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Abstract

Apparent hydrodynamic radii (Rp,pp) of nonionic surfactant micelles in aqueous solutions of hepta- and hexa-ethyleneoxide monoalkylether
(C14E7, Ci6E7, and C4E¢) were measured at 20-40 °C. Fluorescence spectra of pyrene in aqueous solutions of the nonionic surfactants were
measured as a function of surfactant concentration and temperature. The cloud point of C;sE¢ was about 35°C at concentration range of 1073
to 10~2 M. However, even at a higher temperature than the cloud point, the fluorescence intensity ratio of pyrene monomer, /,,1/I 3, in Cj6E¢
solution behaves similarly to other surfactants (C;sE; and C4E7), indicating that the pyrene molecules reside in a similar location of surfactants.
The slope for the temperature dependence of the I,,/I,3 ratio also changed with the surfactant concentration, and the micelle size differed among
the surfactants (C;¢E¢, Ci6E7, and C4E7). The activation enthalpy of pyrene diffusion was evaluated using Stevens—Ban plot, and the value of
20-30kJ mol~! was obtained for surfactant concentrations of 5 x 10~* to 1072 M. The results were compared with those reported for ionic and

nonionic surfactant micelles.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Nonionic surfactant (C14E7, Ci6E7, Ci6E¢) micelles; Pyrene fluorescence; Temperature dependence; Pyrene solubilization

1. Introduction

The fluorescence probe method is an effective technique for
estimating the property and the time averaged locations of the
solubilizates [1-9]. Pyrene is a suitable and effective fluores-
cence probe of its photophysical properties for understanding
the structures of micelles, reversed micelles and microemul-
sions. Extensive reviews have been published for photophysics
of pyrene [8], and for effectiveness of various photochemically
active probes [9]. The intensity, Iy, (00 band) of the pyrene flu-
orescence spectrum increases with the polarization of the probe
environment. Then the ratio of I, to I;,3 (2-0 band) shows the
location of pyrene probe molecules in the mice lies [10-12].
The polarization of medium decreases with the rising tempera-
ture [13—15]. It is expected that the temperature dependence of
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the pyrene fluorescence emission intensity decreases with the
temperature, since the rising temperature lowers the polarity of
solvent [15].

Intermolecular excimer formation is affected under the solu-
bilized number of pyrene molecules in a micelle. The number of
pyrene probe in a micelle increased with the micelle aggregation
number or the size [16]. The aggregation number and size of non-
ionic surfactant micelles depend on the temperature and surfac-
tant concentrations. Formation of the pyrene dimer, which emits
fluorescence in the vicinity of 470 nm, depends on the microvis-
cosity of the pyrene molecules and the occupancy numbers of the
solubilized pyrene in the micelles [17-23]. The excimer forma-
tion and the emitting fluorescence provide a suitable probe for
investigating the properties of the micelles. Aoudiaet al. reported
the translational diffusion of the probe molecules by means of the
temperature dependence of excimer—monomer emission [24].
Zachariasse discussed the kinetics and thermodynamics of inter-
molecular excimer formation, the temperature dependence of
the excimer lifetime, the radiative rate constants of the excimer
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and monomer, and also the effects of solvent density for deter-
mination of excimer formation enthalpy and activation energy
[25]. Recently, it has been recognized that water of solvation to
surfactants and/or DNA is important roles for controlling struc-
ture, molecular recognition and dynamics in biological system
[26-28].

In our previous paper [16], we studied the alkyl chain length
dependence on pyrene location in micelles and maximum inten-
sity of excimer in aqueous solutions of nonionic surfactants
(C10E7, C12E7, C14E7, and Ci6E7) by means of fluorescence
spectroscopy and light scattering technique. Rusdi et al. reported
the relation between cmc and alkyl chain length of such surfac-
tants as C,Eg (n=14, 16, and 18) nonionic micelles [29]. Also
Zhang et al. reported the ethyleneoxide chain length dependence
of cmc about CigE,, (m=10, 15, 20, and 24) micelles [30]. To
our knowledge, there are few studies on the temperature depen-
dence of fluorescence intensity of pyrene solubilized in nonionic
micelles.

In the present study, fluorescence spectra of pyrene in aque-
ous solutions of hepta- and hexa-ethyleneoxide monoalkylether
(C14E7, Ci6E7, and CgEg) were measured as a function of
surfactant concentration and temperature. In nonionic surfac-
tants, critical micelle concentration (cmc) and the cloud point are
affected by hydration of the hydrophilic portion of the molecules.
The Iy1/I;m3 ratio for pyrene fluorescence and the excimer to
monomer radiative intensity ratio, I¢/Iy1, of the probe over the
wide surfactant concentration range from 10~/ to 1072 M were
analyzed using Stevens—Ban plot.

2. Experimental

Nonionic surfactant samples of hexa- and hepta-ethyl-
eneoxide monoalkylether (C14E7, Lot no. 8006; Ci¢E¢ and
Ci6E7, Lot no. 8011) were purchased from Nikko Chemicals
(Tokyo, Japan). These samples were used without further purifi-
cation. The purity of these surfactants was confirmed by attached
chromatograms. Pyrene was purchased from Wako Pure Chem-
ical Industries (Ohsaka, Japan) and was purified once by recrys-
tallization in ethanol. SDS was purchased from Tokyo Kasei
Kogyou (Tokyo, Japan) and was purified twice by recrystalliza-
tion from 95% ethanol.

The cloud points were measured by suspending glass tube in
water bath whose temperature was raised with 1°Cmin~!. The
cloud point was determined by visual observation of turbidity.

After reaching the cloud point, the temperature was low-
ered gradually. The same cloud point was observed for both
raising and lowering processes of temperature for the three
surfactants used. The concentrations of surfactants for fluores-
cence measurement were ranged from 1077 to 1072 M. The
SDS concentrations for fluorescence measurement were from
1073 to 107'M in a phosphate buffer solution with ionic
strength 0.034 M. Aqueous surfactant solutions with pyrene
(1 x 107* M) were kept in a supersonic bath for approximately
2 h and then stirred continually for 3 days in a thermo-bath at
30 °C. The steady-state fluorescence emission spectra of pyrene
solubilized in aqueous nonionic surfactant solutions were mea-
sured by means of a Fluorescence Photometer (FP-777 Jasco)

with a xenon lamp. The temperature was from 25 to 45 °C, and
fluorescence spectra were measured at every 5 °C. Before the
measurement, the surfactant solutions were kept for 30 min at
each temperature. All steady-state fluorescence spectra were
obtained with an excitation wavelength of 335nm and were
scanned in the range of 350-550 nm with emission band width
of 1.5 nm. The intensity of the third (/,3) vibronic band over the
first (I;m1) (0-0 vibronic band), Ir,1/Im3 ratio (Fig. 4) located at
375 and 386 nm in the emission spectrum of monomeric pyrene
provides an estimate of the polarity in a pyrene environment. The
fluorescence intensity (/) in the region of 450—-550 nm, ascribed
to excimer emissions, was measured at a wavelength of 470 nm.

The hydrodynamic radii of micelles were measured by means
of a light scattering photometer. Dynamic light scattering was
performed by using ALV-5000 apparatus manufactured by ALV
with a Nd-YAG semiconductor laser operated at 532 nm as alight
source. Surfactants solutions were optically purified through a
teflon filter with the nominal pore size of 0.2 pm. Stock surfac-
tant solutions were added in a dust free optical cell and these cells
were flame sealed under mild vacuum. Before the light scatter-
ing measurement, samples were kept at a temperature from 20
to 45 °C every 5 °C for about 30 min. The autocorrelation func-
tions were measured, and analyzed by the cumulant expansion.
Diffusion coefficients were determined and the hydrodynamic
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Fig. 1. Cloud point (@) and dissolution temperature (O) for Cj¢E¢ (a) and
Ci6E7 (b).
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radius was calculated with the Stokes—Einstein equation assum-
ing sphere micelles.

3. Results and discussion

The cloud points of C;gE¢ and C1¢E7 are shown in Fig. 1(a)
and (b). The cloud point of C14E¢ was low at about 35 °C for the
higher concentration range from 2 x 1073 to 1072 M, the tem-
perature of dissolution being 22-24 °C. Therefore, the micelle
forming temperature region was limited for Ci¢E¢ compared
with CigE7 or Ci4E7 at the concentration range of 10~ to
1072 M. Toerne et al. suggested that the minor changes of poly-
oxyethynene (PEO) chain length caused significant changes for
the values of cloud point and cmc in system of Triton X-35,
100, 114, and 405 [31]. The present results on the cloud points
for Ci6E¢g and CigE7 are consistent with those of their observa-
tions. The cmc of these surfactants are shown in Table 1 [32,33].
As the carbon number of alkyl chain increases, the cmc shifts
lower concentration. However, the cmc is little affected by one
ethyleneoxide unit.

Apparent hydrodynamic radii (Rhapp) of Ci6E7 and Ci4E7
micelles increased with increasing surfactant concentration and
with rising temperature (Fig. 2(a) and (b)). At lower tempera-
tures (20 and 25 °C), C4E7 micelles sizes were remained almost
unchanged. However, the aggregation number of these surfac-
tants increased with rising temperature. The CigE7 micelles
sizes were remained constant at 20 °C, but at other temperatures
Ruapp increased with the surfactant concentration and reached a
constant value at about 0.005 M. The temperature dependence
of Rpapp is more remarkable for C;¢E7 micelles than for C14E7.

Fluorescence spectra of solubilized pyrene in the CigE7
micelles at 20 °C are shown in Fig. 3 at several concentrations.
The pyrene monomer fluorescence intensities (Iy; and Ip3)
increased with the surfactant concentration and pyrene excimer
fluorescence intensity (/) reached a maximum value and then
decreased with the concentration. The concentration dependence
of the Iy 1/Iy3 ratio is shown in Fig. 4. The I,1/In3 ratio was
approximately constant below the cmc, and decreased gradually
around the cmc, and finally it reached an approximately constant
value. As shown in Fig. 4, the I1,1/Im3 ratio of the pyrene fluores-
cence in phosphate buffer solution (0.034 M ionic strength) of
SDS micelles exhibited sharp decrease at the cmc. SDS forms
nearly the same size micelles at the cmc and above the cmc,
the number of the micelles increases with the concentration. In
contrast, at the lower temperature, the Iry1/In3 ratio for Ci¢E7
decreased more sharply with concentration. At higher temper-
ature, relatively small micelles are formed at cmc, because the

Table 1
cmc of C,E,, surfactants at 25°C

Sample cme x 100 M
This work Literature value®
C14E; 1.0 0.90
Ci6E7 0.30 0.20
CicEe 0.40 0.20

4 Obtained from Refs. [32,33].
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Fig. 2. Apparent hydrodynamic radii dependence on concentration and temper-
ature for Cy4E7 (a) and C6E7 (b). 20°C (@), 25°C (), 30°C (A), 35°C (A),
and 40°C (O).

cmc is at a very low (see Table 1). Therefore, these micelles,
which are formed at the cmc, grow its size with increasing con-
centration. C¢E¢g shows a similar behavior in /1 /Iy3 ratio above
the cloud point. This fact reveals that pyrene molecules solu-
bilized in a similar location above the cloud point. Turro and
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Fig. 3. Fluorescence spectra at various concentrations for CjgE7 at 20 °C.
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Kuo showed the evidence for the existence of micelles above
the cloud point by means of fluorescence measurement using
pyrene-3-carboxialdehyde probe in the poly(ethylene glycol),-
nonylphenyl ether micelles [34].

Below the cmc and at concentration above 1073 M, higher
values for the 1,1 /I3 ratio of pyrene fluorescence were observed
at lower temperature. In the intermediate concentration region
between cme (near 107> M) and 1073 M, higher values of the
Im1/Im3 ratio were observed at higher temperature. The trends
are opposite to those found below cmc and at concentrations
above 1073 M. As pointed out by Nakajima [10,35,36], this
phenomenon can not be explained only by the polarity of the
solvent. He concluded from the pyrene fluorescence spectra in
the o-, m- and p-dichlorobenzenes at 60 °C that these spectra
could not consistently be explained only by the effects of sol-
vent dipole and suggested that the spectral intensities would be
affected also by the structure of solvent molecules.

Fluorescence monomer emission intensities, I,; and I3,
increased with temperature at the surfactant concentration range
from 1077 to 107> M, and decreased with rising temperature
at higher concentration than about 10~* M. The excimer fluo-
rescence intensity was very low below the cmc, and remained
unchanged with rising temperature. Above the cmc, the excimer
fluorescence intensity decreased by temperature quenching
and/or decreased solvent polarity. Although the solvent polarity
lowers with rising temperature, [13—15] the emission intensity
increases below the cmc. According to the report by Wauchope
et al., the solubility of pyrene increases with temperature, and
the average concentration is 0.127 x 107°M at 22.2°C and
0.390 x 10~°M at 44.7 °C, respectively [36,37]. Then the flu-
orescence intensity is directly influenced by the solubility and
increases with the temperature at low surfactant concentration.
On the other hand fluorescence intensity decreased with the
temperature at the higher surfactant concentration than 10™* M
[13—15]. At these surfactant concentrations, most of the pyrene
molecules solubilized in the micelles. Therefore, even if the
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pyrene solubility effects on the fluorescence intensity, the effect
will be small.

Fig. 5 shows the I1,1 /I3 ratio against reciprocal absolute tem-
perature for several concentrations of C;gE7 surfactant. A good
linear relationship between the ratio and 1/T was established
for each concentration. The I,1/In3 ratio shows the positive
slope at higher than 1 x 107> M and at lower concentrations
than 3 x 1075 M and shows a negative slope at intermediate
concentration from 3 x 107 to 1 x 1073 M. Fig. 6 shows the
slopes of In,1/Iim3 ratio against concentration of CigEg, Ci6E7,
and C14E7. The slopes exhibited approximately the same values
up to 107> M, and then decrease rapidly at about from 107 to
10~* M. It reached a minimum value and then increased grad-
ually with the surfactant concentration. After 2 x 1073 M, the
slope became positive, and did not change at higher concentra-
tion. Waris et al. reported that increased thermal agitation and a
weakening of the pyrene-solvent interactions were responsible
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Fig. 6. The slope of Iny1 /I3 against temperature. Cj6Eq (@), Ci6E7 (O), and
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for decrease in the intensity of 0-0 band, Iy1, relative to that of
band I3 at higher temperature, and noted that the Ir,1/l;y3 ratio
of pyrene in a number of solvents exhibited changes with tem-
perature [38]. Hara et al. have reported that the intensity ratio
for pyrene depends on temperature, and that the increase of the
ratio is related with increase of polarity [39]. They rational-
ized the effect in terms of thermal agitation. For the temperature
dependence of the I,1/Iy3 ratio for CoPLE,, at the 2 x 1073M
in the aqueous solution with the negative slope, Turro and Kuo
explained that the negative slope corresponded to the decrease
in polarity experienced by pyrene in the homogeneous environ-
ment, because the solvent polarity decreased with the tempera-
ture [34]. Ndou et al. reported the effect of temperature on the
In1/Im3 ratio in premicellar and micellar TX-405 solutions [40].
The slope of the I1,1/Iy3 ratio against temperature exhibited neg-
ative for all of the measured concentrations. They explained that
this fact was attributed to thermal agitation which reduced the
intermolecular interactions of short range in the solvent. In the
intermediate concentration, Ir,1/In3 ratio exhibits a remarkably
negative slope (the same trends as stated also for Fig. 5) because
the instability of pyrene in the micelles by thermal agitation is
greater than the effect of the solvent polarity. However, after the
micelle size reaches a constant value, the concentration depen-
dence of I1,1/Im3 ratio shows a positive slope. When the micelle
concentration is higher, pyrene molecules distribute preferen-
tially in these micelles. The number of pyrene molecules in a
micelle decreases, then the slope of the Iyy1/I,3 against con-
centration turns into positive. Namely, pyrene molecules in the
micelles have a Poisson distribution [41,42].

Fig. 7 shows the fluorescence intensity ratio, /Iy, of
excimer to monomer of pyrene against C16E7 concentration. The
ratio showed a maximum, and then decreased with the surfactant
concentration. The excimer fluorescence intensity /. depends on
the number and the size of micelles in addition to the pyrene
molecules in a micelle. It is generally known that the number of
micelles increases for C, E,, at high surfactant concentrations at
lower temperature. Since total number of pyrene molecules is
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Fig. 8. Concentration dependence of pyrene monomer and excimer fluorescence
intensity at 25 °C. Iy; (@), I3 (O), and I, (A).

kept constant through this experiment, and micelle size increases
with temperature (see Fig. 2), consequently the I increases with
temperature, if the number of solubilized pyrene molecules in a
micelle is enough. As the number of micelle increases, pyrene
molecules distribute widely in the micelles under a constant
pyrene concentration [41,42]. The maximum I./I;y ratio was
observed at about 1073 M surfactant irrespective of tempera-
tures. The reason responsible for the fact will be explained in
the following. Almost all pyrene molecules of 107 M were
solubilized in the micelles at 20 °C. Even if the micelle sizes
increase with rising temperature, no pyrene molecules exist in
the solution, since pyrene concentration is fixed. Then excimer
fluorescence intensity shows the maximum at the same con-
centration of surfactants. If more pyrene molecules exist in the
solution, maximum excimer fluorescence intensity shifts lower
surfactants concentrations with temperature.

The fluorescence intensities of monomer and excimer are
compared at 25 °C with the concentration in Fig. 8. The excimer
fluorescence intensity increased at higher concentration than
1073 M, reached maximum at about 5 x 10~* M and decreased
after the maximum value. On the other hand, monomer fluo-
rescence intensities (I and /I,3) increased gradually at lower
concentration and increased rapidly at higher concentration than
1073 M. This suggests that the monomer concentration does not
increase at the same time as the excimer concentration increases.
As the number of micelles increases with surfactant concentra-
tion, the number of pyrene in a micelle decreases, which reflects
the /. in Fig. 8.

Fig. 9 shows the Arrhenious type plot (Stevens—Ban plot)
[43], a logarithm of I./I,1 of pyrene fluorescence in CigE7
micelles solution against reciprocal temperature. The In(Z/e/In1)
versus reciprocal absolute temperature reached a positive slope
at the lower concentration and had a gentle slope with increasing
concentration. At a higher concentration than 1 x 1074 M, the
slope turned into negative.

The dependence of I./I;y; on the reciprocal temperature
based on the two state model was well presented by Birks et
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al. [44-47]. Aoudia et al. applied this model to analyze the
fluorescence from isomeric haxadecylbenzenesulfonates, and
showed both positive and negative temperature dependence of
I/l against 1/T for a particular surfactant concentration [24].
Zachariasse examined the kinetics and thermodynamics of flu-
orescence ratio, I./In1, of aromatic hydrocarbons, based on the
two state model and discussed the fluorescence ratio and excimer
formation enthalpy AH and the activation energy E, [25]. The
excimer formation enthalpy AH is concerned with the activa-
tion energies E, of excimer formation and excimer dissociation
Eq as (Eq — E3)/R=—AH/R. Assuming the diffusion controlled
excimer formation, the mechanism of the kinetics of the excimer
formation may be represented by

kpm
IM* + IM T— — 15}
kMD
klM D le
M + hv 2M +hv

where M and D denote monomers and dimers, and asterisks
denote an excited state. kgm, kFD, kDM, and kyp are the rate con-
stants of monomer fluorescence, excimer fluorescence, excimer
formation, and excimer dissociation, respectively. kpyv and kip
are the rate parameters of nonradiative transition of monomer
and excimer.

It is assumed that kpy, kMD, kM, and kgp do not depend on
the temperature, at low temperature, the excimer to monomer
emission intensity ratio is given as

I, kf —FE
= Mexp [] ey
Imi  kem RT

where kfy,; and E, are the frequency factor and activation energy
of excimer formation, respectively, and R is gas constant.
At high temperature region, the ./l ratio is given as
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where AH is the excimer formation enthalpy change associated
with excimer formation and kpy), is the frequency factor. In this
experiment, the slope for Arrhenius type plot of I./I;,1 against
1/T depended on the surfactant concentration, i.e., the positive
slope was found for relatively lower surfactant concentrations,
and the negative one for high concentrations. The activation
energy to form an excimer is obtained from the negative slopes.
Positive slopes obtained in the concentration range of 107> M
(cmc) to 107*M indicates that the proportions of excimers
decrease with rising temperature. Fig. 10 shows the —AH and
—FE, of pyrene in the Cj¢E¢, C16E7, C14E7 and SDS micelles
with the concentration of surfactants. Although the sizes of non-
ionic micelles changed with concentration and temperature, the
slope of I./I;y1 against 1/T showed similar tendency to the con-
centration. It seems that —AH or —E, once passes maximum at
about 10> M, then it decreases with the concentration. Excimer
fluorescence intensity exhibited maximum at about 5 x 10~* M
(see Fig. 8). At these surfactant concentrations, excimer for-
mation enthalpy of pyrene in the micelles shows large values.
Aoudiaetal. reported the activation energy of pyrene in the alkyl-
benzenesulfonate surfactant, the value was 37.6 kJ mol~! [24].
Galla and Sackmann reported activation energy for pyrene was
36.8kJmol~! by the diffusion coefficient in the diparmitoyl-
lecithin membranes [48]. Martinho et al. reported the activation
energy 36+ 1kImol~! by the diffusion coefficient of pyrene
in cyclohexanol [49]. Malliaris et al. reported the activation
energies of pyrene in the various ionic, zwitterionic, and Tri-
ton X-100 surfactants from the fluorescence decay rate, which
were from 24.2 to 33.1kJ mol~! except SDS and Triton X-100
[50]. The activation energy of pyrene has been reported to be
19.2kJ mol~! for a system of BSA-SDS complexes [51]. In this
experiment at higher concentration than about 1073 M, the E,
value of 20-30kJ mol~! was obtained, which was a little lower
than the value of Aoudia et al. and in agreement with the value
of Malliaris et al. Recently, the activation energy for diffusion
of 4-aminophthalimide (4-AP) in aqueous solution of Triton X-
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100 was reported to be 37.7 +4.2kImol~! based on lifetime
measurement of fluorescence [52]. 4-AP probe has polar (or
hydrophilic) functional groups in the molecule and is different
from pyrene. In present study, the enthalpy of pyrene diffusion
was evaluated in nonionic surfactant micelles. By comparing the
enthalpy with the reported data, the remarkable difference has
not been found between the pyrene diffusion in nonionic and
ionic micelles.

4. Conclusion

The cloud points and dissolution temperature for C;6E¢ and
Ci6E7 were estimated. The hydrodynamic radii of Cj¢E¢ and
C16E7 micelles were found to be nearly constant against the sur-
factant concentration at low temperature region (20 and 25 °C),
while they increased at high temperature (30, 35, and 40 °C).
The pyrene fluorescence spectra were measured at 20, 25, 30, 35,
and 40 °C in aqueous solution of various concentrations (10~ to
1072 M) of the nonionic surfactants (CigEg, Ci6E7, and C4E7).
Surfactant concentration dependence of Ip,1/I3 ratio changed
moderately compared with that of ionic surfactant SDS micelles.
The slope for the I./I; ratios against reciprocal temperature
were analyzed for various surfactant concentrations, and the
activation enthalpy of pyrene diffusion was evaluated.
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