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Abstract In this work, total internal reflection synchronous
fluorescence spectroscopy (TIRSF) is applied successfully
to investigate rhodamine 6G (R6G) at the silica/water
interface. In comparison with the bulk spectra, 5 nm red
shift is observed in the interface spectra, which is mainly
due to the limitation of freedom of rotational movement of
R6G molecules at the interface. The increase of R6G
concentration induces the self-quenching of adsorbate at the
interface. The dependence of interfacial fluorescence on the
acidity and ionic strength was studied. Both the acidity and
ionic strength affect the adsorptive behaviors of R6G at the
silica/water interface.
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Introduction

Of particular interest in interface analysis is the optical
characteristic of molecules affected by their physical and
chemical environment [1-4]. In last few decades, many
efforts were focused on photophysics and photochemistry
of interfaces [5—11]. On the other hand, many species,
especially dyes, were examined on materials [12], ordered
supramolecular assemblies [13] in attempt to understand
the phenomena that happen at interfaces. However, the
behavior of the asymmetric forces acting on molecules
is more complex and inhomogenous at the interface
than in the bulk phase, which is both qualitatively and
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quantitatively well known. One of the key problems in the
investigation of the interface is the adsorption of molecules,
which reflects the weak interaction between environment
and molecules [14, 15].

As a common cationic dye, rhodamine 6G (R6G, Fig. 1)
has been employed to observe phenomena at the interface
on the physical and chemical aspects for a long time [1, 2,
4-7]. Lopez Arbeloa et al. [16] probed the orientation of
R6G in the clay by using florescence polarization. Brennan
et al. [17] applied time-resolved fluorescence anisotropy
approach to measure the surface coverage of SiO, in the
bulk solution. However, there are only a few tools available
for probing surface without disturbance from the bulk phase
or probing interface origins directly.

In order to study molecules at silica/water interface with
fluorescence approaches, it is necessary to distinguish the
interface-originated signals with those from a large over-
whelming number of molecules in the bulk solution. Total
internal reflection fluorescence (TIRF) spectroscopy is
chosen in this study because it is of interface-specific and
can be easily applied to in situ observation at an interface
[11, 18-20]. Synchronous fluorescence spectroscopy has
been shown to give narrow and simple spectra [21-24].
Unlike conventional fluorescence excitation and emission
spectra, a synchronous fluorescence spectrum is taken as a
combined function of excitation and emission wavelengths.
The simplest synchronous scanning technique maintains a
constant-wavelength difference (AL) between emission and
excitation wavelengths during the acquisition of a spec-
trum. The combination of TIRF and synchronous scanning
technique has been suggested in a previous paper [25].

The goal of this work is to investigate the adsorption of
R6G on silica/water interface, to discuss the causes for the
interfacial fluorescence behaviors, and to provide a novel
perspective to recognize surface-active molecules. In this
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Fig. 1 Sketch plot of the structure of Rhodamine 6G

work, total internal reflection synchronous fluorescence
spectroscopy (TIRSF) is applied successfully to measure
rhodamine 6G (R6G) at the silica/water interface. The
mechanism of the spectral red shift of R6G at the interface
is proposed. The effects of concentrations, solution acidity
and ionic strength on fluorescent intensity are studied.

Experimental section

Materials Rhodamine 6G (Shanghai Reagent Inc.) was of
analytical grade and used without further purification. For
the experiments on acidity effects, 1.0 M HCIl was used to
prepare serial solutions of R6G with different pH. The ionic
strength of the solution was adjusted with 2.0 M NaCl
Other reagents were of analytical grade. All solutions were
prepared with deionized water.

Hydrophobic silica slice was processed by dichlorodi-
methylsilane ((CH3),SiCl,).

Apparatus TIRF measurement and bulk phase measure-
ments were carried out by a home-made multifunctional
spectrofluorimeter as previously described [22, 23, 26]. It
was equipped with a 150 W xenon lamp and the slit
bandpasses of excitation and emission monochromators
were set at 5 nm. The bulk observation was performed with
the spectrofluorimeter at regular detection manner
(10 mmx 10 mm cell). For TIRF measurement, a cylindrical
prism was attached to a sample cell consisting with two
sandwiched silica slices (20 mm*20 mm) and gaskets used
as spacer to make TIRF sample cell (Fig. 2). Glycerol was
used to agglutinate the slice and prism. Passing a
cylindrical prism, a beam of light went from optically
denser medium (silica, refractive index, n;=1.46) to the
optically thinner medium (water, refractive index, n,=1.33)
at a fixed incidence angle of 70°, which is greater than the
critical angle (66°) in silica/water interface, the light
undergoes total internal reflection. The evanescent wave
excites the fluorophores of molecules at the interface
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Fig. 2 Schematic drawing of TIRF cell

region. Combining synchronous fluorescence technique with
a AX of 24 nm, thus, interfacial synchronous fluorescence
spectra are obtained.

The measurement at toluene/water interface refers to
Watarai et al. [39].

Results and discussion
Interface-originated fluorescence of R6G

The fluorescence spectra of R6G obtained from silica/water
and bulk phase at 1.0x10~" M are shown on Fig. 3. The
overlap between the excitation and emission spectra is
attributed to the low energy transitions between the ground
and the first excited states (Sp—S;) of R6G. Researchers
usually select an excitation wavelength that can avoid the
interference of Rayleigh scattering on the spectra at the
sacrifice of fluorescence intensity or obtain incomplete
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Fig. 3 The fluorescence spectra of R6G in different host environ-
ments, a synchronous spectrum (AA=24 nm) at silica/water interface
(the intensity amplified fivefold), b synchronous spectrum (Ar=

24 nm) in aqueous solution, ¢ excitation and d emission spectra in
aqueous solution. [R6G]=1.0x10""7 M, PBS 7.4
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excitation/emission spectra [1, 5]. In this study, the
synchronous scanning technique was applied to overcome
the shortcoming. A constant-wavelength difference (AA=
24 nm) for synchronous scanning was chosen, which was
equal to the Stokes’ shift of R6G.

As shown in Fig. 3, the wavelength of the peak
maximum is red-shifted from 525 nm (Fig. 3b) in aqueous
bulk solution to 530 nm (Fig. 3a) at the silica/water
interface with water phase R6G concentration of 1.0x
1077 M. To investigate the causes of the red shift, the same
experiments were carried out (Table 1) at the toluene/water
and hydrophobic silica/water interface. The red shifts were
also observed in both measurements. However, no aggre-
gation was found at interfaces at this concentration.

Previous studies rationalized the bathochromic shift of
the emission maxima of molecules on substrates in several
ways. The first assumption for the cause is the effect of the
environment of dye molecules, such as changes in polarity
or polarizability [27], as the general solvent effects are
determined by the polarizability of solvent or fluorophore.
The fluorophores present diverse spectral features in
different environments. Interdigitated effect of the long
alkyl chains between adjacent layers in the Langmuir—
Blodgett films alters the structure of porphyrin aggregates
[28]. The fluorescence spectra of FITC-labeled colloidal
silica spheres show a concentration-dependence red shift,
which comes from the lower surface polarity for the
interactions between neighboring molecules [27]. An
alternative explanation for the red shift could be the
formation of aggregates [29]. The exciton theory [30], a
molecular quantum mechanical theory based on monomer
dipole—dipole interaction in the aggregates, illustrates the
spectroscopic characteristics of dimers. Long displaced
coplanar dimers with a tilt angle #<54.7° have active
absorption and fluorescence J bands [29], which appear at

Table 1 Spectroscopic parameters of R6G in various host environments

Host environment Aabsorption (1) Aemission
(nm)
}\monomer ;‘dimer

H,0?* 525 505 550

Ethanol® 531 505 558

SDSP 532 500 5554

Hydrophilic silica/water 530 495°¢ 554
interface

Hydrophobic silica/water 532 - 556
interface

Toluene/water interface 536 - 557

* Govindanunny [42]

®Micheau et al. [43]

“Nasr [44]

41.0x10°° M R6G and 0.1 mM SDS

lower energy than the monomeric fluorescent band. The
short displaced coplanar dimers with a tilt angle 6>54.7°
undergo the transition to the highest excited state in
absorption and the deactivation to the ground state with
nonfluorescing. The inner filter effects in high dye
concentration samples could be the third factor for
obviously red shift [31]. The fourth hypothesis is that the
entrapped molecules in the matrix are constrained by the
corresponding surface. The high orientation of molecules in
the surface can cause new configuration and dynamic
behavior quite different from those in homogeneous
solution. Not only the powdered or porous materials, but
also polymeric block or monolayer supporters can impose
the dye molecules in contradistinction to fluid environment
[1, 29, 32, 33]. In Langmuir—Blodgett films the dye
molecules tend to reduce orientation freedom and strongly
depend on surface morphology [28, 34, 35]. The silica
network also restricts the rotation of dye molecules. Even
the monodisperse R6G embedded in the silica glass cage
is relocated around the Si—-O-H bonds by hydrogen
bonding [1].

In this measurement, the inner filter should be ruled out
because of the low concentration of dye and the short light
path of TIRF excitation, which just operates hundreds of
nanometer.

The slight red shift of the fluorescent peak is indepen-
dent of the concentration of R6G up to 1.0x107® M. Since
the concentration range corresponds to the monolayer or
sub-monolayer (compared with Ref [36]), no aggregates are
expected. Prior studies on clay films [37], colloid spheres
[33], and at the solid/air interface [36] were carried out at
higher concentrations, where drastic red shifts caused by
aggregates were observed with the increase of concentra-
tion. In our work, the spectra shifts could not be ascribed to
the aggregation of the dye molecules on the solid substrate.

The slightly red shift (~5 nm) of fluorescence maxima of
R6G at the silica /water interface, in comparison with those
in the bulk, is mainly due to the interaction of substrate and
dye. The limitation of rotational movements of the dye
immobilized on the silica wall increases distinctly com-
pared with the liquid counterpart. As shown in Fig. 4a and
b, the polarized intensity of R6G at interface is different
from that in water phase. At the interface, the vertical—
vertical polarization increases in comparison to that in the
bulk solution. The anisotropy measurements were carried
out with four different combinations of horizontally and
vertically polarized beams to the interface. The anisotropy
at the interface was at least one order of magnitude increase
in comparison with that in the bulk (r,,;x=0.015, rinerface=
0.16). The reorientation of R6G molecules at the interface
substitutes the random alignment of dipole—dipole interac-
tion between molecules in bulk phase. The interaction
between Si—O-H at silica surface and dye decreases the
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dipole moment of the excited molecule [38], and hence the
red shift may reflect the desired stabilizing mutual
reorientation for the restricted motion of the dye around
silica wall [1]. The rigidity of the silica surface restricts the
freedom of the molecules.

The variation of local environment may also make a
contribution to the phenomenon. It is found that the
maximum absorption wavelength at interfaces (liquid/
liquid, hydrophobic or hydrophilic solid/liquid) is longer
than the corresponding wavelength in aqueous solution,
close to the absorption wavelengths in the organic media or
surfactants (Table 1). Similar situation exists for emission
wavelengths. Polarity of microenvironment at the silica/
water interface is lower than that in aqueous environment.
The dye molecules are adsorbed to the silica wall, which is
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made up of two types of silicon groups: Si—O-H and Si—O-
Si. Both groups are of lower polarity and higher hydropho-
bicity than water [1].

The adsorption behaviors of R6G with concentrations

The adsorption behaviors are affected by the concentration
of R6G. As seen in Fig. 5, it is noticeable that the decrease
of the bulk fluorescence intensity in evolution curves slows
down with the increase of concentration; the interfacial
signal rises up slowly. However, the interfacial fluorescence
intensity does not always increase with the evolution of
time: the curve reaches maximum in fluorescence intensity
and then decreases at 5.0x107" M (Fig. 5b2) and 1.0x
10°° M (Fig. 5b3), while keeping obviously sustaining
increase of interface intensity at the concentration of 1.0x
1077 M (Fig. 5bl). The increase of absorption (not show
herein) confirmed the increasing amount of adsorbate at the
interface, but no corresponding increase was found in
fluorescence. It is suggested that the increasing concentra-
tion of bulk solution makes the shorter distance of dye
molecules each other; therefore, resonant energy transfer
deactivates the donors [27]. The differences among the
evolution curves can be the result of self-quenching, which
is due to interaction between close pairs of dye molecules at
the high surface concentration.

The pH dependence of fluorescence intensity
at the interface

Rhodamine B (RB) was chosen by Watarai et al. [39] as the
target molecule at the interface since it is sensitive to the
polarity of environment. However, the phenylcarboxyl
group of RB makes it not a good model to probe the
change of molecular conformation in the interface region,
because the emission of RB is affected by the protonated
form and the zwitterion form. In bulk solution, fluorescence
intensity of R6G is not sensitive to pH. Harata et al. [6]
studied the effect of subphase acidity at air/water interface
on fluorescence signal and found that the fluorescence
intensity of R6G at the interface changes in three steps by
using confocal fluorescence microscope. This work con-
firms the pH-dependent character at the silica/water
interface (Fig. 6a).

Constant fluorescence intensity was observed in the bulk
solution at pH 1-5 and the intensity decreased when pH
lower than 1 (Fig. 6b) It is evident that when pH<I1, a
portion of R6G molecules are protonated to form RH*",
which results in an intense decrease in bulk fluorescence
intensity. When pH>1, the cationic form R" exists in the
bulk solution.

For the surface observation, the intensity at the silica/
water interface kept constant with pH 0-2 and increased
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Fig. 5 The synchronous fluorescence intensity of R6G evolution curves with time a in aqueous solution at 525 nm, b at silica/water interface at
530 nm, for various concentrations of R6G in the bulk water phase: / 1.0x 107 M, 25.0%x107 M, 31.0x10°° M. PBS 7.4

with the increasing pH from 2—5. Harata et al. [6] supposed
a possibility to explain the acidity dependence that the
chemical forms at the air/water interface change from RH*"
to R" to dimer or R'—A" and they have different quantum
yields. This hypothesis performs an incompetent role in the
solid/liquid interface experiment. The charge at the silica
surface will be the definitive factor in this case. Therefore,
it is difficult to explain the analogous phenomena by the
lower quantum vyield of protonated molecules (RH>") or
higher quantum yield of dimer/ R'—A". If the quantum
yield of molecule at the interface is kept stable as that in the
bulk phase, it can be speculated that at the beginning the
dye molecules adsorbed randomly at the interface; 10 min
later, they reached to the equilibrium. The dependence of
the fluorescence intensity at the interface on pH can reveal
the equilibrium shift of the surface charge with subphase
pH, which influences the interaction between the positively
charged dye and the silica surface. The silica surface
charged positive at pH 0—1 (isoelectric point=2.0) [40]. It is
possible that the positive-charged monoethylamino group
of R6G (RH*" and R") is located at surface of silica
randomly. Both RH*" and R*are repulsed by the positive-
charged silica surface, so the relative weak fluorescence is
detected. When pH increasing from 2 to 5, R'is the
dominant form in the solution (the contribution of RH*"
can be ignored). The adsorption of R" depends on the

charge at silica surface which holds different negative
charge at different pH. And less protonated silica surface
can promote more adsorbate to adsorb at the interface.

Effect of ionic strength on fluorescence intensity of R6G

The ionic strength affects the adsorption behavior strongly
at the interface. Some authors [10, 41] have found that
supporting electrolyte influences the adsorption/desorption
rates at surfaces. The adsorption of R6G at the silica/water
interface in the absence of NaCl (Fig. 5bl) has an apparent
difference in rates with the presence of NaCl: a fast initial
adsorption event followed by a significant slower step.
However, when 0.1 M NaCl (Fig. 7) exists in the bulk
solution, the slow adsorption step is suppressed by the
electrostatic interaction between adsorbate and surface.
Not only is the adsorption rate of R6G affected by the
ionic strength, but also by the amount of adsorbate. Figure 8
shows the fluorescence intensities of dyes (1.0x1077 M
R6G) at the silica/water interface observed by TIRSF and in
the bulk solution as a function of NaCl concentrations. The
completely opposite trends are observed in the bulk and
interface. In the bulk solution, NaCl causes a slight
fluorescence increase. The impact hardly continues when
more than 0.1 M NaCl is present in solution. The addition
of NaCl results in the decrease in fluorescence intensity of
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R6G at the interface; the more salt is added, the lower
interface intensity is observed, though the effect becomes
weaker in high salt concentration range. Considering that
NaCl can stabilize the interface fluorescence quickly, it is
deduced that the change of the structure of electric double
layer near silica substrate contributes to the decrease of
adsorption of the fluorophore.

The cationic form of R6G (R") at neutral pH can
neutralize the negative charged silica surface, which forms
compact layer of electric double layer. Na" with less steric
hindrance competes with R to occupy the site of compact
layer. As a result, a new buildup of electric double layer
appears: Na' replaces R" to be another counterion to
comprise compact layer and reduces the amount of
adsorbed R6G. Therefore, it is reasonable that the fluores-
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cence is weakened at the silica/water interface by the addition
of NaCl.

In order to confirm this assumption, the effect of ionic
strength on the hydrophobic modified silica/water in the
interface is studied. Although just hydrophobic force drives
the dye molecules adsorbing to the interface, more amounts
of R6G molecules adsorb to the hydrophobic silica surface
compared with the hydrophilic silica surface. The fluores-
cence on the hydrophobic silica/water interface, where the
repulsion of electric double layer can be ignored, is not
affected by the addition of salt (figure not shown here).

Conclusions

In this work, TIRSF is developed as a direct and successful
tool to investigate the xanthene dye (R6G) at the silica/
water interface. From analysis of fluorescence spectra both
in the bulk and at the interface, it is clear that the
characteristics of interface spectra are affected by more
factors than previous reports.

Different from most of work on R6G in clay, nano-
particles, liquid crystal or sol—gel films as well as air—water
interface, which obtains blue-shifted H-dimer or red-shifted
J-dimer spectra of R6G on matrices, in this study, red shifts
of fluorescence spectra at hydrophilic silica/water interface
(5 nm, or 7 nm for hydrophobic, or 11 nm for toluene/water
interface) are observed. This red shift is independent of the
increase of the concentration of R6G solution. The
bathochromic shift is mainly due to the limitation of
rotational movements of the dye. The rigidity of the silica
surface restricts the freedom of the molecules. The lower
polarity of microenvironment at the silica/water interface
than that in aqueous environment should also make a
contribution to the phenomenon.

The adsorption of R6G at the silica/water interface
depends on the concentration of bulk solution. With the
increase of concentration, the decline tendency of the bulk
fluorescence with time in evolution curves slowed down;
the interfacial fluorescence signal rose up slowly. At 5.0x
107 and 1.0x10°® M, the decrease of the interfacial
fluorescence after reaching the maximum is due to self-
quenching of adsorbate.

The interfacial fluorescence intensity of R6G shows two
steps change with pH: kept constant with pH 0-2 and
increased with the increasing pH from 2—5, while the signal
from the bulk solution keeps constant except a lower value
at pH 0. The experimental results reveal the variances of
both chemical forms of R6G and the equilibrium shift of
the surface charge at the charged interface.

The adsorptive behaviors of adsorbate at silica/water
interface depend on the ionic strength of dye solution as

well. The structure of electric double layer affects the ad-
sorptive rate and amount of R6G at the interface.
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