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ABSTRACT

Potential-dependent adsorption behavior of meso-substituted water-soluble porphyrins at the
polarized water|1,2-dichloroethane (DCE) interface was studied by polarization-modulation total
internal reflection fluorescence (PM-TIRF) spectroscopy. In the PM-TIRF experiments, the
fluorescence signal from the interfacial region was analyzed as a function of the periodic
modulation of linear-polarizations (s and p) of the incident excitation beam. The potential-
dependence of PM-TIRF responses for meso-substituted porphyrins, 5,10,15,20-tetrakis(/N-
methylpyridyl)porphyrin  (H:TMPyP4) and 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin
(H2TPPS*) indicated that both free base porphyrins were adsorbed with relatively lying

orientations at the polarized water|DCE interface. The average orientation angles () were

estimated as =61£1° for H2TMPyP* and #=65+1° for HoTPPS* with respect to the
interface normal. The wavelength-dependence of polarization-modulated fluorescence signals
(PM-TIRF spectrum), which corresponds to “pure” emission spectrum of interfacial species,
clearly indicated that H-TMPyP* and H.TPPS* are adsorbed with a modification of the
solvation at the interface. These results demonstrated a high ability of the PM-TIRF spectroscopy

for the direct characterization of fluorescent species adsorbed at polarized liquid|liquid interfaces.



INTRODUCTION

An interface between two immiscible electrolyte solutions (ITIES) is a two-dimensional specific

reaction field, where charge transfer processes are controlled as a function of the Galvani
potential difference between two phases (A} ¢).!"> The heterogeneous reaction at ITIES often

involves the interfacial adsorption process of reactants. The interfacial mechanism and kinetics
are then significantly affected by the adsorption state of the reactants. The detailed
characterizations of interfacial species at molecular level such as solvation structure, molecular
orientation and intermolecular interaction are important to elucidate the heterogeneous reaction
mechanism.>* However, it is extremely difficult to characterize the interfacial species in situ by
using conventional spectroscopies since ion transfer reactions (or ion partitioning) could take
place simultaneously with their adsorption processes at ITIES. In such cases, weak signals of the
interfacial species cannot readily be differentiated from bulk solution species. Total internal
reflection (TIR) spectroscopy is one of the most powerful techniques to investigate the reaction
mechanism at ITIES.>¢ In particular, total internal reflection fluorescence (TIRF) spectroscopy
has provided various insights of interfacial species with its high sensitivity.”? In TIRF
spectroscopy, the fluorescent dye species located in evanescent wave region are excited by the
incident beam from a high refractive index medium. When dye species are dissolved in the
incident medium, however, the optical signals from the interfacial region are relatively weaken
and buried in strong signals from the bulk solution species. Surface second harmonic generation
(SSHG) spectroscopy is extremely sensitive to molecules adsorbed at the interface between two
centrosymmetric phases such as liquid surfaces, solid|liquid and liquid|liquid interfaces.!%1¢ In
the electric dipole approximation, the second harmonic (SH) signal is only generated from
oriented molecules adsorbed at the interface. Although SSHG spectroscopy is a quite useful
technique to characterize interfacial species with high selectivity, the self-absorption of SH
signals by bulk species at resonant wavelengths through the optical path remains a serious
problem. The requirements of a high power laser system and a strict optical setup may also

reduce general versatility of this technique.



Modulation techniques have been combined with the TIR spectroscopy in order to enhance

selectivity for interfacial species.'”!® At polarized liquid|liquid interfaces, the transfer and

adsorption processes of ionic species are controlled as a function of A)¢ and thus an ac

potential-modulation applied to the interface induces a perturbation of spectroelectrochemical
signal arising from the interfacial region. Potential-modulation spectroscopy has been employed
to analyze the charge transfer reaction at liquid|liquid interfaces,> °2° in which the high
sensitivity of potential-modulated fluorescence (PMF) spectroscopy has enabled us to study the
interfacial mechanism of various fluorescent species.?!2¢ In PMF measurements, the ion transfer
and adsorption processes are distinguishable through the complex analysis of PMF signals within
the framework of simple phenomenological models at a polarized liquid|liquid interface.?’” The
direct characterization of interfacial species was also achieved under limited conditions. The
sensitivity and selectivity for the adsorbed species are still insufficient in the case that the
transfer and adsorption processes takes place in the same potential region.

Polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS) has been
used to determine the molecular orientation and the conformation of layered materials formed at
solid and liquid surfaces.?®-32 In PM-IRRAS, the linear polarizations of the incident light are
periodically modulated and selectivity for oriented species is drastically improved by analyzing
corresponding ac optical signals. A similar approach has also been applied to total reflection X-
ray absorption fine structure (TR-XAFS) at liquid surfaces and liquid|liquid interfaces.33-33
Polarized TR-XAFS measurements, where the linear polarization of incident X-rays is controlled
by a diamond retarder crystal, allowed us to estimate the solvation structure of metalloporphyrins
at interfaces in situ.’%3® However, the application of PM-IRRAS and polarized TR-XAFS to
liquid|liquid systems is rigidly limited by strong attenuation or scattering of incident beam and
optical signal by solvent molecules in infrared and X-ray regions.

In the present study, we developed polarization-modulation total internal reflection
fluorescence (PM-TIRF) spectroscopy to study adsorbed species at liquid|liquid interfaces. PM-

TIRF spectroscopy can effectively extract the fluorescence responses of the molecules oriented



at the interface buried in the signals arising throughout the optical path in the incident medium.
PM-TIRF spectroscopy was applied to meso-substituted water-soluble porphyrins, 5,10,15,20-
tetrakis(N-methylpyridyl)porphyrin (H2.TMPyP*") and 5,10,15,20-tetrakis(4-
sulfonatophenyl)porphyrin (H.TPPS*") at the polarized water|1,2-dichloroethane (DCE) interface.
The dependences of PM-TIRF signals on Aj'¢ and PM-TIRF spectra at given potentials clarified

the interfacial behavior of those free base porphyrins in detail.

EXPERIMENTAL SECTION

Reagents. 5,10,15,20-tetrakis(N-methylpyridyl)porphyrin (H2TMPyP4") tetratosylate salt and
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (H2TPPS*) disulfuric acid tetrahydrate were
purchased from Dojindo Laboratories and used as received. The composition of the
electrochemical cell is represented in Figure 1. The concentrations of H-TMPyP4" and HoTPPS*
in the aqueous phase were 2.0 x 107> mol dm™3. The supporting electrolytes were 1.0 x 1072 mol
dm3 LiCl for the aqueous phase and 50 x 103 mol dm?
bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluorophenyl)borate (BTPPATPFB)
for the organic phase, respectively. BTPPATPFB was prepared by metathesis of
bis(triphenylphosphoranylidene)ammonium chloride (BTPPACI) (Aldrich, >97%) and lithium
tetrakis(pentafluorophenyl)borate ethyl ether complex (TCI, >70%). The aqueous solutions were
prepared with purified water by a Milli-Q system (Millipore, Direct-Q3UV). 1,2-dichloroethane
(DCE) (Nacalai Tesque, HPLC grade, >99.7%) was used as an organic solvent. DCE and water
were saturated with each other. All other reagents used were of analytical grade or higher. The
pH of the aqueous phase was controlled by 1.0 x 1073 mol dm™ LiH2PO4/LiOH buffer for

neutral conditions.

porphyrin
(phosphate buffer)
1.0x102 mol dm™?
LiCl
(aq)

1.0x103 mol dm™?
BTPPACI
1.0x107% mol dm™
LiCl
(aq)

Ag|AgCl 5.0x107 mol dm™ AgCl(Ag

BTPPATPFB
(DCE)

Figure 1. Composition of the electrochemical cell.



Spectroelectrochemical Setup. The spectroelectrochemical cell used in all measurements was
analogous to one reported previously (Figure 2).!” The water|DCE interface with a geometrical
area of 0.50 cm? was polarized by a four-electrode potentiostat (Hokuto Denko, HA-

1010mM1A). The platinum counter (CE) and reference electrodes (RE: Ag/AgCl with Luggin

capillary) were used in both phases. The Galvani potential difference (AY¢@=¢" —¢°) was

estimated by taking the formal transfer potential (Ay¢” ) of tetramethylammonium ions as
—0.160 V.3 The water|DCE interface was illuminated under the total internal reflection (TIR)
condition from organic phase by a cw laser diode at 404 nm (Coherent, CUBE 405-50C, 50 mW).
The critical angle for the water|DCE interface is 67.6° and the angle of incidence to the interface
(o) was ca. 75°. The laser radiation was attenuated to 25 mW to avoid the photobleaching of
porphyrins. The fluorescence emitted from the interfacial region was collected perpendicularly to
the interface by an optical fiber fitted to a photomultiplier tube (PMT) through a monochromator
(Shimadzu, SPG-120S). The linear polarization of incident excitation beam was periodically
modulated from p- (parallel to the plane of incidence) to s-polarization (perpendicular to the
plane of incidence) at 13 Hz by a liquid crystal retarder (LCR) thermostated at 323 K (Thorlabs,
LCCI111T-A, LCC25/TC200). The polarization modulation efficiency (Pm) of LCR was defined

as the fraction of the p- or s-polarized component in the excitation beam under respective light

CE,, (Pt wire)

S

RE,, (Ag/AgCl)
aqg. phase

RE, (Ag/AgCl
CE, o (Ag/AGCI)
(Pt wire)

p

cw laser *

LCR

org. phase

Figure 2. Schematic drawing of the spectroelectrochemical setup for PM-TIRF measurement.



modulations and measured as Pm = 0.95 by a Glan Thompson prism (Sigma Koki, GTPC-10-
33SN) and a Si photodiode (Hamamatsu Photonics, S1133-01) (cf. Supporting Information: S1).
The polarization-modulated fluorescence signal was analyzed by a digital lock-in amplifier (NF,
LI5640) as a function of periodic modulation of linear polarizations. Ay ¢ was linearly swept at

5 mV s7! for potential dependence measurements. All experiments were carried out in a
thermostated room at 298 + 2 K.

Polarization-Modulation Total Internal Reflection Fluorescence (PM-TIRF) Response. The
fluorescence intensity emitted form a molecule adsorbed at an interface is determined by the
molecular orientation and polarizations of the excitation beam. Assuming that a transition dipole

moment is considered in a molecular axis, the fluorescence intensity from a molecule oriented at

an angle (@) with respect to the interface normal can be given by?!40-41
F(¥)=C[sin* @ cos’(90° —¥) + (cos® a sin* @ + 2sin* & cos® #) sin*(90° - P)] (1)
where ¥ is the angle of polarization of excitation beam with respect to the normal to the

interface and C is a proportional factor. The ¥ values for the p- and s-polarized excitation

beams are 0° and 90°, respectively. Figure 3 schematically illustrates the polarization angle

F(90%)

o)

fluorescence

6 =154.7° or random 6 =90°

Figure 3. Schematic representation of the fluorescence signal from molecules oriented at 6.

The polarization angle (W) of incident excitation beam is periodically modulated between 0°

(p) and 90° (s).



dependence of the fluorescence intensity F' (W) under TIR conditions. The intensity of F(0°)

under the p-polarized excitation for molecules oriented at 0° <8 < 54.7° is larger than F(90°)
under the s-polarized excitation, while an opposite relationship is obtained in the case of
54.7° <6 <90°. At #=54.7° or random orientation, the fluorescence intensity is constant

irrespective of ¥, i.e. F(0°)=F(90°) (cf. Supporting Information: Figure S2). In the present
work, the PM-TIRF signal (AF**) is defined as
AFP® = F(0°)— F(90°) (2)

When the modulation efficiency (Pm) is not equal to 1, the excitation beam consists of both the

p- and s-polarized components under polarization modulation. The total intensities of the
modulated fluorescence in the p- and s-polarization modes, F” and F, can be represented by
F?=P F(0°)+(1-P,)F(90°) 3)
F> =P F(90°)+(1-P,)F(0°) 4)
From eqs. 3 and 4, AF™* with Pm < 1 is rewritten as
AF™ = F? — FS =(2P, —1)F(0°) — F(90°)) (5)
The signs of AFP* can be diagnostic criteria for the relative orientation of interfacial molecule,

in which positive and negative values indicate relatively standing and lying molecular

orientations with respect to interface (cf. Supporting Information: Figure S3). When the

molecules are adsorbed at the interface with @ =54.7° or random orientation, AF™* should be
zero. In PM-TIRF spectroscopy, the fluorescence signal arising from bulk solution species with
random orientation is effectively cancelled out by periodic polarization modulation, and PM-
TIRF spectroscopy is thus highly sensitive and selective to the interfacial species with a certain

orientation.



RESULTS AND DISCUSSION

Interfacial Adsorption and Orientation Behavior of Porphyrins. Figure 4 shows cyclic
voltammograms (CVs) measured in the presence of 2.0 x 107 mol dm> HTMPyP#" and
H2TPPS* under neutral conditions, where both porphyrins exist as the free base form in the
aqueous solution. The well-defined voltammetric responses were observed in each system. In
Figure 4a, the positive and negative current peaks obtained for H:-TMPyP*" correspond to the
diffusion controlled ion transfer of tetracationic species from water to DCE and that of the
reverse process across the interface, respectively, since the peak currents exhibited a linear

relationship with square root of potential sweep rate. The formal ion transfer potential of

H>TMPyP#" was determined as A" =0.07 V. The current increases at the negative edge

¢1—12TMPyP‘H
of potential window is attributed to the ion transfer of tosylate anions (A‘Z¢§;Sylate =-0.28V)asa

counter ion of HoTMPyP+'.#2 The ion transfer responses of H>TPPS* were obtained at

w o

0¢H2TPPS4, =-0.20V (Figure 4b). In addition, the broad positive current responses at

025V <A'$p<030V and the gradual increase of currents prior to the ion transfer

(AY$ <0.10 V) were observed for H-TMPyP4" and H2TPPS#", respectively (see also Supporting

Information: Figure S4). These additional voltammetric responses are in accord with our
previous reports, in which the PMF analysis elucidated the transfer mechanism of the free base
porphyrins accompanied by the specific adsorption at either side of the water|DCE interface.?

The PM-TIRF spectroscopy was employed to study the potential dependent adsorption

behavior of the porphyrins in detail at the water|DCE interface. Figures Sa and 6a show the

potential dependences of PM-TIRF signals, AF®® , measured in the H>TMPyP* and
HoTPPS*systems, respectively. The PM-TIRF responses were recorded at 660 nm for
H2TMPyP# and 649 nm for HoTPPS*, respectively, where these porphyrins emit relatively
strong fluorescence in both aqueous and organic solutions under present excitation conditions. In

principle, the PM-TIRF signal is observed only from the species adsorbed at the interface with a
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Figure 4. Typical cyclic voltammograms measured for (a) H-TMPyP4 and (b) HoTPPS* at
the water|DCE interface. The potential sweep rates were 10, 20, 50, 100 and 200 mV s™!. The

concentration of porphyrin derivatives in the aqueous phase was 2.0 x 105 mol dm3. The pH

values of the aqueous phase were (a) pH 7.1 and (b) pH 6.9, respectively.

certain orientation (cf. Figure 3 and experimental data for tris(2,2'-bipyridine)ruthenium(Il)
(Ru(bpy)s?*) in Supporting Information: S4). The nonzero AF®* values are, therefore, indicative
of a selective detection of the species oriented at the interface. The potential dependence of AF™*
is useful in evaluating the molecular orientation of the interfacial species as a function of A ¢ .
As shown in Figure Sa and 6a, the negative PM-TIRF signals, — AF?* >0, were observed over
the potential window, suggesting that both porphyrin species were adsorbed with relatively lying

orientations at the polarized water|DCE interface. For the n—n* transition in porphyrin systems,

the two absorption and respective emission transition dipole moments are perpendicular to each

10
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Figure 5. The potential dependence of (a) PM-TIRF responses ( AF"*) (solid) and Fiotal
(dashed) and (b) the orientation angles () estimated from egs. 6, 8 and 9 for H,TMPyP**

system. The potential sweep rate was 5 mV s™!. The fluorescence intensity was detected at 660

nm. The vertical dotted lines depict A" ¢° =0.07 V.

H,TMPypP**

other and parallel to the porphyrin ring (in plane).*3 Hence, the orientation of a molecule is
considered as equal to that of a porphyrin ring. The average orientation angle (€ ) of interfacial
species can be expressed by eq. 1, assuming a monodispersed distribution of 8. To cancel the

proportional value C in eq. 1, the & value is determined by the ratio of £(90°) to F(0°)

F(90%) sin* @
= ; ; (0)
F(0°) cos*asin’*@+2sin* acos® 6

11
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Figure 6. The potential dependence of (a) PM-TIRF responses ( AF"*) (solid) and Fiotal
(dashed) and (b) the orientation angles (&) estimated from eqs. 6, 8 and 9 for H.TPPS*

system. The potential sweep rate was 5 mV s™!. The fluorescence intensity was detected at 649

nm. The vertical dotted lines depict A" ¢° =-0.20V.

H,TPPS*

The individual magnitudes of F(90°) and F(0°) were estimated from eq. 5 and total fluorescence
intensity (Ftotal). Ftotal includes the fluorescence emitted from all species existing in the interfacial
region and bulk solution phases.

P

7f“(F<0°>+F<90°>)+Fbulk (7)

F

t

otal :%(Frﬁ +Fnsq)+Fbulk =

where the Fuuk term arises from only the randomly oriented bulk solution species in the
evanescent wave region at the aqueous side of the interface and on the optical path of the
excitation beam in the bulk organic phase. The Fiotal value was measured as the mean value of

fluorescence intensities obtained by p- and s-polarized excitation beams at a given potential

12



(Figure S5a and 6a). Then, F(0°) and F(90°) for the molecules adsorbed at the interface are

expressed by the following equations derived from eqgs. 5 and 7.

1

1

F(0°) =—(Fio — Foux )+ AFP® 8

(0°) Pm( 1 = Fou) 4P 2 ®)

F(90°) =~ (Fiout = Fou )~ ———— AF? ©)
P, 4R, -2

The fluorescence intensity associated with bulk organic species was negligible except at

potentials beyond A’ ¢°' (Supporting Information: S4). Accordingly, the significant increases of

Frota around Aj¢° is due to the bulk solution species transferred into the organic phase. The
Fuuk values from the evanescent wave region in the aqueous phase were roughly estimated from
Fota at —0.30 V (< A‘Z

=0.07 V) for H-TMPyP* and 0.41 V (> A" =-0.20V)

¢H ,TMPyP** ¢H2TPPS“’

for H.TPPS*, where their interfacial adsorption and ion transfer are negligibly small. The F(0°)

and F(90°) values in the absence of the fluorescent species in the organic phase, therefore, can be

calculated by eqs. 8 and 9 with Fiotal, AF?* and estimated Fbuik values.

The average orientation angles of H:TMPyP*" estimated from egs. 6, 8 and 9 is shown in
Figure Sb. The 6 values at —0.18 V< A4 <0V were almost constant at 61+£1°. The
magnitude of AF"" is proportional to the interfacial concentration, when the € value is constant.
Thus, a gradual increase of —AF™* at AYp < A%y 1ypype associates with the increase of the
interfacial concentration of HoTMPyP#* depending on the potential. On the other hand, the
drastic decrease of —AF™* at Ay 1\ oype < Ab¢ results from the ion transfer of HoTMPyP+
into the organic phase. The interfacial concentration of ionic species is significantly affected by

A%¢ and maximized around A}g°" as expected from simple adsorption models.?” 4445 The
potential dependence of PM-TIRF intensity observed in the present work agreed with those

theoretical models. Although the negative AF™ values at AY@ .pype < Ab¢ indicate the

13



adsorption of H2TMPyP#* with a relatively lying orientation at the interface, the € value could
not be estimated quantitatively because of nonconstant Foulk arising from H:-TMPyP#* partitioned
into the bulk organic phase. Indeed, the significant increase of Fiota (cf. Figure Sa), which is
mainly correlated to Fouk from the bulk organic species on the optical path, was observed at
corresponding potentials. The PM-TIRF responses of H.-TMPyP#" were slightly changed in the
presence of nonionic surfactant, sorbitan monolaurate (Span 20) which is commonly used as a
stabilizer for the electrochemical measurements in the liquid|liquid system in order to minimize

the convection of the solutions in the vicinity of the interface.”?2* As described in Supporting
Information: Figure S7, the estimated & values at —0.05V<A"¢ <0.05V showed relatively

large values in the presence of Span 20 in the organic phase, indicating that the addition of
nonionic stabilizer certainly affects the adsorption state of ionic analyte molecules at the
interface.

The PM-TIRF signals measured in the H2TPPS* system (Figure 6) were analyzed in the

same manner described above. The nonzero AFP* was clearly observed even at 0.30 V which

was 0.5 V more positive potential than A“g¢g2TPPS4, , indicating the high affinity to the water|DCE
interface (Figure 6a). The O values for H.TPPS* at —0.10V<AY$ <035V were

approximately constant at 65+1° (Figure 6b). The negative magnitude of AF®*® values were
remarkably decreased at A%y¢ < AYg 1, and almost zero around —0.30 V. These results

indicated that H.-TPPS*" is adsorbed mainly from the aqueous side of the interface prior to the
formal ion transfer potential.

PM-TIRF Spectra of Porphyrins Adsorbed at Polarized Water|DCE Interfaces. The
wavelength-dependence of polarization-modulated fluorescence intensity, i.e. PM-TIRF
spectrum, was measured in order to characterize the adsorption state of the porphyrin species at
the polarized water|DCE interface. Since PM-TIRF signals result from only the fluorescent dyes

with a certain orientation, spectral contributions of randomly oriented species are negligible. The

14
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Figure 7. PM-TIRF spectra for (a) H-TMPyP*" and (b) H2TPPS*" at the water|DCE interface.
(a) The blue, black and red solid lines depict PM-TIRF spectra at —0.27 V, —0.15 V and 0.19
V, respectively. (b) The blue, black and red solid lines depict PM-TIRF spectra at 0.31 V,

—0.10 V and —0.21 V, respectively. The blue and red dashed lines refer to normalized

fluorescence spectra measured in the aqueous and organic solutions.

PM-TIRF spectrum is, thus, considered a “pure” emission spectrum of interfacial species
oriented at the interface. Figure 7 shows the PM-TIRF spectra for H-TMPyP*" and H.TPPS*" at

the water|DCE interfaces under potentiostatic control. The fluorescence maximum wavelengths
(/max ) and peak intensity ratios of the first and second peaks (Rr) of PM-TIRF spectra are

summarized in Table 1.

The PM-TIRF spectra in the H_-TMPyP*" system were measured at —0.27 V, —0.15 V and 0.19
V, respectively (Figure 7a). The spectral shape and fluorescence maxima of the PM-TIRF
spectra at —0.27 V and 0.19 V were similar to those of the fluorescence spectra measured in the

aqueous and organic solutions, respectively. Taking into account AV(Z¢;’I'2TMPyP4+ =007V ,

H2TMPyP#" is stably located in the aqueous phase at —0.27 V, while it is transferred into the
organic phase across the interface at 0.19 V. Therefore, the PM-TIRF spectra measured at —0.27

V and 0.19 V associate with H:-TMPyP#" adsorbed at the aqueous and organic sides of the

15



Table 1. Fluorescence maximum wavelengths (4,,,) and peak ratios (Rr) of H;TMPyP*

and H,TPPS* at the water|DCE interface and in solution.

H2TMPyP#* system H,TPPS* system
ANg/V A / M Ry? ANg/V A /DM Rg¢
interface 0.19 668, 720 1.4 0.31 650, 707 2.1
—-0.15 660, 710 1.2 —-0.10 649, 709 2.1
-0.27 660, 702 0.76 —-0.21 649, 709 2.1
— o070 S 644, 701 ................. 1 .
organic phase? 670, 727 1.6 652,715 2.5

“The peak intensity ratio of the first and second fluorescence peaks. *The fluorescence

maximum wavelengths measured in the aqueous and organic solutions.

interface. The comparable spectral features of PM-TIRF spectra with relevant bulk spectra
exhibit similar solvation states of interfacial species and bulk solution species. On the other hand,

the PM-TIRF spectrum measured at —0.15 V was slightly modified from the bulk aqueous

spectrum in spite of Al ¢ < A} The PM-TIRF maxima were found at around 660 nm

¢§2TMPyP‘“ :
and 710 nm at —0.15 V and the peak ratio indicated intermediate value between those of the bulk
aqueous and organic spectra. It is reported that the spectral shape and fluorescence maxima of
H>TMPyP# dissolved in various solvents are affected by polarity of solvents.*® It has been
demonstrated that the solvatochromic dye species located in the interfacial region are influenced
from the aqueous and organic solvents, where the spectral features often indicate specific
solvation at the interface.'? 4732 In our previous studies,?> 4> 33 the spectral shifts of adsorbed
species were observed for the free base and zinc(Il) porphyrins at polarized water|DCE interfaces
through SSHG and PMF techniques. The potential-dependence of the interfacial species has,
however, rarely been studied in detail because of relatively long data acquisition time and/or

unfavorable contributions from the partition and ion transfer across the interface. The spectral

16



features at —0.15 V measured in the present study could be associated with an intermediate

solvation structure of H-TMPyP*" adsorbed at the interface. As described previously, the average
orientation angle of H-TMPyP*" was increased at around AV;¢§2TMPYP4+ in the presence of Span 20

(cf. Supporting information: Figure S7). The interfacial species was also affected by Span 20, in
which the PM-TIRF spectra were identical to the bulk organic spectrum even at —0.27 V,
suggesting that Span 20 interacts with H;TMPyP4" molecules at the interface (cf. Supporting

Information: Figure S8 and Table S1). The PM-TIRF spectra similar to the bulk organic
spectrum over the measurable potential region (—0.27 V< A} <0.19 V) imply a dehydration of

the porphyrin ring induced by sorbitan moiety of Span 20 penetrated into the aqueous side of the
interface.

The PM-TIRF spectra measured in the H2TPPS*™ system were almost consistent with the bulk

organic spectrum at —0.21 V< A%¢ <0.31V (Figure 7b), whereas the anionic H.-TPPS*" species
should exist stably in the aqueous phase at A‘§¢§2TPPS4, <A%Y¢ . It should be noted that the PM-

TIRF intensity at given potentials in Figure 7b showed essentially the same potential
dependence as Figure 6a. The PM-TIRF spectra measured for H:-TPPS*™ under potentiostatic
control indicate that H>TPPS* molecules are preferably dehydrated and solvated at the
water|DCE interface and then the porphyrin ring could readily be oriented in plane of the
interface. In the PM-TIRF measurements, both the molecular orientation and spectral feature of
the interfacial species are investigated without controversial interference from the bulk solution
species. As mentioned previously, the PMF spectroscopy has provided valuable information
about potential-driven transfer and adsorption dynamics of ionizable fluorescent species in the
interfacial region. Although the orientation parameter and spectral characterization are attained
by the PMF technique within limited conditions,?!-?*> the PM-TIRF technique shows a significant

advantage in terms of the characterization of the species adsorbed at the liquid|liquid interface.
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CONCLUSIONS

The polarization-modulation total internal reflection fluorescence (PM-TIRF) spectroscopy
was developed in this work and applied to study the adsorption behavior of meso-substituted
water-soluble porphyrins at the polarized water| DCE interface. The potential dependences of the

molecular orientation and adsorption state of interfacial species were successfully analyzed by

PM-TIRF technique. The average orientation angles of H2TMPyP+* and HoTPPS* at the

aqueous side of the interface were estimated at d=61+£1° and d=65£1°, respectively.
Furthermore, the PM-TIRF spectra clearly indicated that the free-base porphyrins are adsorbed
with a modification of the solvation at the water|DCE interface. These results demonstrated that
PM-TIRF spectroscopy is a highly sensitive and selective technique for fluorescent species
oriented at a liquid|liquid interface and in sifu characterization of interfacial species can be
achieved without controversial contribution of bulk species. The principle and experimental
setup of PM-TIRF spectroscopy is rather simple in comparison with other surface sensitive
techniques such as nonlinear spectroscopy and polarized TR-XAFS. The optical setup for PM-
TIRF spectroscopy is analogous to the PMF spectroscopy. In principle, PM-TIRF spectroscopy
can be applied to any of fluorescencet dye molecules oriented at either polarized or nonpolarized
interfaces, while PMF spectroscopy focuses on potential driven processes of dyes at polarized
interfces.?” The information obtained from both techniques are complementary to each other.
Consequently, PM-TIRF spectroscopy allows us to access useful spectroscopic information of

interfacial species at a molecular level.

Supporting Information: Polarization modulation efficiency of the excitation beam,
dependences of the fluorescence intensity on the linear polarization of excitation beam and
molecular orientation, ac voltammograms for the porphyrins, CVs and PM-TIRF responses of
tris(2,2'-bipyridine)ruthenium(Il) (Ru(bpy)s;**), and PM-TIRF responses of Ho-TMPyP#' in the

presence of Span 20.
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