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Abstract

Aqueous micellar solutions of fluorinated surfactants CI(C;F¢0),CF,COOX, X =NH,* or Na*, have been examined in the temperature range
297-333 K by the time resolved fluorescence quenching technique, using cationic pyrene derivative as a luminophore and methylviologen cation as
a quencher. Based on the model proposed by Infelta and Tachiya we have determined aggregation numbers, N, and rate constants of intramicellar
fluorescence quenching, k¢, and of the quencher exit from micelles, k™. The observed dependencies of N as a function of temperature are compared
with those reported from small angle neutron scattering studies [C.M.C. Gambi, R. Giordano, A. Chittofrati, P. Pieri, P. Baglioni, J. Texeira, J.
Phys. Chem. A 107 (2003) 11558-11564; C.M.C. Gambi, R. Giordano, A. Chittofrati, P. Pieri, P.Baglioni, J. Texeira, J. Phys. Chem. B 109 (2005)
8592-8598]. The kq and k™ data, and the respective activation energies, are discussed in terms of micellar size, packing of surfactant molecules
and charge density at the interface, depending on surfactant concentration and the kind of counterion.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Fluorescence probe methods are widely employed in the stud-
ies of self-assembled amphiphilic systems [1]. In particular,
examination of fluorescence quenching of the probes embedded
in micelles enables to determine micellar aggregation numbers,
N. Such studies are sparse, however, for fluorinated systems
because popular protiated luminophores and quenchers often
appear incompatible with the host.

We have shown that aggregation numbers of anionic fluo-
rosurfactants in aqueous solutions at room temperature can be
obtained from time resolved fluorescence quenching (TRFQ)
measurements using cationic luminophore: 1-pyrenebutyl-
trimethylammonium bromide (PBTMA), and cationic quencher:
1,1’-dimethyl-4,4’-bipyridinium dichloride (methylviologen,
MYV) [2]. This method, based on the model developed by Infelta
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and Tachiya [3,4], was recently applied to study aggregation
of CI(C3F¢0),,CF,COOX compounds (PFPE-n-X), consisting
of n=2 or 3 isopropoxy units and the counterion X=Na* or
NH4*[5]. A significant growth of PFPE-n-X aggregates was
observed with increasing surfactant concentration. Very high
aggregation numbers at large surfactant concentrations were
rationalized assuming a transition from spherical to ellipsoidal
micelles, in agreement with the results of small angle neutron
scattering (SANS) studies [6—8]. Furthermore, it was concluded
in the TRFQ study that the degree of counterion binding to
micelles is higher for NH4* than for Na*; as a consequence
N values at a given surfactant concentration, and the rate con-
stants of intramicellar quenching at a given N (above N ~ 40),
are higher for the ammonium salt.

The present work has been aimed to test usefulness of the
PBTMA/MYV probe pair for examining fluorinated surfactant
micelles at elevated temperatures, up to 333 K. Analysis of the
TRFQ data for selected PFPE-2-X systems enabled us to deter-
mine temperature effect on aggregation numbers of spherical
and ellipsoidal micelles, and to estimate activation energies of
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intramicellar fluorescence quenching and of the quencher exit
from the aggregates. Some preliminary results have been pre-
sented earlier [9].

2. Materials and methods

PFPE-2-X surfactants of purity around 99% (with respect
to the formula given above) were supplied by Solvay
Solexis—Research & Technology, Bollate (Milano), Italy. Their
synthesis and chemical analysis has been described by Tonelli
etal. [10]. PBTMA (Molecular Probes) and MV (98%, Aldrich)
were used as received. Water was purified using the Millipore
system (Milli-Q Plus). Preparation of samples, the photolysis
setup based on a nitrogen laser (Laser Photonics 120C: pulse
300 ps, 50 pJ, or PTT GL-3300: pulse 800 ps, 300 wJ) and details
of TRFQ measurements have been described earlier [5,11].
Kinetic traces were recorded at selected temperatures for the
surfactant solutions containing <5 wmoldm™3 PBTMA (aver-
age probe/micelle ratio <0.01) and various concentrations of
MYV, not exceeding the micelle concentration. The samples were
carefully deaerated by bubbling with argon gas (40 min at least)
and equilibrated at a given temperature (measured with accuracy
+0.5 K) for at least 20 min.

3. Analysis of the kinetic traces

The results of TRFQ experiments were analyzed with the
model developed by Infelta and Tachiya [3,4]. The model
assumes that the intramicellar quenching is a classical first
order process, and the observed nonexponential decay curves,
fluorescence intensity (I) versus time (), Eq. (1), are due to
the distribution of the luminophore and quencher molecules
between micelles according to Poisson statistics

1(r) = Arexp{—Aazt — A3[1 — exp(—A4n)]} ey

where Aj =1(0), and the parameters Ay — A4 are given by:
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where ky is the rate constant of fluorescence decay in the absence
of the quencher; k* and k™ are rate constants of the quencher
entry to, and exit from micelles, respectively; K=k*/k™ is the
equilibrium constant of the quencher binding to a micelle; kqm
is the pseudo-first order rate constant of intramicellar fluores-
cence quenching; [Q] and [M] are the quencher and micelle
concentrations, respectively.

The above equations simplify in the case of so-called immo-
bile quenchers, which do not migrate between micelles during
the life time of the excited luminophore. Then A, = kg (kg can be
determined in a separate experiment for [Q]=0), A3 =[Q]/[M]
(the average occupation of micelles by the quencher), A4 =kqm,

and the concentration of micelles is given by the slope of the lin-
ear Az versus [Q] dependence. In the case of a mobile quencher
we have used an iterative procedure [12] to obtain the rate con-
stants k~ and kqm, based on Egs. (2)—(4), and the concentration
of micelles was determined under the assumption: k*[M] > k~.
The aggregation number, N, for a given amphiphile concentra-
tion, C,, was calculated from the relation:
C, —CMC

(M] = N &)
where CMC is the critical concentration of micellization,
assumed as 0.021 and 0.020 mol/dm? for PFPE-2-NH,4 and
PFPE-2-Na, respectively (like in the previous fluorescence and
SANS studies [5-8]), according to surface tension and con-
ductivity data at room temperature [13,14]. We note that the
recent ESR spin probe study of the PFPE-2-NHy system indi-
cates no CMC change with temperature increase up to 333K
[15],although the ESR value is lower, CMC =11+ 1 mmol/dm?3.
Such difference in CMC is not significant for determination
of aggregation numbers at higher surfactant concentrations (cf.
experimental errors below), but for the 0.048 mol/dm3 solution
of PFPE-2-NHy the N data obtained with the lower CMC value
would by higher by 8—11 units (depending on temperature).

It is relevant to add that the above model assumes complete
binding of the luminophore to micelles. Although PBTMA is
soluble to some extent in water, such assumption is justified tak-
ing into account the very low probe/micelle concentration ratio
(vide supra) and positive electrostatic interactions of PBTMA
with micelles. Our complementary experiments with the use of
I~ anions as quenchers indicate that the amount of the free probe
isindeed negligible. For the I concentrations, which effectively
quench PBTMA fluorescence in neat water, no quenching was
observed in micellar solutions (in the examined range of sur-
factant concentration and temperature). We also note that in
well-deaerated PFPE-X systems the rate constants of sponta-
neous fluorescence decay (kg values) are lower than in neat water
and independent of surfactant concentration.

4. Results and discussion

We have examined three micellar systems: 0.201 mol/dm?
PFPE-2-Na, 0.048 mol/dm® PFPE-2-NH, and 0.390 mol/dm?
PFPE-2-NHy. The first one has been selected to compare tem-
perature effect on the aggregation number with that reported in
the SANS study [8]. Agreement between room temperature data
obtained by TRFQ and SANS is better in the case of the sodium
salt as compared to the ammonium salt [5,8]. The other two
systems have been examined in the present work with the aim
to compare the behavior of small spherical micelles and large
ellipsoidal micelles; N increase with surfactant concentration
is larger for the ammonium salt [5]. In complementary experi-
ments we have also examined temperature effect on the kinetics
of PBTMA fluorescence quenching by MV in neat water.

At room temperature (297 K) the MV quencher behaves as
an immobile quencher, there is no increase of A, parameter in
Eq. (1) with the quencher concentration. The kg, and N values
determined in this study are in agreement with those reported in
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Fig. 1. An example of fluorescence decay at 333K (emission wavelength
405nm) in the PFPE-2-Na/PBMTA/MV system. Lower panel—noisy curve:
experimental run; smooth curve: the best fit with the use of Eq. (1), where
Ay=11.6 x 106571, A3=0.38 and A4 =13.8 x 107 s~ .

Ref. [5], within the uncertainty not higher than 44 for N, and
12% for kgm.

Fig. 1 shows an example of the experimental run for the
0.201 mol/dm® PFPE-2-Na solution at 333 K together with the
best fitting curve, and the dependence of the A, A3z and A4
parameters of Eq. (1) is illustrated in Fig. 2 for the 0.39 M PFPE-
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Fig. 2. Dependence of the best fitting parameters of Eq. (1) on the quencher con-
centration for the 0.390 mol/dm® PFPE-2-NH, solution at 333 K. Each point
represents the average value obtained for multiple runs (at least four). The
average value of A4 is (8.3 +£0.1) x 107 s7 1,
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Fig. 3. Temperature effect on the aggregation number in ~0.2 mol/dm> PFPE-
2-Na solution: (@) TRFQ data and (A) SANS data, Ref. [8].

2-NHy4 system at 333 K. Fitting data for the examined samples at
various temperatures and quencher concentrations are provided
in Supporting Information. In all systems at 303 K and above
the A; value increases linearly with the MV concentration, the
slope of the straight line increasing with temperature, indicat-
ing migration of the quencher between micelles. According to
the model, the A3 parameter also increases linearly, while A4
remains constant within the experimental error. By the iterative
treatment of concentration dependencies like those in Fig. 2 we
have determined aggregation numbers and kinetic parameters
with the uncertainties not higher than 5%, 10% and 16% for N,
kqm, and k~, respectively.

In Fig. 3 our N values for the PFPE-2-Na system are com-
pared with those obtained from the SANS study [8]. SANS data
are higher by 8 units, and the discrepancy cannot be accounted
for by somewhat larger surfactant concentration (0.216 mol/dm?
as compared to 0.201 mol/dm? in our experiments); cf. concen-
tration dependence of N at room temperature reported earlier
[5]. In both cases a linear decrease of the aggregation number
with increasing temperature is observed, and the slopes of the
straight lines are the same within the experimental error.

Similar linear dependencies of N versus temperature are
obtained for PFPE-2-NH4 solutions. As seen from Fig. 4,
including also SANS data for the surfactant concentration of
0.218 mol/dm? [7], the temperature effect on the aggregation
number is larger for bigger micelles. While for spherical micelles
in the diluted system N decreases only slightly, ellipsoidal
micelles in more concentrated systems become considerably
smaller. It is relevant to add here that the linear decrease of N
with increasing temperature was also reported for other micellar
systems [16—18].

According to SANS analysis, assuming close-packed sur-
factant chains in the hydrophobic core, the aspect ratio of
the aggregates formed at room temperature in ~0.2 mol/dm?3
solutions is 2.0 and 2.4 for PFPE-2-Na and PFPE-2-NHyg4,
respectively, but spherical micelle shape was deduced for the
sodium salt at 340 K and for the ammonium salt at 353 K [7,8].
Our data suggest that in the case of the 0.39 M PFPE-2-NHy4
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Fig. 4. Temperature effect on the aggregation number in PFPE-2-NHy solutions
of indicated concentrations: (@, M ) TRFQ data and (A) SANS data, Ref. [7].
Data for the 0.390 mol/dm? systemat 297,313, 323 and 333 K are average values
from two experimental sessions for different samples, and error bars represent
standard deviations.

solution the large ellipsoids do not transform into spheres in the
examined temperature range; the aggregation number at 333 K
is 87, while SANS values reported for spherical micelles (in less
concentrated systems) are not higher than 40.

Fig. 5 shows Arrhenius plots for the rate constants k~ and
kqm in the PFPE-2-NH4 systems. At a given temperature the
rate constant of the quencher exit from micelles is higher in
the more concentrated surfactant solution. This finding can be
nicely rationalized by the increase of counterion binding to
micelles leading to a lower charge density at the interface at
higher surfactant concentrations, as indicated in the previous
studies [5,7,14]. Weaker electrostatic interactions between the
quencher and the micelle result in a higher k™ value (lower prob-
ability that the released MV cation becomes re-bound by another
charged head group in the vicinity). On the other hand, the acti-
vation energy of the quencher exit from ellipsoidal aggregates
(390 mmol/dm® PFPE-2-NHy) is significantly larger than the
value estimated for spherical aggregates (48 mmol/dm*® PFPE-
2-NHy), 42 £5kJ/mol as compared to 28 £ 3 kJ/mol. If the
exit process was determined only by electrostatic interactions
between the quencher cation and the surfactant head-group, one
would rather expect a lower activation energy in the former sys-
tem. Our results imply that hydrophobic interactions also play
arole in the binding of the protiated quencher to perfluorinated
micelles; these interactions are stronger in larger (ellipsoidal)
aggregates.

The 0.201 M PFPE-2-Na solution was examined in less
details, yet the activation energy can be roughly estimated from
the two kK~ data (1 x 10° and 3 x 10°s~! at 313 and 333K,
respectively, while no quencher exit observed at 297 K). The
obtained value, ~50kJ/mol, is twice as large as that for the
0.48 M PFPE-2-NHj4 solution. Taking into account that both
systems comprise micelles of similar aggregation numbers (cf.
Figs. 3 and 4), we infer that electrostatic interactions, rather
than hydrophobic interactions, are stronger in the case of PFPE-
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Fig. 5. Arrhenius plots of rate constants of the quencher exit from micelles (k~,
upper panel) and of intramicellar fluorescence quenching (kqm, lower panel) for
PFPE-2-NH;, solutions of indicated concentrations. Data for the 0.390 mol/dm?
system at 297, 313, 323 and 333 K are average values from two experimental
sessions for different samples, and error bars represent standard deviations.

2-Na. Indeed, previous studies suggested higher charge density
at the micellar surface in the presence of sodium counterions
[5,7.,8].

Rate constants of the intramicellar fluorescence quenching
in the PFPE-2-NH4 system are larger for the less con-
centrated solution (cf. Fig. 5), reflecting higher probability
of diffusional encounters of the luminophore and quencher
in smaller micelles. Activation energies of this process are
13+1 and 28.240.7kJ/mol for surfactant concentrations
0.048 and 0.390 mol/dm>, respectively, in comparison to
the value 11.7£0.8kJ/mol obtained for the homogeneous
H;O/PBTMA/MV system. To account for temperature effect on
the encounter distance, due to decreasing size of micelles, we
have analyzed Arrhenius plots of the product Nkqm, cf. Fig. 6.
The activation energies obtained from the Nkqm product corre-
spond to the energetic barrier due to local viscosity [16]. The
value estimated for ellipsoidal micelles, 15.9 £ 0.8 kJ/mol, is
higher than that for spherical micelles, 8 & 1 kJ/mol, indicating
tighter packing of surfactant molecules in the former system.
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Fig. 6. Arrhenius plots of the product of the aggregation number and the rate
constant of intramicellar fluorescence quenching for PFPE-2-NH4 solutions of
indicated concentrations.

The results of ESR spin probe studies [15] lead to the similar
conclusion.

For the PFPE-2-Na system the activation energy obtained
from kqm data (10.2, 12.6 and 13.1 x 107 s~! at 297, 313 and
333 K, respectively) is 6 &= 2 kJ/mol. In this system the product
Nkgm does not follow the Arrhenius dependence in the whole
temperature range, suggesting that ellipsoidal aggregates likely
change into spheres already at 333 K. However, the data for 297
and 313 K suggest that the activation energy, corrected for the
change in micelle size, equals ~4 kJ/mol; the value is signifi-
cantly lower than that for spherical PFPE-2-NH,4 micelles. This
result is also consistent with the ESR studies [15]. The molecular
packing in the Na-micelles is less than that in the NH4-micelles.

5. Conclusions

Using PBTMA/MV as a luminophore/quencher pair it
is possible to determine aggregation numbers of anionic
fluorinated-surfactant micelles by the TRFQ method in a wide
temperature range, at least up to 333 K, although above room
temperature MV behaves as a mobile quencher and analysis
of the kinetic runs is more complex. N values obtained for
aqueous solutions of PFPE-2-X (X =Na* or NH4*) surfactants
are in a reasonable agreement with those reported from SANS
studies; both methods reveal a linear decrease of N with increas-
ing temperature. Rate constants of intramicellar fluorescence
quenching, and the respective activation energies, indicate the
effect of surfactant concentration and of the kind of counte-
rion on molecular packing in the aggregates. The kinetic data
for the quencher exit from micelles suggest that binding of
the (protiated) probes to large ellipsoidal micelles, formed at
high surfactant concentrations, is determined not only by their
positive electrostatic interactions with surfactant head-groups,

but hydrophobic interactions with fluorinated chains are also
important.
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