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O espectro de absor¢io de DPH, em concentragdo fixa, ndo varia com o teor de 4gua em solvente
organico. Tem-se a banda de mondmeros igual aquela em etanol puro. A absor¢do ndo muda até o
limite de 54 e 46% de dgua em etanol e DMSO, respectivamente, para [DPH] = 5,0 x 10 mol L"!
a 30 °C. Entretanto, em misturas com dgua muito abaixo desses conteudos criticos, observou-se
um decaimento intenso de fluorescéncia enquanto a absor¢do manteve-se constante. Propde-
se que moléculas de dgua atuam como supressores dos estados excitados e a constante de
supressdo de Stern-Volmer através de intensidade relativas, resultou em 7,4 x 102 (d4gua/etanol) e
2,6 x 102 L mol”! (dgua/DMSO). Os tempos de vida do DPH na auséncia e presenga do supressor
forneceram constantes de 7,1 x 10 L mol! em dgua/etanol, indicando supressdo dinimica. Em
investigagdes de ambientes com esta sonda, este processo deve ser considerado tendo em vista o
risco de erros de interpretacao.

The absorption spectra of DPH at fixed concentration do not change with water content in
organic solvents. It exhibits monomer bands, such as those obtained in ethanol. The absorption
did not change for solutions up to 54 and 46% of water in ethanol and DMSO, respectively, for
[DPH] = 5.0 x 10® mol L' at 30 °C. However, at the same experimental conditions, a gradual
sharp decay of the DPH fluorescence is observed. It is proposed that water molecules below these
water concentration limits act as quenchers of the excited states of DPH. Stern-Volmer quenching
constants by intensities measurements are 7.4 x 102 (water/ethanol) and 2.6 x 10> L mol"
(water/DMSO). DPH lifetime measurements in the absence and presence of water resulted in
7.1 x 10> L mol"! in water/ethanol, which pointed out that the process is a dynamic quenching
by water molecules. For experiments using DPH as probe, this process can affect data, leading to
misunderstanding interpretation.
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Introduction

trans-1,6-Diphenyl-1,3,5-hexatriene (DPH), which is
used as a fluorescence probe, has a rod-like structure that
absorbs and emits light with a high quantum efficiency,
although it is not a large conjugative m-electron system.!?
The spectrophotometric properties of DPH are very
sensitive to the experimental conditions, which allows
using this compound and its derivatives as environmental
probes in colloidal systems to determine the critical
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micellar concentration of surfactants® and in biological
cell membranes.*> The measurement of the fluorescence
anisotropy of DPH is extensively used for membranes,
particularly in studies of microviscosities,® due to the
non-polar characteristic, the low water solubility, and
the suitable geometric design, which maintains the
molecule aligned parallel to the phospholipids chains of
the membranes.” Although the DPH molecule remains
inserted in the membrane layer, it stays in contact with
water molecules.>’

The majority of DPH spectrophotometric studies on
electronic transitions are performed in organic solvents. '8¢
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For DPH, the ground state (S ) and the first excited state (S,)
have Ag symmetry, while the second excited state (S,) has B,
symmetry. Therefore, the S -S| transition is not allowed by
the symmetry rule, while the S-S, transition is.'° Therefore,
the DPH absorption band corresponds to the 'A -'B " (S -S,)
transition. In contrast, the very long fluorescence lifetime
of DPH indicates that the emission does not correspond
to a reverse 1Bu*—‘Ag (S,-S,) transition. As known, the ‘Ag*
state (S,) is more stable than the 'B " state (S,) in long
diphenylpolyenes, such as DPH. Birks!"'? first suggested
that the low S-S, energy difference, about 1000 cm
in hexane, allows coupling (Herzberg-Teller vibronic
coupling) of both states, as shown by the energy diagram
in Scheme 1. This coupling changes the “purity” state of
1Ag* by orbital symmetry modifications, thus diminishing
the forbiddance of DPH S-S _fluorescence emission after
a quick non-radiative internal S,-S, conversion.'® In fact,
either fluorescence or rotation (cis-trans isomerization)
occurs from ‘Ag* (S, state). As the coupling diminishes,
the fluorescence yield, @, decreases, while the cis-trans
rotation increases.'*

*
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Scheme 1. Jablonski energetic diagram of DPH in hexane as reported
in reference 14.

Several spectrophotometric and photochemical
properties of DPH depend on environmental factors such
as the temperature, solvent nature, etc. They influence
the energy diagram, particularly the energy gap of S-S,
states and their coupling, and accordingly, so are the
characteristics of the involved orbital. Orbital A_is assigned
to a highly symmetric state, a “covalent” charath:r, while the
B, state presents more “ionic” characteristics.'’ Therefore,
the energy of the ‘Ag-'Bu* (S,-S, absorption) transition is
affected by the solvent polarity and polarizability. A highly
polar and polarizable solvent stabilizes the 'B " state (S,)
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better than the ‘Ag state (S,), which s less sensitive, leading
to red-shifted absorption peaks. Dupuy and Montagu?
showed that the main absorptivity parameter of DPH is the
solvent polarizability (o) rather than the polarity, which
is related to the refractive index. The higher the solvent
refractive index, the greater the red-shifted absorption
band.'* However, the solvent nature does not affect the
fluorescence wavelength, since the (S-S ) process involves
two A, orbitals, which suffer the same type of stabilization
by the solvent and are less sensitive to polarizability.
Additionally, a solvent with high polarizability stabilizes
the S, orbital and favors the S-S, coupling, leading to a
high fluorescence yield.”!® The slightly decrease in the
polarizability of organic solvents with the increase in
the temperature destabilizes the 'B " state. The resulting
decrease of the S-S, coupling promotes a decrease of
<1>F.“’*15-“’ This effect is more evident in polar solvents, such
as ethanol and acetonitrile, than in non-polar solvents.! The
present work investigated an unusual fluorescence behavior
of DPH associated with the presence of water in organic
solvents (ethanol and DMSO) attributed to DPH excited
states quenching by water molecules.

Experimental

Anhydrous ethanol (Merck) and DMSO (Malinckrodt)
were used as supplied. Sodium dodecyl sulfate (SDS) was
purchased from Aldrich. Deionized and distilled water
was used throughout. The DPH (all-trans, Aldrich) stock
solutions were prepared in DMSO and kept frozen in the
dark. Before use, the melted solutions were standardized
by UV-Vis spectrophotometry in methanol (Merck) using
a molar absorptivity of €, = 88000 L mol'cm™."”
Approximately 100 mL of the solvent solution was
prepared by mixing accurately measured volumes of
water and organic solvents using a calibrated pipette.
An aliquot of DPH stock solution was added to 2 mL of
solvent mixture in a quartz cuvette using a micro syringe
and agitated vigorously. The final samples contained no
more than 0.07% (v/v) of DMSO and its presence did not
influence the experimental results. All experiments were
carried out at 30 °C. The absorption and fluorescence
spectra were obtained in Varian Cary-50 and Perkin-
Elmer LS-5 spectrometers, respectively. For fluorescence
experiments, the excitation was fixed at 353 nm and the
emission was monitored at 430 nm. For Resonance Light
Scattering spectra the spectrofluorometer were operated in
synchronous mode (AA = 0). The lifetime measurements
were conducted in equipment from Optical Building
Blocks Corporation (OBBC) with excitation source at
370 nm (LED) and emission at 435 nm, and the software
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EasyLife V. The fluorometer light exposure time was
controlled to avoid DPH photodegradation.! The amount of
water is given as v/v percentage in organic solvent.

Results and Discussion

The electronic absorption spectrum of DPH in
anhydrous organic solvents, such as ethanol, methanol,
and DMSO, exhibits a long wavelength band (300-400 nm)
composed of three characteristic vibrational peaks and
shoulders that correspond to DPH in monomeric form. The
absorption and fluorescence spectra of monomeric DPH are
illustrated in Figure 1. The lack of a mirror image between
these spectra is due to the electronic states involved once the
absorption corresponds to S-S, transition and the emission

corresponds to S,"-S_transition.'>"?

Absorption intensity
Fluorescence intensity
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Figure 1. Absorption (a) and fluorescence (b) spectra of DPH in ethanol.

In the presence of large amounts of water in ethanol
and in DMSO, the absorption spectra of DPH changed as
illustrated in Figure 2 (water/ethanol system as an example).
However, these changes for [DPH] = 5.0 x 10 mol L' at
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Figure 2. DPH absorption spectra in water/ethanol mixtures (water %,
v/v): (a) 0-54%; (b) 60%; and (c) 70%. [DPH] = 5.0 x 10 mol L.
T=30°C.

30 °C are observed only above 54% water in ethanol and
46% water in DMSO.

These absorption spectral changes, expressed by a
strong decrease in the intensity of the peak around 353 nm
(the most intense monomer absorption peak) and a new
absorption band at 300 nm, may be attributed to a DPH
self-aggregation process that leads to dimers, trimers,
and other aggregates. These results will not be discussed
in the present report'® as its focus is presently on the
experimental conditions below this critical amount of water
and the resulting effects observed on the spectrophotometric
properties of DPH. Therefore, all subsequent results are
related to these water ranges, below 54% water in ethanol
and below 46% in DMSO for [DPH] = 5.0 x 10° mol L"!
at 30 °C. In these ranges, while the absorption spectra
did not vary, remaining almost the same as in anhydrous
organic solvents, the fluorescence decays even for low
water contents as illustrated in Figure 3. Indeed the
absorbance at 353 nm presented a linear correlation
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Figure 3. Absorption () and fluorescence (®) intensities as a function of water percentage for: (A) EtOH and (B) DMSO mixtures. [DPH] =5.0 x 10 mol L"!
and 30 °C. The dashed lines indicate the critical water percentage of self-aggregation process.
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with DPH concentration (Beer’s plot) for [DPH] up to
5.0 x 10 mol L' in water/ethanol solution (experiment
series at water ranging from O to 40%), not shown.

The absence of new absorption bands or peak shifts
in the absorption and fluorescence spectra of DPH
makes the isomerization hypothesis improbable, since
cis-polyenes usually exhibit blue-shifted absorption
bands when compared to trans-polyenes.' This effect of
water on the DPH fluorescence was previously reported
by Dupuy and Montagu.? In that work the fluorescence
intensity decayed 16 and 29% in ethanol, and 3 and
13% in DMSO for 3 and 10% water, respectively. They
assigned this phenomenon to DPH and water interactions
without further discussion.> While water does not shift the
wavelength of the emission bands, its low polarizability,
Ol aier = 0.206, compared to 0.222 of ethanol and 0.284 of
DMSO at 30 °C, destabilizes the S, orbital and reduces the
S,-S, coupling, which are reflected as a weak fluorescence
emission (low @,).>"> However, the large decrease in the
fluorescence intensity for such low water percentage
in the solvent cannot be attributed to a simple solvent
polarizability effect, as demonstrated by the fluorescence
intensity decay of 27% for the addition of 10% water in
methanol.? The o, of methanol is even smaller than that of
water (OLS’ methane = 0-203). As the same time the observed
fluorescence decrease can not be attributed to dielectric
constant effects. Therefore, a specific mechanism of
quenching process should exist, which promotes DPH
fluorescence decreases. The fluorescence data was applied
to the Stern-Volmer equation (1), considering water
molecules acting as the quenchers:

F
= =1+ K, [HO] (1)

where F_is DPH fluorescence intensity in organic solvent,
F is observed fluorescence intensity, K, is Stern-Volmer
quenching constant and [H,O] is water molar concentration.
The plots of F /F against [H,0] for three fixed DPH
concentrations are illustrated in Figure 4.

All plots in Figure 4 show linear dependence upon the
quencher concentration. Table 1 shows the K, values and
the correlation coefficients (cc) of the fluorescence data.
Figure 4 and the results in Table 1 show the excellent curve
fitting and that the Stern-Volmer constants are independent
of the DPH concentration. The average K, value for the
DPH in water/ethanol mixtures resulted in 7.4 x 102 L mol !
while in water/DMSO 2.6 x 10 L mol! with cc = 0.9977.
Therefore, it is demonstrated that the water molecules are
acting as quenchers.

In the present work, two basic mechanisms: the dynamic
(or collisional) quenching and the static quenching can be
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Figure 4. Stern-Volmer plot. Fixed DPH concentration at:
(a)0.18 x 10°mol L''; (b) 0.47 x 10°mol L''; and (¢) 0.67 x 10° mol L.
Water/ethanol mixtures at 30 °C. The values of F /F (y-axis) for (b) and
(c) curves are increased by, respectively, +1 unit and +2 units, to permit
the visualization of the adjustment.

Table 1. Values of K, and correlation coefficients (cc) obtained by the
fitting of experimental data for DPH fluorescence measurements at 30 °C
in water/ethanol mixtures

[DPH] (10 mol L") K, (L mol) ce
0.18 0.074 % 0.002 0.9991
0.47 0.074 +0.001 0.9999
0.67 0.073 % 0.002 0.9993

responsible for DPH deactivation. A similar ®_ decay in
aqueous solutions of fluoresceins®*?! and cumarins® was
attributed to specific water molecule interactions caused
by hydrogen bonding, as discussed by Arbeloa.?® Although
hydrogen bonding or even polar-polar interactions are
not recognizable for DPH, some authors have reported
experimental and theoretical ground state benzene-water
weak structures in which the aromatic rings would act as
hydrogen bond acceptors.” For DPH, as reported,'* the S *
electronic state ('B,") of DPH is assigned as more “ionic”
symmetry and there is a S,"-S " coupling that changes the
“purity” of both states,'? which may turn the S * state more
“lonic”, so that more sensible to interactions.

The fluorescence measurements at 30 and at 50 °C,
represented as F, and F_ , respectively, showed a decrease in
the intensity at higher temperatures for the water percentage
range considered (F,/F, ratio < 1). This effect was first
explained by Alford and Palmer,'® who attributed it to a
small decrease in polarizability with the rise in temperature,
which destabilized the S, orbital and resulted in the S-S,
decoupling (decrease in @,). Additionally the temperature
elevation favors internal conversion instead fluorescence
emission. However, another explanation for the present
case is the viscosity diminution as the temperature
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increases, resulting in faster diffusion and hence larger
amounts of collisions (higher energy suppression), which
suggests dynamic quenching. The value of the F, /F,
ratio was independent of the water content. Additionally,
the fluorescence intensity decayed even with the addition
of SDS to an aqueous ethanolic solution of DPH (not
shown). These results eliminate the possibility of DPH
self-aggregation for water contents below the previously
mentioned critical water concentration, since the increase in
temperature and the addition of surfactant cause monomer
formation, which should result in higher fluorescence.* In
addition Resonance Light Scattering (RLS) experiments
using the spectrofluorometer in synchronous mode did not
show RLS signals that pointed out absence of aggregates
in these solutions.

To confirm that the DPH fluorescence diminution
by water molecules follows the mechanism of dynamic
quenching, time-resolved experiments were performed at
several water/ethanol conditions (Figure 5). From the data
exposed in Figure 5, the fluorescence lifetimes of DPH in the
absence (7 ) and presence (T) of quenchers were calculated.
The obtained lifetime of DPH in pure ethanol (t, = 5.0 ns)
is in accordance to the value found in the literature' (5.0 ns
at 32 °C in the absence of oxygen). Figure 6 presents the
plot of T /T against water molar concentration.

1000+
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75 80 85 90
time / ns

Figure 5. Lifetime determinations for DPH in different water/ethanol
mixtures: (a) pure ethanol; (b) 10%; (c) 20%; (d) 30%; and (e) 40%
of water (v/v). [DPH] = 0.5 x 10 mol L"!. Excitation at 370 nm and
emission at 435 nm.

As can be seen, the plot in Figure 6 follows a linear
relationship whose slope is 7.1 x 10 L mol™. This value
is the same as the K, obtained from fluorescence stead-
state results (7.4 x 10 L mol"). The equivalence of the
ratios, F /F (Figure 4) and 71/t (Figure 6), demonstrates
that the investigated fluorescence decay is due to dynamic
quenching of the DPH excited states by water molecules.
Indeed, the calculated bimolecular quenching constant
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Figure 6. Lifetime relationship (t /1) for DPH at several water molar
concentration for [DPH] = 0.5 X 10° mol L'. T ca. 22 °C.

kq ca. 1.5 x 107 L mol" s (calculated from T and K ) is
smaller than the typical diffusion-controlled value, which
shows low quenching efficiency.

Conclusion

Once DPH is used as probe for colloid and membrane
investigations, the large fluorescence decay of DPH in
presence of water must be taken into account. Despite
being hydrophobic, the DPH probe can be exposed
to water molecules in some microenvironments. This
quenching process can affect experimental data, leading
to misunderstanding interpretation. The deactivation
mechanism of excited states of DPH is due to the dynamic
quenching by water molecules.
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