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RESUMEN

Se estudiaron las propiedades fotofisicas del 4-(benzo-
tiazol-2-il)-N,N-difenilamilina en una serie de solventes.
Los espectros de absorcién UV-Vis, son independientes
de la polaridad del solvente, mientras que los espectros
de fluorescencia obtenidos en el mismo conjunto de sol-
ventes muestran un importante efecto solvatocrémico que
produce grandes corrimientos de Stokes. Se emplearon
relaciones lineales de energia libre de solvatacion para
correlacionar la posicion del maximo del espectro de fluo-
rescencia con parametros empiricos microscopicos del
solvente. Este estudio, indica que durante el proceso de
excitacion, se produce una significativa transferencia in-
tramolecular de carga. Ademas, un andlisis del comporta-
miento solvatocromico de los espectros de fluorescencia
y de absorciéon UV-Vis en términos de la ecuacion de Lip-
pert-Mataga, muestra un gran aumento del momento di-
polar en el estado excitado, el que es también compatible
con un estado excitado con transferencia intramolecular
de carga. Considerando estas propiedades, nosotros ex-
ploramos el potencial uso de esta prueba fluorescente en
la determinacién de parametros termodinamicos de siste-
mas micelares. Nosotros encontramos que el 4-(benzotia-
zol-2-il)-N,N-difenilanilina, puede ser ventajosamente em-
pleado para determinar valores de la CMC de surfactantes
idnicos (dodecil sulfato de sodio) y no iénicos (Triton X-100
y monocaprato de sacarosa) y las constantes de reparto
de n-alcoholes en micelas de SDS.

Palabras clave: Fotofisica; benzotiazoles; transferencia in-
tramolecular de carga; micelas; CMC; constante de reparto.

SUMMARY

The photophysical properties of 4-(benzothiazol-2-yl)-
N,N-diphenylaniline, were studied in a series of solvents.
UV-Vis absorption spectra are insensitive to solvent pola-
rity whereas the fluorescence spectra in the same solvent
set show an important solvatochromic effect leading to
large Stokes shifts. Linear solvation energy relationships
were employed to correlate the position of fluorescence
spectra maxima with microscopic empirical solvent para-
meters. This study indicates that important intramolecular
charge transfer takes place during the excitation process.
In addition, an analysis of the solvatochromic behavior of
the UV-Vis absorption and fluorescence spectra in terms
of the Lippert-Mataga equation, shows a large increase of

the excited-state dipole moment, which is also compatible
with the formation of an intramolecular charge-transfer ex-
cited state. Given the above properties, we explored the
potential of this fluorescent probe for the determination of
thermodynamic parameters of micellar systems. We found
that 4-(benzothiazol-2-yl)-N,N-diphenylaniline can be ad-
vantageously employed to determine CMC values of ionic
(sodium dodecyl sufate) and non-ionic (Triton X-100 and
sucrose monocaprate) surfactants and the partition cons-
tant of n-alcanols in SDS micelles.

Keywords: Photophysics; benzothiazoles; intramolecular
charge transfer; micelles; CMC; partition constant.

RESUM

Es van estudiar les propietats fotofisiques del 4 - (ben-
zotiazol-2-il)-N, N- difenilanilina en una serie de solvents.
Els espectres d’absorcié UV-Vis, sén independents de la
polaritat del solvent, mentre que els espectres de fluores-
céncia obtinguts en el mateix conjunt de solvents mostren
un important efecte solvatocromic que produeix grans
desplagaments de Stokes. Es van emprar relacions lineals
d’energia lliure de solvatacié per correlacionar la posicié
del maxim de I’espectre de fluorescéncia amb parametres
empirics microscopics del solvent. Aquest estudi, indica
que durant el procés d’excitacid, es produeix una signi-
ficativa transferéncia intramolecular de carrega. A més a
més, una analisi del comportament solvatocromic dels es-
pectres de fluorescéncia i d’absorcié UV-Vis en termes de
I’equacié de Lippert-Mataga, mostra un gran augment del
moment dipolar en I'estat excitat, el que és també com-
patible amb un estat excitat amb transferéncia intramole-
cular de carrega. Considerant aquestes propietats, es va
explorar el possible Us d’aquesta prova fluorescent en la
determinacié de parametres termodinamics de sistemes
micel-lars Es va trobar que el 4-(benzotiazol-2-il)-N,N- di-
fenilanilina, pot ser emprat avantatjosament per determi-
nar valors de la CMC de surfactants ionics (dodecil sulfat
de sodi) i no idnics (Tritdé X-100 i monocaprat de sacarosa)
i les constants de repartiment de n-alcohols en micel.les
de SDS.

Paraules clau: Fotofisica; benzotiazol, transferéncia intra-
molecular de carrega; micel.la, CMC, constant de repar-
timent.
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INTRODUCTION

Exploring new fluorescent dyes and expanding the tool
box of the currently available fluorescent probes for the
monitoring of chemical and biological systems and pro-
cesses is a challenge crucial to several research areas.
The small benzothiazole nucleus has been incorporated
into a wide variety of fluorescent probes. Accordingly,
studies on the absorptive and emissive characteristics of
benzothiazole derivatives with the aim of accounting for
their applications are currently carried out. This family of
compounds is endowed with large absorption coefficients
in the ultraviolet, fluorescence quantum yields close to
unity in a large variety of solvents, and high photostabi-
lity [1,2]. These properties make benzothiazoles excellent
fluorophores for a large variety of applications. Over the
last few years, benzothiazoles have been studied mainly
for two-photon spectroscopy developments [3,4], as
amyloid fluorescent markers [5], for the quantification
of metal ions [6-8], DNA detection [9,10], development
of ‘click-on’ fluorogenic dyes [11] and in the study and
determination of properties of micro-compartmentalized
systems [12-14]. Recently, Wang et al., as part of a work
on the synthesis and characterization of a series of dipolar
compounds containing donor and acceptor materials of
triphenylamine-benzothiazole [15], showed that 4-(ben-
zothiazol-2-yl)-N,N-diphenylaniline (Figure 1) has a high
extinction coefficient and fluoresces efficiently in chloro-
form ( @, = 0.66 ). However, this fluorescent probe neither
has been fully characterized nor studies on its applica-
tions have been reported. In connection with our studies
on the solvent effect on photophysics of naphthoxazole
derivatives, we synthesized several benzothiazoles, inclu-
ding 4-(benzothiazol-2-yl)-N,N-diphenylaniline, DPAPBTZ.
We report in this work the results of the study of effect
of solvent and compartmentalization on the steady-state
fluorescence of DPAPBTZ. The results suggest that it is
a valuable fluorescent probe to determine thermodyna-
mic parameters of micellar systems such as critical mi-
cellar concentration and partition constant of added com-
pounds.

S

4-(benzothiazol-2-yl)-N,N-diphenylaniline

Figure.1 Molecular estructure of DPAPBTZ

EXPERIMENTAL DETAILS

General

All solvents used in the syntheses, spectroscopic and
kinetic measurements were of reagent grade, spectros-
copic or HPLC quality. NMR spectra were recorded in a
Bruker Advance 300 MHz spectrometer. Chemical shifts

are referred to the internal standard tetramethylsilane,
TMS. Steady state fluorescence spectra were recorded in
a ISS PC1 spectrofluorometer and the UV-Vis spectra in a
Unicam UV-4 spectrophotometer.

Chemical Synthesis
4-(benzo[d]thiazol-2-yl)-N,N-diphenylaniline was synthe-
sized employing a modification of a method previously de-
scribed in the literature [16]. Briefly, in a porcelain mortar
a mixture of 2-aminothiophenol (1 mmol), 4-diphenylami-
nobenzaldehyde (1 mmol) and a catalytic quantity of sub-
limed molecular iodine (0.5 mmol) was carefully blended
at room temperature for 15 min. The reaction completion
was verified using thin-layer chromatography. Then, the
mixture was dissolved in smallvolume of methylene dichlo-
ride and chromatographed over silica gel using petroleum
ether-ethyl acetate (4:1) to afford the pure product. Yield
96%, m.p. = 146-149 °C, 'H-NMR(CDCI,) &: 8.01 ppm (d,
J,=8.2Hz, 1H), 7.92 ppm (d, J,= 8.8 Hz, 2H), 7.86 ppm
(d, J,= 8.2 Hz, 1H), 7.46 ppm (t, J, = 7.6 Hz,1H),7.37-7.24
ppm (m, 6H), 7,19 — 7.06 ppm (m, 7H).

Methods

Fluorescence quantum yields, ®,, were measured by the
comparative method described by Eaton and Demas [17-
18], using quinine sulphate in 0.1N sulfuric acid @, =
0.55) as reference. Optical densities of sample and refe-
rence solutions were set below 0.2 at the excitation wave-
length and the fluorescence spectra were corrected by
using rhodamine G as reference. Sample quantum vyields
were evaluated by using equation (1):

Grad 2
D = braa, ?72)6 @Ad (1)
GradAL’t nAct

where Grad, and Grad,, are the slope of integrated fluo-
rescence vs. absorbance plots for the sample and the ac-
tinometer, respectively, and n, and n,, are the refractive
index of sample and actinometer solutions, respectively.
Geometry optimizations, energy evaluations, Franck-Con-
don transition calculations and Onsager cavity radius cal-
culations were carried out with Gaussian 09W, Revision
B.03 package [19].

RESULTS AND DISCUSSION

Absorption Spectra

The absorption spectrum of DPAPBTZ was determined in
a large set of solvents of different polarity and proton do-
nating capacity at room temperature. Figure 2 shows the
absorption spectra in selected solvents representatives
of the polarity scale, including non-polar, polar, and polar
protic solvents. The corresponding spectral data are sum-
marized in Table 1. DPAPBTZ display absorption spectra
with an intense low-energy broad band with maximum
wavelength near to 372 nm. The molar extinction coeffi-
cient at the maximum wavelength are high, (2.02 - 2.33)
x 10* M cm™. The wavelength of the absorption maxi-
mum located around of 372 nm is almost insensitive on
the solvent polarity. Only in non-polar solvents, such as
cyclohexane and heptane, a fair vibrational fine structure
was observed, consistent with the n-7* nature of the tran-
sition and to some extent due to the partial double bond
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character of the bridge between the thiazole ring and the
4-diphenylamino phenyl substituent [20].
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Figure 2. Absorption spectra of DPAPBTZ in se-
lected solvents: — Benzene, --- ACN, ----Metha-
nol, —-— Formamide, —--—-- Heptane.

We calculated the spectra employing the DFT formalism
(B3LYP-6311g+) for structure optimization and ZINDO-S,
CIS and TD-SCF to calculate the vertical Franck-Condon
transitions. Our calculations in gas phase, show that the CIS
(6-31g basis) underestimate A values by a large amount,
whereas ZINDO-S and TD-SCF (DFT 6311+g level of
theory), predict vertical transitions at 386.6 nm (f=1.13) and
384.7 nm (f = 0.86), respectively, in good agreement with the
experimental values. Inclusion of the PCM solvation model,
red-shifts the low energy vertical Franck-Condon transition
when methanol (395 nm) and water (406 nm ) are employed
as solvents. In addition, molecular orbital analysis indicates
a n—m* transition from valence HOMO orbital to the LUMO

orbital. These results are comparable to those reported for
benzothiazole-based fluorophores [3,15] and structurally
related compounds such as benzoxazoles [21].

Emission Spectra

DPAPBTZ exhibits an intense emission spectrum. The
position of the fluorescence maximum is strongly affected
by the solvent polarity, a red-shift being observed upon
increasing the solvent polarity (Figure 3). Such behavior
indicates that the fluorescent state would be a highly polar
state with an important charge transfer character. The rel-
evant absorption and emission parameters in the solvent
set employed are included in Table 1.

A deeper rationalization of solvent-induced shift of the
fluorescence spectra can be obtained from the analysis of
the fluorescence maximum dependence on microscopic
solvent parameters by employing linear solvation energy
relationship, LSER, equations.
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Figure 3. Normalized fluorescence spectra of DPAPBTZ in

solvents representatives of the polarity scale: — Benzene,
--- ACN, ---- Methanol, —-—- Formamide, —--—-- Heptane.

Table 1.Absorption and fluorescence spectral propierties of DPAPBTZ in protic and non-protic solvents

Solvent g/Mem” Xabsm Wil rem . /nm  AStokes/cm™ @,
1 Acetone 22765 372 471 5650 0.56
2 ACN 21259 370 487 6493 0.47
3 Benzene 23310 375 430 3411 1.00
4 1-Butanol 372 470 5605 0.71
5 Cyclohexane 21978 370 405 2336 1.00
6 Chloroform 376 456 4666 0.85
7 Methylene dichloride 375 466 5207 0.75
8 Dioxane 22115 373 437 3926 1.00
9 Dimethylacetamide 375 476 5658 0.60
10 DMF 23009 373 482 6063 0.54
11 DMSO 23140 375 488 6175 0.53
12 Ethanol 373 481 6020 0.56
13 Ethyl acetate 371 448 4633 0.40
14 Ethyl ether 376 430 4714 0.62
15 Formamide 373 508 6608 0.21
16 n-Heptane 373 407 4587 0.91
17 Methanol 22098 374 495 6536 0.30
18 2-Propanol 372 468 5514 0.36
19  Trifluoroethanol 20200 372 502 5514 0.01
20 Tetrahydrofuran 374 448 4416 0.77
21 Toluene 376 431 3393 0.98
22 Water 372 462 5236 0.03
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To do this, we employed the semiempirical solvatochromic
equation of Taft, Kamlet et al. (equation 2)[22,23]:

V., =V, +ar*+d 5+ba+cB+hp,’ @)

In equation (2), m* accounts for polarizabilities and di-
polarities of solvent [24,25], & is a correction term for
polarizability, oo corresponds to the hydrogen bond donor
solvent ability, HBD,  indicates solvent capability as a
hydrogen bond acceptor, HBA, and p,, is the Hildebrand
parameter, a measure of disruption of solvent-solvent
interactions in creating a cavity [22]. The coefficients of
the LSER equation (equation (2)) obtained by multilinear
regression analysis of the dependence of V. on the sol-
vent parameters are given in Table 2 and the correlation
between the experimental and calculated values of the
fluorescence maximum is shown in Figure 4. This analysis
is supported by purely statistical criteria. To sum up, sam-
ple size, N, correlation coefficient, R, standard deviation,
SD, and the Fisher index of equation reliability, F, indicates
the quality of the overall correlation equation. The reliabi-
lity of each term is indicated by t-statistic, t-stat, and the
variance inflation factor, VIF. Suitable quality is indicated
by large N, F, and t-stat values, small SD values, and R
and VIF values close to one [26]. Also, we analyzed the
dependence of the fluorescence maximum on solvent by
using the solvent parameters proposed by Catalan et al.,
the SPP general solvent scale [27], the SA [28] and SB [29]
specific solvent scales. These parameters are orthogonal
and support the use of these scales for the multiparame-
tric analysis of data sets sensitive to the solvent effect on
the basis of equation 3:

v, =V, + aSPP+bSA+cSB ®)
where SPP, SA and SB are the corresponding polarity/po-
larizability, acidity and basicity values for a solvent; coeffi-
cients a, b and ¢ denote the sensitivity of the measured
property to such effects; and v_ is the property value in
the absence of solvent (i.e. the gas phase, which is given
a zero value in these scales). Each of these scales (SPP,
SB and SA) has previously been correlated with other sol-
vent scales and found to be pure scales for the respective

effects.
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Figure 4. Plot of © EmMaX(calcu/ated) Vs. GEmMaX (experimental).

Calculated l_)E’"MaX obtained according to the equation © =
24563.1-4042.2n%-1528.6 o.. Labels correspond to the list of
Table 1.

The coefficients of the SPP equation obtained by muiltili-
near regression analysis for the dependence of the fluo-
rescence maximum on solvent parameters are given in
Table 2 and the correlation between the experimental and
calculated values of the fluorescence maximum is shown
in Figure 5.

Results in Table 2 show that not all descriptors are im-
portant. Descriptor coefficients accepted in the correlation
equation were those that have a significance level >0.95.
Accordingly, both, the B and the p, parameters were
not included in LSER correlation for DPAPBTZ. The LSER
coefficients in Table 2, indicate that the energy of the fluo-
rescent state decrease in solvents with largest capacity
to stabilize charges and dipoles and in strong HBD sol-
vents. This result support an emissive state with a strong
intramolecular charge transfer character which is stabili-
zed in solvents with high =+ values. Further stabilization
of the excited state is obtained from the interactions of
HBD solvents with the most negative centre of the singlet
excited state.We perform the optimization of the excited
state using TD-DFT formalism (B3LYP-6311g+dp) and the
PCM solvation model in methanol as solvent. The result,
as expected, indicates that the most negative centre of the
molecule in the excited state corresponds to the oxazole
ring which probably undergoes hydrogen bonding like in-
teractions with HBD solvents.

Table 2. Correlation equations for the depen-
dence of the U,,, " (expressed incm™
on the solvent parameter

6F=50+an*+ba

0, a b
Coeff 24563.1 -4042.2 -1528.6
+ 225.3 349.9 208.3
t-stat 109.0 -11.5 -7.3
P(2-tail) <0.0001 <0.0001 <0.0001
N= 19 R= 0.96 F=100

5, =0,+aSPP + b SA

0, a b
Coeff 29141.4 -8723.8 -1740.1
+ 450.4 567.6 306.7
t-stat 64.5 -15.4 -5.8
P(2-tail) <0.0001 <0.0001 <0.0001
N= 20 R= 0.98 F=1819

Similar results on the solvent effect were obtained em-
ploying equation 3. With this equation, SPP and SA were
included in the correlation. Furthermore, the large values
of the SPP coefficient in comparison to the SA coefficient
(Table 2) emphasizes the strong charge transfer character
of the excited singlet, accounting for the large red-shift of
the emission observed in polar solvents.

Fluorescence quantum yields measured in a series of sol-
vent are included in Table 2. The data show that in non-po-
lar solvents such as benzene fluorescence quantum yields
are close to 1. The smaller quantum yields, around 0.03-
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0.01, were found in polar protic solvents such as water and
trifluoroethanol. In polar non-protic solvents, fluorescence
quantum yields take intermediary values, in the range 0.6
to 0.9. These results, suggest an important increase in the
dipole moment of the relaxed S, excited state of the mo-
lecule during its lifetime. The ICT state favoured in polar/
protic solvents is consistent with the high dipole moment
that characterises this state, and decays without any ap-
preciable energy barrier [30, 31]. This extra deactivation
process decreases the fluorescent efficiency of the DPA-
PBTZ fluorescent probe in polar protic solvents.
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Figure 5. Plot of 5", _(experimental) vs.
BE’“Max(caIcuIated). Calculated v&™,, obtained ac-
cording to the equation v, = 29141.4-8723.8 SPP -

1740.1 SA. Labels according the list in Table 1.

Excited State Dipolar Moment Determination

The spectral shift of the fluorescence, or more rigorously,
the difference between the positions of the absorption
and fluorescence maximum depends on solvent polarity
function defined by dielectric constant (€) and refractive in-
dex (n) of the solvent. The dipole moment change between
excited- and ground states can be experimentally calcula-
ted from the Lippert-Mataga relationship, if polarizability
of the solute can be neglected, i.e., a =0 [32-33]:

VVe = m7f(g,n2)+const. @
e-1 n*—1
=m| ———7— + const.
2e+1 2n° +1
2
M, —H
m,= —( 3g) ®)
Ka

where u_ and g are the dipole moments of the fluorophore
in the excited and the ground state, respectively; a is a
radius of the Onsager cavity, assumed to be a sphere and
K is a universal constant equal to 1.10511 x 10% C2. A
representative Lippert-Mataga plot for DPAPBTZ is shown
in Figure 6.

Based on the calculated value of Onsager’s cavity radius,
5.96 A, and the ground-state dipole moment, 3.07 Debye,
obtained from the DFT B3LYP (6311+g) optimization of the
molecular geometry, the excited state dipolar moment cal-
culated from the slopes of Lippert-Mataga plot was equal

A Stokes/cm'1

to 14.1 Debye. This value compares reasonably, within the
approximations included in the calculations, with the value
of 18.44 Debye obtained from the optimization of the exci-
ted singlet using the TD-SCF formalism of Gaussian 09W
(DFT B3LYP (6311+g), PCM solvation model, methanol
as solvent). The result indicates a significant increase of
the dipolar moment in the singlet excited state as conse-
quence of the large charge transfer taking place during the
excitation of the benzothiazole derivative. The larger dipo-
lar moment calculated for DPAPBTZ in the excited state
reflects the donor effect of the diphenylamino group on the
phenyl substituent, implying that the diphenylaminophenyl
substituent in position 2 is involved in the charge-transfer
process towards the oxazole acceptor center. A similar in-
tramolecular charge transfer process has been described
for analogous benzothiazole derivatives [34].
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Figure 6. Lippert-Mataga plot of the difference be-
tween absorption and fluorescence maxima on
the solvent-polarity function, f(n ,&) = (e 1)/
(2e + 1))—((n? —=1)/(2n? + 1))) for DPAPBTZ.

Studies in Micellar Systems

Self-association of long-chain amphiphilic molecules
forms micellar aggregates in aqueous solutions, above
certain concentration called critical micelle concentration,
CMC. Herein, DPAPBTZ has been employed to determi-
ne the CMC values for the commonly used surfactants
sodium dodecyl sulfate, SDS, triton X-100, TX-700 and
sucrose monocaprate, SUMC. The CMC values were cal-
culated from the variation of the relative fluorescence in-
tensities (I./1.(0) ) with the surfactant concentration, howe-
ver the observed change in the fluorescence spectrum
with the surfactant addition depends on the surfactant
chemical nature. Addition of SDS to an aqueous solution
of DPAPBTZ increases the fluorescence intensity and shi-
fts the emission maxima to the red (Figure 7), whereas
unexpectedly, when TX-100 and SuMC are added, the
fluorescence maximum is blue-shifted.

This behavior can be rationalized in terms of the DPAPBTZ
localization in the micelle. It is obvious that the probe is
not incorporated into the micelle core otherwise a no-
teworthy blue shift (up to aprox. 410 nm) of the emission
maxima would be observed due to the non-polar nature
of this microenvironment. Then the DPAPBTZ should be
located near to the micellar interface, probably with the
benzothiazole moiety towards the lipophilic tail and the di-
phenylamino group oriented in the direction of the interfa-
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ce [35]. Consequently, red-shifting can be understood in
terms of two factors, the larger stabilization of the probe
ground state in water, a process markedly dominated by
hydrogen bond interactions, and the greater stabilization
of DPAPBTZ excited singlet state in the SDS micellar in-
terface where the larger molecular dipole of the excited
species strongly interacts with the charged interface.

The blue shift observed in TX-700 and SuMC micelles can
also be understood in terms of the DPAPBTZ localization
in the interface. For sure, the transference of the probe
from water media to the non-ionic, although containing
hydroxyl groups, interface of TX-700 or SUMC destabilize
the DPAPBTZ ground state because hydrogen-bond in-
teractions are broken. However, an even more important
destabilization of the excited probe in the interface should
take place, due to the increase of the DPAPBTZ dipolar
moment with the excitation and the less-polar microenvi-
ronment around it as result of the presence of structured
water molecules near to surfactant heads. Anyway, inde-
pendently of the emission-shift, the CMC values obtained
for SDS, TX-100, and SuMC, are in good agreement with
those obtained by using other well-known probes [36-39].

Ip/a.u.

1.0 N ;
_SuM - 014 o
\ ‘..‘ ; TX-100
0'8_ -‘\ Z 0o suc
Water", e
0. 6 i Wavelenght/nm
044
0.2
00— e
400 450 500 550 600 650 700
Wavelength/nm

Figure 7. Comparison of the normalized fluores-
cence spectra of DMAPBTZ in water and in micel-
lar solution of various surfactants. Inset: Absorption
spectra of the DPAPBTZ in the same solutions.
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Figure 8. (A) Dependence of the relative fluorescence intensity of DPAPBTZ measured at 498 nm on the SDS con-
centration, (B) Dependence of the fluorescence maxima of DPAPBTZ on the SDS concentration, (C) Depen-
dence of the relative fluorescence intensity of DPAPBTZ measured at 463 and 442 nm on the TX-100 concentra-
tion, (D) Dependence of the fluorescence maxima of DPAPBTZ on the TX-100 concentration, (E) Dependence of the
relative fluorescence intensity of DPAPBTZ measured at 442 nm on the SuMC concentration, (F) Plot of the rela-
tive fluorescence intensity of DPAPBTZ measured at 442 nm on the logarithm of SuMC mM concentration.
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Figures 8 (A) and (B) show the plots obtained for the de-
pendence the values of I./1(0) (monitored at 498 nm) and
the emission maxima on the SDS concentration. From the-
se plots CMC values of 8.0 and 7.9 mM, respectively, were
obtained. When TX-100 was the surfactant, Figure 8 (C)
and (D), the 1./1(0) values increases abruptly at the CMC,
when the fluorescence intensity changes are followed at
463 nm (near to the maximum in water) or at 442 nm (the
maximum in the micelle). From these plots CMC values
of 0.21 and 0.22 mM were obtained. The dependence of
the emission maxima on the TX-100 concentration is more
complex showing an increase at low surfactant concen-
tration (probably reflecting probe-surfactant pre-micellar
interactions), and then, a slow decrease that no reflects
clearly micelles formation, although a CMC value of 0.32
mM was determined, in reasonable agreement with the
value obtained from the 1./1.(0) plots. With SUMC the si-
tuation seems to be more complicated as deduced from
the plot of 1./1(0). The fluorescence intensity increases
gradually from very low SuMC concentration values, be-
havior that can be explained in terms of the probe inte-
ractions with the hydroxyl groups of the sucrose head of
the surfactant and probably with SUMC aggregates at the
pre-micellization range. In spite of this result, a CMC value
for SUMC equal to 1.78 mM was be obtained from 1./1.(0)
vs. In[SUMC] plots, in very good agreement with reported
values [39].

On the other hand, we hypothesized that the dependence
of the emission maxima of DPAPBTZ on the interfase na-
ture of micelles could be used to study the incorporation
of additives that modify the micelle interface. Then, we
used the DPAPBTZ probe to monitor the incorporation of
n-hexanol in SDS micelles.

Ig/10°au.

400 4% 500 550 600 650 700
Wavelength/nm

Figure 9. Dependence of the fluorescence spectra of
DPAPBTZ in SDS micelles on the addition of n-hexanol.
[n-Hexanol] = 0; 13.2; 26.4; 39.6; 52.9; 66.1; 79.3 mM.

The addition of the alcohol to a SDS solution above the
CMC results in a dramatic change of the DPAPBTZ fluo-
rescence spectra when the concentration of DPAPBTZ is
very low ([DPAPBTZ]/[SDS] < 5x10; Figure 9). The emis-
sion maxima at 500 nm observed in SDS micelles is shifted
up to 438 nm upon n-hexanol addition. This result shows
that the alcohol is incorporated to the micelles modifying
the nature of the interface where the probe is located. Hen-
ce, the change in the fluorescence intensity at 438 nm can

be related to the partition constant of the alcohol between
the micelles and the aqueous continuous pseudophase.
According to Lissi et al. [40] the alcohol apparent partition
constant is defined as:
XA
©)

K =—2
A YA

where K, is the apparent partition constant given in terms
of mole fraction, X, is the mole fraction of the n-hexanol in
the micellar pseudophase, and Y, is the mole fraction of
the n-hexanol in the aqueous pseudophase. K, can be cal-
culated from a plot of the left-side of equation (7), against
C, x 18/(1000 -, ),using a successive approximations
method:

(G, x18 X, X Cox 18 ”)

(1000 _LPmic) KA (l_)(A ) (1000 _LPmic)

In equation (7), (C,),,, is the total alcohol concentration.
From plots /./I(0) versus (C )., at different surfactant con-
centrations a set of (C,),,, values which correspond to the
same /./I(0) and hence with the same X, and K, can be
obtained.'¥  the volume of micellar psudophase in a litre
of solution was calculated using a density equal to 0.85 g/
ml, independent of the composition. (C, ),the molar con-
centration of the micellized surfactant, was determined
from the equation (8):

C, =[SDSY;, ~[SDS],,., ®

where the free surfactant concentration [SDS], , was taken
from data of Lissi et al., [40] equal to the CMC measured
when the alcohol mole fraction in the aqueous pseudopha-
se is equal to Y. Figure 10 shows the data plotted accor-
ding to equation (7) from which K, values as function of X,

were obtained.

° 80mM Kgy 00226
4] 40mMKgy 00380
4 20mMKgy 0.0472

0.0012+

1/1,0)

20 40 60
[n-hexanol /mM

0.0006

00000 W

T T
0.0000 0.0005 0.0010
Cp x 18/(1000 - ¥

(CA)Tot X 18/(1000 - i)

mic)

Figure 10. Experimental data plotted according to equa-
tion (7). (C,) ., values interpolated for I /1 (0) equal
to: M1.2;[01.3;¥1.5; V1.7, 42.0; {) 2.3;02.6; ®2.7;
A 2.8. Inset: Stern-Volmer like plots of the increase
of the relative fluorescence of DPAPBTZ at 438 nm in
SDS micelles as function of the n-hexanol addition.

The values of log K|, obtained in our experiments by mea-
suring the increase of the DPAPBTZ fluorescence at 438
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nm upon incorporation of n-hexanol to the SDS micelles is
nearly constant and equal to 3.1 = 0.09 over the X, range
between 0.18 and 0.48. This value compares reasonably
well with the value of 3.3 + 0.08 determined by Lissi el al.
[40], from measurements of the pyrene fluorescence quen-
ching by oxygen after n-hexanol addition to SDS solutions.
In summary, DPAPBTZ shows spectroscopic and photo-
physical changes of the dipole moment on excitation that
make this molecule a valuable fluorescent probe to deter-
mine micellar properties such as CMC and partition cons-
tants of additives included in micellar pseudophases.
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