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Abstract

Dynamic light scattering (DLS) and fluorescence recovery after pattern photobleaching (FRAPP) were used to study the interaction of low
molecular weight poly(ethylene glycol) (PEG) with micelles of two different surfactants: tetradecyldimethyl aminoxide (C14DMAO, zwitterionic)
and pentaethylene glycol n-dodecyl monoether (C12E5, non-ionic). By using an amphiphilic fluorescent probe or a fluorescent-labeled PEG
molecule, FRAPP experiments allowed to follow the diffusion of the surfactant–polymer complex either by looking at the micelle diffusion or
at the polymer diffusion. Experiments performed with both fluorescent probes gave the same diffusion coefficient showing that the micelles and
the polymer form a complex in dilute solutions. Similar experiments showed that PEG interacts as well with pentaethylene glycol n-dodecyl
monoether (C12E5).
© 2006 Elsevier Inc. All rights reserved.

Keywords: Polymer–surfactant interactions; Poly(ethylene glycol); Dynamic light scattering; Fluorescence recovery after pattern photobleaching
1. Introduction

The interactions between surfactant phases and polymers
have attracted great interest in the last years because of the
applications of mixed surfactant–polymer systems [1–3]. Sur-
factants are relevant in processes such as detergency, wetting,
foaming or emulsification, while polymers are used to control
the viscosity of solutions. The mixed systems have properties
differing from those of the pure components due to the com-
plexation of the polymer with the surfactant.

It is well known that ionic surfactants interact much more
strongly than non-ionic surfactants with neutral polymers [1].
In fact, anionic surfactants have a higher affinity for neutral
polymers than cationic surfactants [3]. Ionic surfactants form
micellar complexes with the polymer chain, which are formed
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at the critical aggregation concentration (cac), which is substan-
tially lower than the critical micellar concentration (cmc) of the
pure surfactant solution.

In this paper, we study the interaction between the zwitteri-
onic surfactant tetradecyldimethyl aminoxide (C14DMAO) [4]
and PEG. In our experimental conditions, C14DMAO behaves
like a non-ionic surfactant. The aim of the work is to know if
C14DMAO micelles and PEG molecules form complexes or if
they remain as individual aggregates in solution since it has
been shown that the addition of polymer to a lamellar phase
induces a spontaneous formation of highly monodisperse mul-
tilayered vesicles [5]. In addition, we have performed similar
experiments with PEG–C12E5 mixtures.

2. Materials and methods

Tetradecyldimethyl aminoxide (C14DMAO) which was re-
crystallized twice, was a gift from Dr. H. Hoffmann. It is a zwit-
terionic surfactant but behaves like a non-ionic in neutral or al-
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kaline solutions as in our case [4]. Fluorescein-5-isothiocyanate
(FITC ‘Isomer I’) was purchased from Molecular Probes.

Pentaethylene glycol n-dodecyl monoether (C12E5) was pur-
chased from Nilkko Chemicals (Tokyo, Japan) and used as re-
ceived.

Poly(ethylene glycol) (PEG) of molecular weight 20,000
g/mol and 5-(4,6-dichloro-s-triazin-2-ylamino) fluorescein hy-
drochloride, (C23H12Cl2N4O5HCl or Cl DTAF) were pur-
chased from Sigma and used as received.

All samples were prepared in ultra-purified water (resistiv-
ity ≈ 18 M� cm).

2.1. PEG 20,000 labeling with DTAF

In order to follow the polymer diffusion with the FRAPP
technique, we labeled PEG molecules with a fluorescent dye,
according to the DTAF labeling of dextran [6]. In the following
paragraph, we briefly describe the labeling procedure, which is
represented in Fig. 1. Materials, synthesis details, and purifica-
tion steps are described in details in Supplementary material.
Numbers and letters between brackets refer to the synthesis
steps depicted in Fig. 1.

2.2. PEG-propylamine (2)

The addition of bromopropylamine (a) (1 g) to a solution of
PEG 20,000 (1) (1 g) in aqueous NaOH (6.2 N) gave 1.99 g
of crude product. After dialysis against water, the product was
lyophilized to afford 853 mg of white powder, PEG-propyla-
mine (2).

2.3. PEG-propylamino-DTAF (3) and (4)

400 mg of PEG-propylamine (2) and Cl DTAF (b) (90 mg,
1.70 × 10−4 moles, i.e., 4.25 eq/NH2) were allowed to react in
sodium tetraborate buffer solution (0.1 M, pH 9) at room tem-
perature overnight. The reaction mixture was dialyzed against
Millipore water and lyophilized to afford 390 mg of yellow
powder, crude dyed polymer (2b).

105.5 mg of crude dyed polymer (2b) were dissolved in
aqueous NaOH (70 ml, pH 9) and dialyzed against 2 L of a
NaOH (pH 9) solution for one month.

The dialyzed dyed polymer in solution was purified by gel
exclusion chromatography and recovered in 3 elution volumes:
A and B, orange solutions of dyed polymer PEG–DTAF, then C,
yellow solution of free dye DTAF.

Solutions A and B were lyophilized to afford respectively
47.9 mg and 34.8 mg of a mixture of PEG di DTAF (3) and
PEG mono DTAF (4).

In the following, only the fluorescent-labeled PEG from A
will be used, called FPEG.

2.4. Dynamic light scattering (DLS)

In a dynamic light scattering experiment, a laser beam is
scattered by a small volume of the sample; light is collected
Fig. 1. Steps in the labeling procedure of PEG with a fluorescent molecule (DTAF) in order to obtain FPEG.
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by a photomultiplier at an angle θ , with respect to the incident
beam. The scattered light presents intensity fluctuations that can
be related to the mutual diffusion coefficient Dm of the particles
present in solution.

The normalized time autocorrelation function of the inten-
sity of the scattered light for a given delay time τ is

(1)g2(τ ) − 1 = β
∣
∣g1(τ )

∣
∣
2
,

where β is a factor that depends on the experimental geometry.
For monodisperse particles in solution the field correlation

function decays exponentially, g1(τ ) = exp(−Γ t), with a de-
cay rate Γ = Dmq2, where Dm is the mutual diffusion coef-
ficient and q = 4π

λ
sin(θ/2) is the magnitude of the scattering

vector, λ and θ being the wavelength and scattering angle in the
medium, respectively.

DLS experiments were performed in the homodyne mode
using a 633 nm He–Ne laser and an ITI FW130 photomultiplier
as light detector. The signal was digitized by an ALV-PM-PD
amplifier-discriminator. The signal analyzer was an ALV-5000
digital multiple-τ correlator. The intensity autocorrelation func-
tion was measured at 50◦, 70◦, 90◦, and 110◦. The sample
cells were 10-mL cylindrical ampules immersed in an index-
matching bath of toluene, thermostated at 20 ± 0.1 ◦C.

2.5. Fluorescence recovery after pattern photobleaching
(FRAPP)

The FRAPP technique has been described in detail else-
where [7]. Briefly, a fluorescent probe is homogeneously dis-
solved in the sample, and an irreversible bleaching of the fluo-
rescent groups is induced by a very brief powerful laser pulse.
A less powerful laser beam is used to monitor the fluorescence
signal as diffusion of the probes leads to a new homogeneous
concentration in the illuminated region of the sample. We used
a Spectra Physics argon laser (400 mW at 488 nm) for the pho-
tobleaching pulse; the weaker beam has a 1000 times lower
intensity. Both the bleaching and the monitoring beams are di-
vided and superposed in the sample to create an interference
fringe pattern. After the bleaching pulse, a piezoelectric crys-
tal makes the monitoring beam sweep the bleached fringes in
the sample, which reduces the noise to signal ratio in the recov-
ery exponential signal. The self-diffusion coefficients Ds are
deduced from the characteristic times τ of the recovery curves

by the classical relation Ds = i2

4π2τ
, where the interfringe val-

ues i are in the range 10–100 µm and the typical time values are
from 0.1 to 10 s. The Ds values fitted to the above relation are
obtained with an error smaller than 5%. FRAPP experiments
were performed at 20 ± 0.1 ◦C.

2.5.1. Mutual vs self-diffusion
In the dilute regime, the mutual and the self-diffusion coef-

ficients extrapolate to the same value. For spherical particles,
a hydrodynamic radius RH can be extracted using the Stokes–
Einstein expression:

(2)D = kBT

6πηRH
,

where kB is Boltzmann’s constant, T is the temperature, and η

is the viscosity of the solvent.

3. Results and discussion

3.1. Separate characterization of PEG and FPEG

We measured diffusion coefficients Dm of PEG by DLS
(Fig. 2). The extrapolation of Dm for infinite dilution leads to a
hydrodynamic radius of 2.61 ± 0.2 nm.

We have also determined by FRAPP the size of FPEG. The
fluorescence recovery signal in all the experiments was mo-
noexponential, that is, only diffusing particles of one size are
detected, and no free-DTAF was observed. In Fig. 2 we plot
the self-diffusion coefficient DFPEG of the fluorescent polymer
as a function of PEG concentration. The hydrodynamic radius
of FPEG extrapolated to infinite dilution is 2.68 ± 0.2 nm is in
good agreement with previously reported values [8,9] and with
our DLS results for PEG.

These experimental values are also in good agreement with
theoretical predictions. The gyration radius Rg for an ideal
chain in a good solvent is related to the mean square end-to-
end radius r by [10]

Rg ≈ r√
6
,

where r = 750 × 10−4(M)1/2 nm for PEG [9]. M is the mole-
cular weight. For a Gaussian coil, the hydrodynamic radius RH
is approximately two-thirds of the radius of gyration [11,12].
Then

RH = Rg

1.5
.

Taking M = 20,000 g/mol, we find RH = 2.9±0.1 nm, a value
reasonably close to the DLS and FRAPP results. The negative

Fig. 2. Diffusion coefficient of PEG as measured with DLS ("). Self-diffusion
coefficient DFPEG of the fluorescent polymer measured using FRAPP (1). The
lines are the fits from which the hydrodynamic radii of the polymers were ob-
tained. (2.61 ± 0.2 nm for DLS and 2.68 ± 0.2 nm for FRAPP.) In all plots, the
typical error is smaller than the symbol size.
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slope of the diffusion coefficient curves indicates an attractive
interaction between PEG molecules. This result agrees with the
fact that PEG has a slight tendency to aggregate in solution [13].

3.2. C14DMAO–PEG interactions

The surfactant concentrations studied are in the range 1 <

c < 55 mM. These concentrations are well above the crit-
ical micellar concentration (cmc = 0.12 mM at 25 ◦C). For
concentrations c below ∼10 mM, the micelles are spheri-
cal. Electric birefringence experiments show that an increasing
surfactant concentration leads to a sphere-to-rod transition at
around 10 mM [4]. Small-angle neutron scattering experiments
(SANS) confirm the existence of cylindrical micelles for the
higher surfactant concentrations [14]. The polydispersity index
obtained by this technique is in the range 0.4–0.8 [14].

3.2.1. DLS
In Fig. 3 we plot the diffusion coefficients obtained with

DLS; all correlation functions were single exponentials. For
each concentration, the polydispersity index obtained from cu-
mulant fits to the DLS data was low (<0.5).

[PEG] = 0 mM The diffusion coefficient of the pure C14DM-
AO micelles decreases from a value of 7.5 × 10−7 cm2/s
down to 3.5 × 10−7 cm2/s, as the surfactant concentration is
increased. Note that the surfactant volume fraction is small
enough to neglect interactions between micelles, i.e., the varia-
tion in the diffusion coefficient is due to micelle growth.

[PEG] = 0.25 mM When PEG is added to the surfactant so-
lution, the most diluted micelles see their diffusion coefficient
hindered by a factor 1.7. As only one size is detected in solu-
tion, this suggests a formation of PEG–micelles complexes.

3.2.2. FRAPP
FRAPP experiments allow us to have insight on this C14DM-

AO–PEG complex formation (Fig. 4).

[PEG] = 0 mM We have performed FRAPP experiments with
pure C14DMAO solutions for the same surfactant concentra-
tions as in Fig. 3. The amphiphilic fluorescent probe used in
these experiments is the fluorescein derivative, FITC grafted to
a 12 carbon hydrophobic tail that anchors in the micelles. Thus,
we follow the diffusion of the micelles in the system. As shown
in Fig. 4 ("), the self-diffusion coefficients of the C14DMAO
micelles confirm the DLS results.

[PEG] = 0.25 mM The FRAPP technique allowed us to fol-
low the two components of the mixed polymer–surfactant sam-
ples. When the amphiphilic probe was used, we followed the
diffusion of the surfactant aggregates, whereas when the flu-
orescent polymer was used, we followed the diffusion of the
polymer chains.

From Fig. 4 we can see that the self-diffusion coefficient
measured for the amphiphilic fluorescent probe in these sam-
ples correspond to that found by DLS for this polymer con-
centration. In addition, the D values of the fluorescent-labeled
Fig. 3. DLS. Diffusion coefficients D plotted versus C14DMAO concentration;
CPEG = 0 mM (") and CPEG = 0.25 mM (1). The surfactant volume fraction
was calculated using ρC14DMAO = 0.89 g cm−3.

Fig. 4. FRAPP. Plot of self-diffusion coefficients D versus C14DMAO con-
centration. Micelles were labeled with the fluorescent amphiphilic probe
C12-FITC. Concentrations as in Fig. 3, CPEG = 0 mM (") and CPEG =
0.25 mM (1). The fluorescent-labeled FPEG (E) ([FPEG] = 0.05 mM and
[PEG] = 0.20 mM) have the same mobility than the micelles.

FPEG (E) are identical to the values found for the amphiphilic
probe (1). At low surfactant concentrations, the diffusion co-
efficients associated with both the surfactant micelles and the
fluorescent polymer have the same value, significantly smaller
than that obtained for pure surfactant micelles (").

This adds information on the DLS results, clearly demon-
strating the formation of a polymer–surfactant complex.

Note that for the highest surfactant concentrations, the
polymer–surfactant complex mobility is faster than that of the
pure surfactant micelles. This result comes from the fact that
below 10 mM, the pure surfactant micelles are spherical, while
above 10 mM, they are cylindrical [4,14]. The growth and
the change of shape of the micelles explain the variation of
their mobility, as a function of surfactant concentration, in the
pure surfactant system. Obviously, the polymer modifies these
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micellar transformations, and the diffusion coefficient of the
complex has a less-pronounced variation.

The interaction between C14DMAO and PEG is probably
of hydrophobic type. In fact, earlier work, based on NMR ex-
periments suggests this kind of interactions for PEO and ionic
surfactants [15,16]. In addition, our results agree with the con-
tinuous adsorption mechanism found in computer simulations
for systems where the binding between polymer and surfactant
is dominated by hydrophobic interaction (i.e., when the surfac-
tant tails tend to adsorb on the polymer) [17].

3.3. C12E5–PEG system

3.3.1. DLS
[PEG] = 0 mM We performed DLS experiments with poly-
mer-free C12E5 micelles in samples with surfactant concentra-
tions in the range 1 mM � c � 90 mM. The critical micellar
concentration of C12E5 at 25 ◦C is 65 µM [18]. The cloud-
ing temperature of the binary system C12E5–water is around
31 ◦C [19]. Micelles are cylindrical and polydisperse for all
concentrations [20,21].

The DLS correlation functions are unimodal for surfactant
concentrations �5 mM. The relaxation time (τ ) is linearly de-
pendent on q−2 demonstrating a diffusive process.

For surfactant concentrations �5 mM the correlation func-
tion is very close to a single exponential, although a small-
amplitude, non-diffusive, faster component appears (less than
10% of total signal intensity). This component was not detected
by FRAPP experiments, and will not be taken into account here-
after. More experiments are necessary to clarify the origin of
this component.

The measured diffusion coefficients are plotted in Fig. 5
where the filled circles represent values obtained from the sin-
gle exponentials (c � 5 mM) and from the slow modes (c �
5 mM).

Fig. 5. Diffusion coefficients obtained from DLS experiments for C12E5 mi-
celles as a function of surfactant concentration ("). Slow (1) and fast (E)
modes obtained from DLS for PEG–C12E5 samples ([PEG] = 0.25 mM). The
broken line represents the diffusion coefficient of PEG in pure water.
The D values obtained are smaller than those found for
C14DMAO, indicating larger micelles. The behavior observed
agrees with results reported for this concentration range, for
the single exponential correlation functions and for the slow
modes [21].

[PEG] = 0.25 mM When PEG is added to the C12E5 so-
lutions, the DLS correlation functions become bimodal for
[C12E5] < 5 mM, the two characteristic times corresponding
to diffusive processes. The diffusion coefficients obtained are
plotted in Fig. 5.

For low surfactant concentrations, the diffusion coefficient
associated with the fast mode is very close to that of free
PEG (horizontal broken line in Fig. 5, as calculated from the
data in Fig. 2). The slow mode in the polymer–surfactant sam-
ples yields diffusion coefficients very similar to those of the
polymer-free micelles.

However, by increasing the concentration of surfactant,
a more dramatic effect appears as shown in Fig. 5. The D

values corresponding to the fast mode start to decrease from
[C12E5] = 8 mM, down to the slow mode D values (attained
for [C12E5] ≈ 10 mM).

In order to determine the localization of the PEG molecule
and detect possible PEG–C12E5 complexes, we used the com-
plementary FRAPP experiments (Fig. 6).

3.3.2. FRAPP
[PEG] = 0 mM We have performed FRAPP experiments with
pure C12E5 solutions for the same surfactant concentrations as
in Fig. 5; the data (", Fig. 6) obtained correspond well to the
DLS results.

[PEG] = 0.25 mM When non-fluorescent PEG is added to
the micelles labeled with C12-FITC, the diffusion coefficients
obtained (P) exhibit a monotonic evolution similar to the one
observed for PEG-free micelles ("). For c < 8 mM, the higher

Fig. 6. FRAPP. Diffusion coefficients D versus C12E5 concentration, for poly-
mer-free micelles (") and for micelles in the presence of 0.25 mM PEG (P).
The micelles were labeled with C12-FITC. Two D values are detected when
using FPEG (E and 1, respectively).
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D values obtained by DLS are not detected, suggesting that the
small aggregates are not micelle-like objects.

For [C12E5] < 8 mM, using fluorescent-labeled FPEG, the
fluorescence recovery curves are perfectly fitted by a two-
exponential expression:

(3)�I (t) = C1 + C2e
−t/τ1 + C3e

−t/τ2 .

Both characteristic times define Brownian motion by scaling as
q2. The corresponding D values correspond to the two values
found by DLS (Fig. 5).

The faster mode is thus due to PEG molecules that do not
interact with micelles, the slower mode corresponds to PEG–
micelles complexes.

For [C12E5] > 10 mM, the data clearly indicate that all PEG
molecules form complexes with micelles.

Although surprising, this result agrees with data obtained
for higher molecular weight PEG [19]. For low surfactant con-
centrations the observed diffusion modes (Figs. 5 and 6) are
related to PEG–C12E5 complexes and PEG molecules (with-
out surfactant). This effect is probably due to the fact that the
surfactant does not adsorb molecule by molecule onto the poly-
mer. Instead, entire surfactant micelles adsorb onto individual
polymer molecules. As the aggregation number of C12E5 is
>100 [21,22], when the surfactant concentration is low, there
are no enough micelles available for adsorption to every PEG
molecule. This result agrees with the generally accepted pic-
ture where complete surfactant micelles adsorb on the polymer,
leading to a necklace of micelle pearls on a polymer back-
bone [23]. Computer simulations predict this kind of adsorption
when the binding between polymer and surfactant is dominated
by the surfactant headgroups [17].

4. Conclusions

We have studied the interaction between a hydrosoluble
polymer (PEG, Mw = 20,000 g/mol) and the micelles of two
different surfactants. Our experimental results show that the
polymer interacts with C14DMAO (a zwitterionic surfactant
which behaves like a non-ionic one in our experimental condi-
tions) forming a polymer–surfactant complex. This conclusion
agrees with preliminary results obtained with the same polymer
but different lyotropic phases (lamellar, sponge) of the same
surfactant [5]. The interaction between PEG and C14DMAO
seems to be of hydrophobic type. The DLS and FRAPP ex-
periments show in the same manner that PEG interacts with
C12E5. Since the polar head of the surfactant is a PEG motif,
this is rather an unexpected result. The PEG–C12E5 interaction
is due to the binding of the polymer and the surfactant polar
head.
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