron'®
scatterm% fluorescence spectroscopy, SNMR spectroscopy,” 14
or ESR.”7?! Interactions between SDS and PEO depend on
surfactant concentration and PEO molecular weight. Increasing
SDS concentration in PEO solutions generates two transition
points. The critical aggregation concentration (cac) corresponds
to the onset of cooperative binding of SDS micelles with the PEO
chain. The cac occurs in a lower range of SDS concentrations
(between 4 and 5 mM) than the corresponding cmc (8§ mM). The
SDS micelles complexed by PEO chain are smaller than in pure
water with an aggregation number of about 20 monomer units
versus 60 without PEQ.'” The second transition point, sometimes
called polymer saturation point (psp), is observed when the SDS
concentration exceeds the critical concentration Cp, correspond-
ing to saturation of polymer chain and formation of free SDS
micelles. As a consequence C,, increases with PEO concentration
in the solution. The PEO molecular weight has little or no effect
on solution properties when it is greater than 4000 g/mol,'"
meaning that the stabilization of SDS micelles by the PEO chain
needs about 100 ethylene oxide monomer units. Otherwise
micellar properties of cationic surfactants such as dodecyltri-
methylammonium bromide or tetradecyltrimethylammonium
bromide are not affected by the presence of PEO'*!7 indicat-
ing that only anionic surfactants interact significantly with PEO.
The binding interactions between SDS and hydrophobically
modified PEO are more complex. In addition to the cooperative
interactions of SDS with the PEO chain, uncooperative hydro-
phobic binding interactions are also present. The uncooperative
binding process results in very small enthalpy changes which are
not detectable by isothermal titration calorimetric (ITC).?* From
rheological results’ and fluorescence studies,”® it was suggested
that the association of SDS molecules with the AP hydrophobic
end groups with formation of mixed micelles starts at low SDS
concentrations, well below the cmc of SDS itself. From light
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scattering results,”* an average aggregation number of about 20
was estimated for the flowerlike mixed aggregates. Most of these
studies were performed with pyrene end-capped PEO** or
hydrophobic hydroxylated urethane (HEUR).>7?%242% When
the hydrocarbon end group is connected to the hydrophilic chain
by a diurethane spacer, the coupling group becomes part of the
hydrophobe. In this paper we investigate SDS interactions with
model associative polymers where hydrophobic end groups are
directly linked to the PEO chain by ether or ester groups so as to
limit the influence of the linker. In this study we have extended the
interactions of SDS with fluorinated telechelic AP. Despite the
well-known mutual phobicity or antipathy between hydrocarbon
and fluorocarbon groups,”’ we have recently reported® that the
phase and rheological behavior of semifluorinated telechelic PEO
were markedly influenced by SDS. The relaxation time (7)
associated with the disengagement of hydrophobic end groups
from the aggregate depends on the aggregate core composition.
The variation of 7 according to the concentration and chemical
structure of surfactant was consistent with the formation of
mixed aggregates. The present investigations by '*C NMR
spectroscopy confirm this assumption and bring information
on the environment of SDS inside the hydrophobic core of
aggregates in dilute aqueous solutions. Furthermore SANS study
allows to determine the aggregation numbers of the different
types of aggregates in dilute and semidilute solutions. Combining
these techniques, information could be obtained on the structure
of the aggregates, their evolution with surfactant concentration
and the critical transitions involving a modification of the
equilibrium between the different types of aggregates.

2. Experimental Part

2.1. Sample Preparation and Characterization. Telechelic
polymers were synthesized by esterification of poly(ethylene
glycol) with carboxylic acids in presence of N,N-dicyclohexyl-
carbodiimide (DCC) and (dlmethylamlno)pyrldme (DMAP)
as described by Hartmann et al.?® In this way, we obtained
functionalized PEO with an ester linker end-capped by hydro-
genated groups C7H3s—(PEO)—C;Hj3s (denoted H;;—H,7) or
semifluorinated ones CgF7;—C,H;—PEO—C,H;—CgF;7 (FsHo—
H,Fg) and CgF 17— CoH0—PEO—C,oH0-CsF 7 (FsHio—HoFs).
In order to remove dicyclohexylurea (DCU), byproduct of the
reaction, the polymers were purified using molecularly im-
printed polymer (MIP) as described elsewhere.’> Asymmetric
end-capped PEO were synthesized by anionic polymerization of
ethylene oxide initiated by an alkoxide followed by esterifica-
tion. These asymmetric polymers contain different hydrophobic
end groups: CigH37;—(PEO)—C,Hy—CgF 7 (Hjs—H,Fs), CisHsy—
(PEO) C10H20 C8F17 (ng HIOFS) Complete fonctionaliza-
tion of PEO is controlled by titration of residual hydroxy groups
by 'F NMR according to the method previously described?®
(PF NMR spectra of asymmetric polymer (H;s—H,Fg) is
available as Supporting Information). Molecular weight distri-
bution of polymer was determined by size exclusion chroma-
tography (SEC) using a Shimadzu differential refractometer. To
prevent polar interactions between APs and the gel phase, a
solution of tetrabutylammonium bromide in tetrahydrofuran
(10 mM) is used as eluent (flow rate 1 mL-mn~"). A set of
two PLgel columns was used with pore sizes 10° and 10* A.
A calibration curve was established from poly(ethylene oxide)
standards. Asymmetric polymers obtained by anionic polymer-
ization present a narrow distribution with Ip < 1.1 (cf. Support-
ing Information for SEC trace). The polymer samples prepared
for this study are described in Table 1.

Poly(ethylene glycol) (Merck) and sodium dodecyl sulfate
(Aldrich) were used as received without further purification.

2.2. Tensiometry. Surface tensions were measured with a
Lauda tensiometer by the Du Noily ring method, at 25 °C.
Unlike monomeric surfactants, with amphiphilic polymers the
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Table 1. Molecular Characteristics of Hydrophobically Modified

PEO
sample end group M., M, I,
Hi7—Hy7 7C17H35 22400 17000 1.32
FgH,—H,Fy —(CH,),CsF)- 19300 16700 115
FsH;o—H;oFs —(CH»),0CsF7 19200 16600 1.16
H187H2F8 *C13H37 23000 21200 1.08
—(CH,),CsFy7
Hig—HioFs —CysH3; 19800 18700 1.06

_(CHZ)IOCSFW

Table 2. Masses, Volumes, and Length Scattering Densities

chemical structure M (g/mol) Vi (A3) Pi (10" cm™2)
—CH, CH, O 44 61 0.68
—-COO0 44 73 2.50
—CH, 14 27 —0.31
—CgFy4 419 395 3.74
SDS 288 410 0.38
D,O 20 27 6.40

system does not go to equilibrium quickly. As a consequence
surface tension of AP solutions evolves with time for several
hours. In order to obtain coherent results, the equilibrium is
considered to be reached after 24 h. In order to minimize the
disturbance of the adsorbed interfacial layer, the measuring ring
was not detached from the interface between successive mea-
surements. Water used for the preparation of AP solutions was
distilled and passed through a Milli-Q (Millipore) ion exchange
column.

2.3. 13C NMR Spectroscopy. Proton-decoupled '*C NMR
spectra were recorded from D,O solutions with a Bruker 400
spectrometer operating at 100.6 MHz. All experiments were
performed at 25 °C. The sweep width was 23000 Hz, the pulse
length 6 us with a 30° flip angle. The acquisition and delay tlmes
were respectlvely 1.3 and 2 s. Due to the poor abundance of °C
nuclei, in order to obtain a good ratio signal-to-noise, between
4000 and 40000 scans were needed according to SDS concentra-
tion. Only carbon signals of SDS and PEO backbone were
detected as narrow single lines.

2.4. Small Angle Neutron Scattering (SANS). SANS measure-
ments were carried out at the Laboratoire Léon Brillouin
(Saclay, France). The data were collected on beamline PACE
at two configurations, one with =7 A and a sample-to-detector
distance of 1 m, the other with A=8 A with a sample-to- detector
distance of 4.5 m, covering a ¢ range from 0.006 to 0.28 A~ The
samples were prepared in pure D,O, and 2 mm light path Hellma
quartz cells were used. Empty cell scattering was subtracted and
the detector was calibrated with 1 mm H,O scattering. All
measurements were carried out at 25 °C. Data were converted
to absolute intensity through a direct beam measurement, and
the incoherent background was determined with H,O/D,O
mixtures. The values of the length scattering densities reported
in Table 2 will be used to determine the structure of self-
associated aggregates.

3. Results

3.1. Tensiometry. Tensiometry is used extensively to de-
termine the critical micelle concentration (cmc) of surfac-
tants. Surface tension data for H;;—H;; in pure water are
presented in Figure 1. When the polymer concentration rises,
the y value decreases until a plateau. On this plateau the
solution interface is saturated by associative polymer so the
break point at 5x 107> mol/L (0.1 wt %) marks the critical
aggregation concentration (cac) of APs with formation of
aggregates in the solution. A comparable critical concentra-
tion value (6.8 x 10~ mol/L) was obtained for hexaethylene
glycol n-dodecyl ether (6ED) a non ionic surfactant with an

ethoxylated segment.”
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Figure 1. Surface tension of aqueous solution of polymer H;;—H,;asa
function of polymer concentration (Cpy) at 25 °C.

An other point of interest to be discussed in this section is
the manner in which the surface tension of the binary system
decreases with concentration. One can observe a change of
slope for Cpo1~2 5 x 10 % mol/L (10~ *wt %). From the Gibbs
equation (eq 1), it is possible to determine the surface excess
quantities (I') at the liquid—vapor interface:

-1 dVLV (1)
T2 3RT d(log C)

/T is in relation with the surface area per surfactant mole-
cule (0)

10%n

9TTIN @)

where n =1 for a nonionic surfactant and N is Avogadro’s
constant. At low polymer concentrations the surface area
occupled by one macromolecule Hi;—H;; (0 = 84 A2)
is comparable with the o value determined for SDS (0 =
80 A ) but larger than that observed with 6ED surfactant (6=
49 A2 ).2% In the range of higher AP concentrations o value is
markedly increased (o =318 A2) These results suggest two
types of interfacial adsorption, one involving only one
hydrophobic end group per chain with a reduced o value
and the other one involving both end groups with the
propensity of the polymer chains to form loops at higher
concentrations.

Asillustrated in Figure 2, the effect of SDS addition on the
surface tension of aqueous 0.2 wt % polymer solutions
is different for PEO and H;;—H;; modified PEO. The
interfacial tension of SDS is modified by the presence of
PEO in the solution. Atlow SDS concentrations the lowering
of the surface tension is followed by a break in the surface
tension curve with a domain of concentration, between 3 and
10 mmol/L, where y is more or less constant. Finally thereisa
decrease of y toward the value obtained in the absence of
polymer. The critical concentrations determined by tensio-
metry, namely, cac =3 mmol/L, C; =20 mmol/L, and C,, =
40 mmol/L, are in good agreement with previously published
measurements.”!*'® The critical point C,, is commonly used
to describe the concentration when free SDS micelles, with-
out interaction with the PEO chain, begin to form in the
solution.

In the presence of hydrophobically modified PEO (H;;,—
H,,), a steady lowering of y is observed without plateau level
corresponding to cac and C, critical concentrations. These
results emphasize the specific behavior of hydrophobic end-
capped polymer chain. In 0.2 wt % solution, the H;;—H
polymer concentration is higher than the cac so the interface
is saturated by AP and flowerlike aggregates are formed in
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Figure 2. Surface tension as a function of SDS concentration in pure
water (A) and in presence of PEO (O) or Hj;—H ;7 (®) 0.2 wt % solu-
tions at 25 °C.

the solution. Added SDS molecules can interact with AP end
groups within the core of mixed aggregates and replace
gradually polymer hydrophobic end-caps at the solution
interface. For a SDS concentration of about 30 mmol/L
surface tension of the AP solution joins the curve obtained in
the absence of polymer. One can consider that the interface is
saturated by SDS molecules.

From surface tension measurements, the different types of
SDS/AP interactions are deduced indirectly from interfacial
behavior. In order to investigate more precisely these inter-
actions, it was necessary to use a sensitive technique for
detecting subtle changes of SDS environment in the different
dggregdted structures.

3.2. '3C NMR Spectroscopy. To investigate the SDS/AP
interactions we turned our attention to hydrocarbon (H;—
H17) and semifluorinated (FSHz_Hng, FSHIO_HloFS) end-
capped PEO. The *C chemical shift is more sensitive to the
environment than proton chemical shift, moreover by '*C
NMR all the signals of the various SDS carbons can be
resolved. Figure 3 shows the '*C NMR spectrum of an
aqueous SDS solution in the presence of 0.2 wt % H;;—
H,,, SDS carbon signals were assigned according to previous
studies.!’*® The NMR spectrum presents a well-resolved
single line for each carbon atom. Therefore, we conclude that
the exchange between the different SDS surrounding statesis
fast with regard to the NMR time scale.

Let us first consider SDS in aqueous solution. At low
concentrations the carbon C; chemical shift is independent
of SDS concentration up to the cmc (cf. Figure 4). For higher
concentrations SDS molecules start to form micelles in
equilibrium with free SDS molecules in the solution. In that
case, the observed chemical shift 6°” is a weighted average of
the two species which evolves linearly with the inverse of
concentration:

éObS — Cm()n(amon 61”1() C 677’11(’ (3)

where 0" represents the chemical shift of free SDS in

monomeric state in water, 0" the chemical shift of SDS
involved in a micellar structure, and C"*" and C are the
monomeric and total SDS concentrations. From eq 3 by
extrapolation to 1/C = 0 it is possible to determine the
chemical shift of the SDS carbons in a micellar environment,
for carbon C, 6" =69.25 ppm. The chemical shift changes
appreciably with the surfactant molecule environment, in a
polar aqueous environment 6" = 69.70 ppm.
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Figure 3. '*C NMR spectrum of aqueous solution of SDS (20 mmol/L) and H;;—H,; (0.2 wt %). The inset shows the resolution of signals C3—C.
Surfactant carbons are numbered starting from the carbon nearest to the ionic head.
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Figure 4. Chemical shift of carbon C; as a function of SDS concentra-
tion in aqueous solution (0) and in solution at C,,; = 0.2 wt % with
polymers: PEO (A), H17_H17 (<>), FSHZ_Hng (.) or FSHIO_HIOFS
(a), at 25 °C.

3.2.1. Influence of PEO Concentration. In order to inves-
tigate the interactions SDS/PEOQO, increasing PEO amounts
were added to aqueous SDS solution at 8 mmol/L. At this
concentration, close to SDS cme, *C SDS chemical shifts are
equivalent to that observed with SDS monomer in pure
water (0°” = 0™"). As shown in Fi%ure 5, even at low PEO
concentration (Cpgo = 0.1 wt %), "°C signals are markedly
shifted upfield for carbon C; and downfield for the other
ones, indicating strong interactions with the polymer chain.
A plateau is quickly reached (Cpgo = 0.2 wt %) for carbons
C,—C)». The chemical shift 6(C;) = 69.2 ppm, observed at
higher concentration (Cpgo = 1.4 wt %) is equivalent to that
determined for SDS in a micellar environment in pure water
(60=169.25 ppm). This result is entirely coincidental and does
not mean that the carbon C; SDS environment in micellar
aggregates and SDS clusters wrapped by PEO chains are
comparable.

From the shift vs shift diagrams of internal carbon pairs
(C3—Cy,) of the SDS hydrocarbon tail, leading to straight
lines, it can be concluded that SDS exchanges between
monomeric and aggregated states.''*'> Furthermore the
plots shift vs shift for the SDS/PEO/D,0 ternary system are
superimposed with the corresponding ones of SDS/D,O
suggesting that the environment of internal carbons (C;—
C)») is comparable in both systems (cf. Figure 6). Thus the
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Pl 5

0 0.5 1 .
g30 5 e —097
s K¢
e \ N
Yot 169.62
© L \ é
295 \ 1
\ Jees

169.4

J69.3

169.2

1691
Wt%1'5

LIPS
('po]

Figure 5. Chemical shift change of the SDS carbons C; (A), C5 (O), Cs
(©), and Cs (a) as a function of PEO concentration (Cp,) in aqueous
solution (Csps = 8 mmol/L) at 25 °C.

carbon C3;—C;, chemical shifts of SDS involved in a PEO
wrapped aggregate (0"“*®) can be considered to be equivalent
to the corresponding chemical shifts of pure surfactant
micelles 6"8¢ = ™"

The shift vs shift diagram of the carbon pair C;/C; deviates
from the straight line in presence of PEO and diverges from
that for a pure SDS solution (cf. Figure 6) indicating that
SDS molecules exchange between at least three states. To
clear up the ambiguity with the previous conclusion from the
behavior of internal carbons, a transient state is proposed
where SDS monomers interact with the polymer chain, in
equilibrium with free monomers and aggregates according to
Scheme 1.

The monomer SDS binding onto PEO chain was first
proposed by Jones.** In this state the microenvironment of
carbons C; and C; is different from the one expected for free
SDS monomer where SDS polar heads are surrounded by
water. On the other hand the local environment of carbons
C;—Cy, is equivalent in both states 1 and 2, so the observed
chemical shift is consistent with an exchange process among
two species, monomeric and aggregated SDS. Thus eq 3,
transposed to the equilibrium between SDS unimer (free or
interacting with PEO) and wrapped aggregates, allows to
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Figure 6. Shift vs shift diagrams of carbons Cs vs C; (open symbols)
and carbons C; vs Cs (filled symbols) for SDS solutions in D,O (A) and
in the presence of PEO (O). Concerning the PEO/SDS/D,0 ternary
system, the SDS concentration is constant (Csps = 8 mmol/L) and
Cpgo is ranging between 0.1 and 1.4 wt %.

Scheme 1. Schematic Illustration of SDS/PEQO Interactions with the
Different States in Equilibrium beyond the cac
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determine an average value of the monomer SDS concentra-
tion C""”"=4.8 mmol/L. This critical concentration that can
be associated with the cac corresponds to the onset of
cooperative binding of SDS aggregates with the PEO poly-
mer chain. Due to the complexation by PEO chain, the SDS
aggregation concentration is lowered with respect to the
situation in pure water (cac < cmc).

3.2.2. Influence of SDS Concentration. In this study the
polymer concentration (Cp,,;=0.2 Wt %) was chosen in order
to compare the different ternary systems PEO/SDS/D,0O and
AP/SDS/D>0O in a concentration domain (Cpo > cacap)
where hydrophobically modified PEO forms aggregates
in aqueous solution. At SDS concentrations exceeding
3.2 mmol/L, 6(C)) is shifted upfield (cf. Figure 4) indicating
the beginning of the aggregation process. The break point
corresponding to the cac cannot be clearly determined by
straight line fitting. That could be explained by a model
involving more than two types of C; carbon environment.
At higher SDS concentrations (Csps > 20 mmol/L) 6(C,)
increases and tends toward 6™ observed in the absence of
polymer. This change in chemical shift variation can be
explained by the formation of pure SDS micelles without
interaction with PEO. The minimum of the curve corre-
sponds to the critical concentration Cy, (C, = 18.5 mmol/L).
Beyond this concentration the PEO chains are saturated by
SDS.

The exchange rate between free and SDS associated PEO
chain segments is slow with respect to the NMR time
scale. The NMR experiment can distinguish the sharp signal
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Figure 7. Influence of SDS concentration on the *C NMR spectra
corresponding to —CH, groups of PEO at Cpgo = 0.2 wt %: (x) signal
of carbon Cj.

at 0 = 69.58 ppm due to free PEO chain at low SDS con-
centration. As shown in Figure 7, when SDS concentration
increases the signal is broadened and shifted downfield with
the appearance of a peak at  =69.75 ppm corresponding to
PEO chain wrapped around SDS aggregates. The broad
signal observed at higher concentration indicates that the
aggregation process does not involve only one type of SDS/
PEO interaction with a well-defined structural complex.
A similar evolution of the resonance of —CH, groups of
the polymer chain as a function of SDS concentration is
observed for end-capped PEO (cf. data presented below).

3.2.3. Influence of Associative Polymer H;,—H ;. Figure 4
compares the dependence of carbon C; chemical shift on
SDS concentrations in the presence of 0.2 wt % PEO and
H,;,—H,7 end-capped PEO. At SDS concentrations lower
than 4 mmol/L, the 6(C,) values are markedly decreased in
the presence of AP. This is due to the presence of hydro-
phobic C;7H3s alkyl end groups that allows the formation of
mixed aggregates with the insertion of surfactant molecules
into the core of flowerlike aggregates. The evolution of the
chemical shifts of the different carbon atoms with the SDS
concentration can be explained by an increasing participa-
tion of SDS in mixed aggregates. This process supposes that
the composition of mixed aggregates evolves with SDS
concentration. If we consider an equilibrium between free
SDS monomer and SDS involved in mixed aggregates, the
onset concentration for the uncooperative binding (Cyp)
between SDS molecules and the hydrophobic end groups of
AP can be evaluated. This critical concentration was found
to be much lower than the cac and possesses a value ranging
between 0.8 and 1 mmol/L according to the SDS C3—C;,
carbon considered. This value is consistent with previous
results obtained by Dai et al.*? (Cyg ~ 0.4 mmol/L) for
HEUR-C12 system.

With increasing SDS concentration, the deviation of the
0(C) curves is attributed to the onset of cooperative binding
between AP chains and SDS. The critical concentration
(Csps ~ 4 mmol/L) for such binding is comparable to the
cac observed in the presence of PEO. However, beyond the
cac, the binding mechanism of AP/SDS system is different
from that of PEO/SDS. By analogy with the PEO/SDS
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Figure 8. Chemical shift of carbon C; as a function of reciprocal SDS
concentration in D,O with different H;;—H 7 concentrations: 0.1 wt %
(©) 0.2 wt % (M), and 0.5 wt % (A).

system it was suggested”® the formation of SDS micelles
wrapped by the loops of flowerlike AP aggregates. This
assumption is not coherent with SANS results that will be
developed further. From SANS experiments it was clearly
shown that aggregates, in this domain of SDS concentrations
(Csps>4mmol/L), are mainly constituted by SDS molecules
with a few number of AP chains. Thus the cooperative
binding transition, in the presence of AP, could be explained
by the change from polymer induced mixed aggregates
to SDS induced micellar aggregates. In the former state
(Csps < cac), SDS molecules fit into pre-existing flowerlike
aggregates while in the latter one, SDS micelles with a few
alkyl end groups are complexed by the AP chains.

When the SDS concentration reaches the critical concen-
tration Cy, (Cp, = 18.5 mmol/L) the behavior of Hi;—H5/
SDS system is similar to that of PEO/SDS. In the domain of
concentrations Cgpg > Cp,, the chemical shifts are compar-
able for both systems. Beyond the concentration C,,, the
polymer chains are saturated, and free SDS micelles are
formed.

Carbons C; and carbon C, to a less extent, are more
sensitive to the local environment of SDS polar head. The
nonlinearity of the shift vs shift plots (cf. Supporting In-
formation) confirms that the aggregation process does not
involve just the monomer and a well-defined aggregated
structure. Linear regression of the different part of the plot
0(Cy) vs 1/Cyps allows to determine the critical concentra-
tions cac and C,, with different AP concentrations. The cac
values, slightly increasing from 4.1 mmol/L up to 4.8 mmol/L,
are not directly proportional to polymer concentration
increase. The transition from mixed aggregates to micellar
aggregates is mainly determined by the SDS concentration.
On the other hand the critical concentration C,,, which
corresponds to the saturation of polymer chain by SDS,
is more dependent on AP concentration (cf. Figure 8).
With increasing polymer concentration, more SDS mole-
cules are required to saturate the PEO polymer chains
(cf. Table 3).

The shift vs shift diagrams of C;—C;; carbons (cf. Sup-
porting Information) lead to straight lines and superimpose
with the corresponding ones of SDS/D,0 system suggesting
that the microenvironment of SDS internal carbons in the
core of mixed aggregates or micellar aggregates is not
modified by the presence of AP alkyl end groups. Never-
theless, the 6(C,) vs 6(Cs) plot (cf. Figure 9) reveals that the
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Figure 9. Relationship between d(C,») and 6(C;) for SDS solutions in
D0 (0) (dotted line) and in 0.2 wt % AP solutions (solid line) with
hydrocarbon end groups C;7H3s (®) and semifluorinated ones CgF;—
(CHy)yo (4) or CgF17—(CHy), (H).

microenvironment of SDS terminal carbon C,, is slightly
modified by the presence of AP end group.

3.2.4. Influence of Associative Polymer End Group. Figure 4
shows the carbon C; chemical shift as a function of 1/Csps
for different APs end-capped by hydrogenated end groups
(Hi7—H;7) or semifluorinated ones (FgH,—H,Fg and
FsHo—H,oFs). At lower SDS concentrations 6(C;) is mark-
edly affected by the chemical structure of AP end groups. In
this concentration range, the very slight variation of 6(C;) vs
1/Csps does not allow an accurate determination of Cyp
with fluorinated APs. The uncooperative binding occurs
probably at very low SDS concentration (Cspg < 0.1 mmol/L)
in agreement with previously reported phase behavior of
strongly associated fluoropolymers.> Homogeneous phase
of FgHo—HoFg/SDS/H,O ternary system was obtained
with a minimal SDS concentration of about 2.10™> mmol/L.

The observed chemical shift is a weighted average of the
different species involved in the equilibrium and does not
reflect directly the microenvironment of the SDS carbon in
mixed aggregates. Nevertheless the 6(C;) evolution with AP
chemical structure proves that SDS molecules are involved in
the core of mixed aggregates thereby reflecting a certain
compatibilty between the hydrocarbon SDS tail and the
semifluorinated end groups. To determine more precisely
the effect of AP end groups on the structure and composition
of the core of mixed aggregates we examined the local
environment of internal carbons by the shift vs shift diagram.
The farther the atom from the polar headgroup, the larger
the change of chemical shift compared with SDS/D,O
system. Thus, the end of the SDS hydrophobic tail should
be more sensitive to the environment in mixed aggregates.
The plot shift vs shift of the carbon pair C,,/Cj3 is reported in
Figure 9 for SDS in pure D,O and for the AP/SDS/D,0O
ternary systems. The linear relationship observed over the
SDS concentration range for the different systems is consis-
tent with an equilibrium involving two main species, mixed
aggregates and SDS micellar aggregates. These results sug-
gest that the local environment of the carbons of the SDS
hydrocarbon tail in wrapped aggregates is very similar to the
free micelle one.

For the H;;—H7/SDS/D,0 system, the shift vs shift plot
is superimposed with the corresponding one of the SDS/D,0O
system. Thus the presence of hydrocarbon end group does
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Table 3. Parameters Obtained from >*C NMR Data

cac or cmc”
sample Cpol (Wt %) (mmol/L) Cp (mmol/L)

SDS 8.1

SDS + PEO 0.2 48" 18.5
SDS + H;;—H,, 0.1 4.1 8.7
SDS + H;7—Hy 0.2 4.5 18.5
SDS + H,,—H,, 0.5 48 34.3
SDS + FgH,o—H oFs 0.2 4.4 18.9
SDS + FgH,—H,Fg 0.2 4.1 18.4

“Values obtained by linear regression of C; carbon chemical shift,
margin of error £ 0.2 mmol/L. ” Average value determined from internal
carbons (C3—C,) chemical shifts.

not modify the microenvironment of SDS tail. On the
contrary, due to the presence of perfluorinated segment,
the 6(Cy») vs 6(C3) plot is moved. The shift is more pro-
nounced in presence of the highly fluorinated CgF;;,—(CH>,),
end group, thus confirming the formation of mixed aggre-
gates between SDS and fluorinated end-capped PEO. At
constant polymer concentration (Cpo1 = 0.2 wt %), the
critical concentrations cac and C,, determined from &(C))
data are independent of the chemical structure of AP hydro-
phobicend groups (cf. Table 3). These findings for cac values
are consistent with the onset of cooperative binding between
SDS and AP and the formation of SDS induced micellar
aggregates. Therefore the transition between mixed and
micellar aggregates is governed by the SDS concentration
independently of hydrophobic end-cap structure. The for-
mation of micellar aggregates, mainly constituted by SDS
molecules, depends on the PEO chain capability to complex
and stabilize aggregates with a lower aggregation number
than that observed in pure water.

13C NMR spectra of —OCH,— groups of the polymer
chain in FgH;y—H;oFg/SDS/D,O system are shown in
Figure 10. At low SDS concentration the spectrum exhibits
the sharp signal (0 = 69.58 ppm) corresponding to the free
polymer chain. Increasing surfactant concentration, a
second signal appears and moves downfield up to 6 =
69.81 ppm. At Csps = 10 mmol/L, the coexistence of two
main peaks shows that the polymer chain exchange slowly
between free and aggregated states. The broadened signals
observed at higher SDS concentrations reveal the presence
of various environments for carbon C; corresponding to
different states of SDS/polymer chain interactions which
exchange slowly. The SANS study will give more informa-
tion about the structure and composition of the aggregated
species.

3.3. Small Angle Neuton Scattering (SANS). Aqueous
solutions of AP were prepared in D,O to enhance the
scattering contrast at concentrations ranging between 0.5
and 5 wt %. For monodisperse assemblies of spherically
symmetric colloidal particles, the scattering intensity can be
expressed by

I(q) = ®Vo(Ap)*P(q)S(q) (4)

where ¢ is the wave vector, @ is the aggregate volume
fraction, V) is the dry volume of an aggregate, and Ap is
the contrast (i.e., the difference in the scattering-length
density between the dry aggregate and the solvent, D,0).
P(q) is the form factor and S(g) is the structure factor that
expresses the interaction between aggregates. Figure 11
displays the neutron scattering intensity obtained for Hy;—
Hy;; AP in dilute regime (Cpo = 0.5 and 1 wt %). The
intensities displayed in Figure 11 bring information on form
factors of noninteracting self-assembled aggregates. For

Rufier et al.

A e

*
20 mhd
*

10 mh

*
g8mm
* 6 mhd
i e A
70 69.5 69 ppm 685

Figure 10. Influence of SDS concentration on the '*C NMR spectra
corresponding to —CH, groups of the polymer chain of FgH;o—H(Fs
at Cpy = 0.2 wt %: (%) signal of carbon C;.

H,;;,—H;7/SDS/D-0 ternary system, the asymptotic scatter-
ing functions at low wave vector ¢ are well reproduced by a
Guinier approximation according to eq 5:

_ 2R 2 _ 2R 2
I(q)—Ioexp<q3G = ®V)Ap® exp % (5)

In the Guinier regime, eq 5 accounts for the overall size of
the aggregate and allows to determine its radius of gyration
Rg. In the dilute regime (¢ — 0) the decrease of I observed in
presence of SDS means that the mass of mixed micellar
aggregates is reduced with regard to the one of an AP
aggregate. The radius of gyration of Hy;—H;; flowerlike
aggregates can be estimated from the change in slope at ¢ ~
0.025 A~ leading to Rg =78 A. The difference of scattered
intensities between ternary mixture H;;—H,;7/SDS/D,0 and
the corresponding binary systems, at low ¢ values, reveals
strong AP/SDS interactions and consequently modifications
of the structure and size of self-assembled species. The
aggregation number (p) of the flowerlike aggregates can be
determined from the extrapolated scattered intensity at ¢ —
0, Iy = Vy®Ap” The excess scattering length densities (Ap) of
the aggregate with res?ect to D,O were calculated from data
established by Sears®* (cf. Table 2). The total aggregation
number determined from the prefactor of the exponential in

. . P VO
eq 5 can be expressed by: p = Ry 7Where Vo

and V,,, are the dry volumes of SDS and associative poly-
mer, respectively, and pspg and pap are the partial aggrega-
tion numbers of SDS and AP. If we suppose an uniform and
homogeneous distribution of SDS and AP between aggre-
gates, the ratios psps/p and pap/p can be determined from
initial conditions. The aggregate sizes and aggregation num-
bers of the different self-associated species are reported in
Table 4. The increased mass of mixed aggregates upon
addition of AP and the decreased radius of gyration of
flowerlike AP aggregates in presence of SDS confirm '*C
NMR findings with the formation of a new type of aggregate
in this range of concentrations (Cpo < C*, cac < Cspg < Cyy),
called “micellar aggregates”. As shown by the values of
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Figure 11. Neutron scattered intensities from dilute aqueous solutions
of telechelic polymer H;;—H,; in presence of SDS (8 mmol/L) at Cp,o =
0.5 wt % (a) and 1 wt % (0) and AP alone (without SDS) at Cp,o =
0.5 wt % (M). The solid lines are asymptotic behavior derived from eq 5.

Table 4. Structural Parameters of Self-Assembled Aggregates
Involving SDS and/or Associative Polymer Hy;—H7 in Dilute
and Semidilute Solution

Csps (mmol/L) Coot (Wt %)  RG(A)  par  psps D (A)
16 0 16+1 66
0 0.5 78+ 1 7
8 0.5 30+1 0.7 23
8 1.0 3341 1.0 15
8 3.0 8.0 45 210+8
8 5.0 9.0 30 185+6

“Dis the most probable distance between aggregates as deduced from
the location of the scattering peak.

aggregation numbers, the micellar aggregates are formed
mainly by SDS molecules with a few APs. The formation of
these aggregates is governed by SDS. As suggested by
Abrahmsén et al.,>> SDS micelles act as seed for the associa-
tive polymer aggregation.

The SDS aggregation number (psps) at Csps > cacis lower
than that of free SDS micelles in water. Furthermore in dilute
regime, psps evolves with polymer concentration, the larger
the polymer concentration, the smaller the aggregation
number. Our findings (15 < psps < 25) are consistent with
results reported by Zana et al.'” for PEO/SDS system.
The average pap value is equal or less than 1, meaning that
the polymer chain is long enough to participate on average in
two aggregates as obtained by Bernazzani et al.'! with
unmodified PEO. At constant SDS concentration (Csps =
8 mmol/L), with increasing AP concentration, the structure
and composition of micellar aggregates are modified. This is
a main difference with AP aggregation behavior. When
expressed in terms of 1(¢)/®, the neutron intensities of the
binary system (AP/D,0O) are found to superimpose in the
high ¢ range,*® whatever the polymer concentration ranging
from 0.5 to 8 wt % indicating that the aggregate local
structure remains unchanged. On the contrary in the ternary
system (H;;—H;7/SDS/D,0), the scattering curves in the
high ¢ range evolve as a function of AP concentration
(cf. Figure 12). Due to the presence of SDS, the qualitative
changes in scattering reflect modifications of aggregates in
form and composition according to the ratio AP/SDS.

In the semidilute regime (Cap > C*), the structure factor
S(g) affects intensities in the low ¢ range and a correlation
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Figure 12. Neutron scattered intensity normalized by the aggregate
volume fraction @ from aqueous solutions of telechelic polymer H;;—
H,; for Cap=0.5, 1, 3, and 5 wt %, with SDS (8 mmol/L). In the high
g range, the various spectra according to polymer concentrations do not
superimpose as observed for binary system (AP—D,0).%

Table 5. Structural Parameters of Self-Assembled Aggregates In-
volving SDS (Csps = 8 mmol/L) and Various Associative Polymers
in Aqueous Semidilute Solution (Cxp = 3 wt %)

polymer Ve (A% PAP Psps D (A)
H,,—H,, 532 8+1 4545 21048
FsH,—H,Fg 522 9+1 4747 21548
FgHo—HoFg 765 16+2 85+10 260+ 10
H,s—H oFs 242 68+8 240+ 10
Hs—H,Fg 7T+1 40+ 5 200+ 10

a

Vg™ is the end group molecular volume. For SDS, V, = 410 A3,

peak appears at ¢« = 0.03 and 0.034 A, respectively for
3 and 5 wt % solutions. The structure factor S(g) is due to
electrostatic repulsive interactions between aggregates. The
wave vector ¢max of the peak position is related to the
ordering of the aggregates and provides information on
the average interaggregate distance D. The typical nearest
neighbor distance D can be determined from ¢,.x = 271/D.
Assuming that aggregates adopt a regular organization in
space on a simple cubic lattice instead of taking their true
liquidlike order, the aggregation number p can be estimated
from the aggregate density N/ and AP molar concentration
C, p=CN(V/N). (According to the previous hypothesis, the
unit cell contains one aggregate /N = D>.) The aggregation
numbers psps and pap are significantly increased above the
threshold concentration C* corresponding to the sol—visco-
elastic transition with the formation of a multiconnected
network of aggregates. Above C*, the micellar aggregates
defined in the dilute regime do not exist any longer and are
replaced by mixed aggregates. As was observed in the dilute
regime, the SDS aggregation number of mixed aggregates
decreases when the AP concentration increases.

At constant concentrations (Cap=23 wt %, Csps=8 mmol/L),
scattered intensities from semidilute solutions are slightly
affected by the chemical structure of telechelic polymer end
group and by the polymer architecture (symmetric or asym-
metric). The aggregate size and the average interaggregate
distance D mainly depend on the hydrophobic end group
volume (cf. Table 5) and incidentally on chemical nature
(fluorinated or hydrocarbon group). Independtly of the
compatibility between fluorinated end groups and SDS
hydrocarbon chain, mixed aggregates are formed, and the
larger the hydrophobic end group, the higher the aggregation
numbers. In the absence of surfactant, a similar conclusion
was reported by Tae et al.>” with fluorinated HEUR from
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Figure 13. Schematic overview of aggregate structures as a function of
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SANS experiments. These authors demonstrated that the
hydrophobic length of semifluorinated end groups governs
the aggregation number. The aggregate mass of asym-
metric telechelic polymers seems to be equivalent or inter-
mediate between the homologous symmetric telechelic poly-
mer ones.

4. Discussion

From experimental findings obtained by tensiometry, '*C
NMR spectroscopy and SANS, the interactions between SDS
and telechelic associative polymers can be elucidated. They are
described in a schematic diagram (cf. Figure 13). These analytical
techniques bring specific information concerning critical transi-
tions between different types of SDS/telechelic polymer self-
association and allow to define the structure and composition
of the aggregates. The diagram provides a useful tool to describe
the evolution of the aggregation process according to the con-
centrations of surfactant and telechelic polymer. In domain I the
interactions between SDS and AP in a monomeric state are
limited, concentrations are too low to engage in the aggregation
process. Above a certain critical concentration (cac) determined
by tensiometry, self-assembled aggregates of telechelic polymers
are formed. The aggregation number (pap = 7) in the binary
system H;,—Hj;/water was determined by SANS. As conjectured
by Semenov et al.,? it was found, based on SANS experiments,36
that telechelic associative polymers self-assemble into flowerlike
aggregates.

Domain IT describes the behavior of AP aggregates in presence
of SDS and the formation of mixed aggregates. The uncoopera-
tive binding occurring between SDS and hydrophobic polymer
end group was detected by Dai et al.* with SDS/HEUR. This
process driven by telechelic polymer association is operative
at low SDS concentrations. The critical concentration of unco-
operative binding (Cyg) of H7—H;7/SDS/D,O system, esti-
mated by *C NMR spectroscopy, is well below the SDS cac
(Cup =~ 1 mmol/L). The variation in SDS carbon chemical shifts
according to the AP hydrophobic end group reveals a modifica-
tion of the SDS tail local environment and produces further
evidence of the formation of mixed aggegates.

In dilute regime (Cap < C*), when the SDS concentration
reaches the cac (domain I1I), a cooperative binding between SDS
and PEO chain occurs. Beyond this transition, clearly shown by
13C NMR spectroscopy, mixed micelles reorganize into a neck-
lacelike conformation where PEO chains wrapped around mi-
cellar aggregates. The SDS aggregation number determined from
SANS experiment remains lower than that observed with SDS in
pure water. With a limited AP aggregation number (pap ~ 1), the
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micellar aggregate structure is different from the flowerlike
aggregate one. That could be explained by the complexation of
the aggregate core by PEO chain. *C NMR spectra of —OCH,—
groups of PEO chain exhibit a sharp signal at low SDS concen-
trations due to free PEO chains in the aqueous environment.
Increasing SDS concentration leads to the emergence and devel-
opment of a signal downfield attributed to PEO segments in close
interaction with SDS aggregates. With the onset of cooperative
binding, the cac corresponds to a transition between an associa-
tive polymer driven process and a surfactant driven process.

With a further increase in SDS concentration, the critical
concentration Cy, is reached with the formation of free SDS
micelles (cf. Figure 13, domain IV). The equilibrium between
micellar aggregates and free SDS micelles is clearly shown by '°C
NMR results. The critical concentration Cy, corresponds to the
saturation of polymer chains by SDS and depends on polymer
concentration.

In the semidilute regime (domain V), at polymer concentra-
tions beyond C*, the investigation of aggregate structure was
limited to the SANS technique. In a previous paper,® we have
related the influence of SDS on the rheological behavior of
telechelic polymers in aqueous medium at Cp,; > C*. To explain
the augmentations of the elastic plateau modulus (Gy) and
relaxation time (7) in presence of SDS, it was suggested the
formation of mixed aggregates with SDS molecules incorporated
into the core of flowerlike micelles. The viscoelastic response of
semidilute solution in presence of different surfactants (hydro-
genated or fluorinated) was correlated with the interactions
between hydrophobic end groups and surfactant inside mixed
aggregates.” SANS results reported in the present paper confirm
these assumptions and prove the formation of mixed aggregates.
The polymer aggregation numbers, determined by SANS, remain
practically unchanged (pap~ 8) in comparison with those ob-
served in the binary system (without surfactant pap = 7). While
the SDS aggregation number is significantly increased (psps > 30)
when compared to aggregates in dilute regime. In the semidilute
regime the structure of mixed aggregates and bridging between
aggregates leading to the transient network as observed in the
rheological response” are driven by the associative polymer. The
peak of scattering intensity related to structure factor accounts
for the interactions between aggregates.

The semidilute regime beyond a SDS concentration Cspg =
8 mmol/L (domain VI) was not investigated, for the moment. It
has been shown by Zhang et al.” that an excess of SDS (about 33
SDS per AP hydrophobe) leads to the network break-up. The
evolution of the network topology will be associated with a
gradual change of aggregate structure. The values of pgpg that
increase with the ratio SDS/AP necessary reach a maximum
compatible with the mixed aggregate structure. At the same time
a decrease of the polymer aggregation number (pap) could
explain the reduction of viscosity in relation with a reduced
density of elastically active chains and a limited functionnality of
aggregates. Critical concentration analogous to the cac observed
in dilute regime leading to the formation of micellar aggregates
cannot be completely ruled out. More specific investigations, out
of the scope of this study, are needed to determine the aggregate
structures and possible transitions between different states.

Without surfactant, the inner structure of flowerlike aggre-
gates in the binary system AP/water remains unchanged in a
ldrge range of concentration including dilute and semidilute
regime.*® Due to the presence of surfactant, present results
show that the behavior and the structure of AP aggregates are
strongly modified and depend on the concentrations of associa-
tive polymer and surfactant. Inside the various domains corre-
sponding to different types of associations and interactions, the
inner structure of self-assembled aggregates evolves with SDS/AP
ratio.
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5. Conclusion

In this paper, the interactions between SDS and associative
polymers in aqueous solution were investigated by '*C NMR
using the SDS hydrocarbon tail as an internal probe. In this way,
it is possible to establish the SDS environment (free monomer,
free micelle, aggregates with hydrophobic polymer end groups)
and the equilibrium between the different species. Two types of
aggregates were clearly identified, micellar aggregates and mixed
aggregates whose formation is governed, respectively, by surfac-
tant and the associative polymer. In the dilute regime, three SDS
critical concentrations are determined. With increasing SDS
concentration, the first one corresponds to uncooperative bind-
ing (Cyg) between SDS and AP flowerlike aggregates leading to
the formation of mixed aggregates. The critical aggregation
concentration (cac) determines the onset of cooperative binding
with the formation of micellar aggregates. Beyond the saturation
concentration (Cy,), free SDS micelles are formed. Despite the
well-known poor affinity between hydrocarbon and fluorocar-
bon groups, the formation of mixed aggregates involving SDS
and polymer fluorinated end-caps was clearly shown.

From neutron scattering studies it was possible to estimate the
aggregation number of SDS (psps) and associative polymer (pap)
in the hydrophobic core of surfactant micelles and mixed aggre-
gates. In dilute regime, the strong interactions between anionic
surfactant and PEO bring about a decrease of the SDS aggrega-
tion number (psps &~ 20 in micellar aggregates) as well as a
decrease of the size of the flowerlike aggregates. The evolution
of aggregate structure with polymer concentration is shown by
change of the normalized neutron scattered intensity at large
wave vectors. In semidilute regime, mass and volume of mixed
aggregates increase with the volume of the associative polymer
end group.

A combined study by '*C NMR spectroscopy and SANS of
this intriguing system reveals that self-assembled species are in
constant evolution according to the ratio SDS/AP.

Supporting Information Available: AP characterization via
figures showing an SEC trace, '’F NMR spectra and titration of
residual OH, and ">C NMR shift vs shift diagrams of SDS
involved in different systems: SDS/D,0 and associative poly-
mer/SDS/D,0. This material is available free of charge via the
Internet at http://pubs.acs.org.
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