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Abstract

Studies on the photoionization measurements of solute molecules adsorbed at
the liquid water surface are summarized for the molecular -level understanding
at the surface. Interface selective observation methods are overlooked with a
view point of detection sensitivity. It is pointed out that a photoionization
measurement with moderate sensitivity, fine surface selectivity, and good
applicability is an attractive technique for observing solute molecules at the
water surface. The methods for measurements of photoionization current
spectra, laser multi-photon ionization current, laser second harmonic generation
and surface tension are described. Some discussion on photoionization
thresholds, polarization- and concentration dependence, and surface molecular
monitoring are presented of surface-adsorbed molecules, based on experimental
data.
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1. General comments

1.1. Introduction



Liquid interfaces are of fundamental and practical importance in science and
technology ( Birdi, 1997; 1999; Jungwirth et al., 2006a). Understanding the
molecular behavior at the interface involves fundamental sciences of molecular
interaction and assists with the resolution of a variety of problems related to
chemistry, physics, life and environmental sciences. Among liquid interfaces,
the air-water interface (water surface) is the most universal and may be the most
important.

Many studies have targeted the molecular behavior at liquid interfaces
experimentally (Shen et al., 2006; Gopalakrishnan et al., 2006; Winter and
Faubel, 2006; Benjamin, 2006; Davidovits et al., 2006; Donaldson and Vaida
2006) and theoretically (Benjamin, 2006; Perry et al. 2006; Jungwirth and
Tobias, 2006b; Mundy and Kuo, 2006; Chang and Dang, 2006; Garret et at al.,
2006). These studies have clarified that molecules at a solution interface behave
differently from those of the same chemical species in a bulk solution. It is
natural to consider that, primarily, the inhomogeneous and thermally fluctuating
structure in the vicinity of the top surface of the half-space filled with solvent
molecules dominates the interfacial properties of solute molecules adsorbed.
Additionally, solute-solute interaction in the interface region influences the
molecular behavior.

Fundamental interests in solute molecules at the liquid water surface include
depth distribution, orientation, molecular interaction, adsorption-desorption
dynamics, surface diffusion, and influence of the bulk properties of solvent
liquid on these from both the static (time-averaged) and dynamic points of view.
For applications to chemical processing and material fabrication using a liquid
surface, such as the Langmuir-Blodgett technique, precise control of the
molecular behavior at the interface might provide a novel way to control the
properties of the materials produced.

To precisely understand and control the molecular behavior at the interface,
methodologies for observing molecules at the interface play important roles.
Interface-selective observation methods are required because it is typical for a
large amount of the same species of the target solute molecules to be in a bulk
solution. Furthermore, a highly sensitive performance is preferable for this
method because the absolute amount of the interface-adsorbed species is smaller
than 1 nano-mole/cm?.

1.2. Thermodynamic view of the water surface

The water surface is thermally fluctuating. Thermodynamic theory predicts
a time-averaged view of the liquid surface (Benjamin, 1996; 2006). As shown
in Fig. 1, the water surface has a transition region of mass density with a finite
thickness. The density distribution along the surface normal is described as a
coerror function with a parameter representing the half-width of the transition



region: the thickness of the water surface can be defined as 2 o, which is given
as

2
20 = k—Tln—1+(2ﬂl"/2§) , (1)
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where yis the surface tension, S is the surface area of liquid, £ is the Boltzmann
constant, 7 is the temperature, & is the bulk correlation length (0.6 - 0.9 nm).
Here . is the capillary length equal to (y/pog )"?,with py the mass density, and
g the acceleration due to gravity.

The thickness of the pure water surface is estimated to be 0.8 nm at 300K,
which is comparable to the size of an organic molecule. Surface tension has a
strong influence on the thickness. Smaller surface tension, typically induced by
the addition of organic molecules in the water, makes the transition region
thinner. It is notable that these molecules are dynamically moving in, adsorbing
to, and desorbing from the transition region.

Traditionally, surface tension measurements have been made to
thermodynamically understand a state of solute molecules adsorbed at the water
surface. Surface excess /is a function of the surface tension and the solute
concentration C in a bulk solution as (Motomura, 1978; Motomura at al., 1981),

=

vRT \ oC

where R is the universal gas constant, P is the pressure, and v represents the
number of ions contributing to the surface tension decrease per single solute
molecule.

The surface density of solute molecules N is equal to / for most organic
molecules because most of the excess molecules are expected to be in a
nanometer region of the surface although, strictly speaking, the definitions of N
and 7/ differ. Generally, for water-soluble molecules, the Langmuir isotherm
given as

: 3)

provides a good approximation for the relation between N=N,,,.6€ and C, where
0 is the surface coverage, K,q is the adsorption constant, and N, is the
maximum value of surface density. Assuming the Langmuir adsorption
isotherm, we get

yzj/w_VRTNmax ln(l+KadC)’ (4)



where y, is the surface tension of pure water.

The typical relation between the concentration and surface density is shown
in Fig. 2 for two types of rhodamine dyes, estimated from the surface tension-
dependence on the bulk concentration using Eq. 4. It is evident that the surface
density of an adsorbed solute molecule saturates at a specific concentration.
Applicable concentration ranges of a variety of methods are also indicated (vide
infra).

Surface tension measurements are valuable because the surface density of
adsorbed solute molecules can be estimated through them. However, a
molecular-scale view of the interface is, unfortunately, not easy to obtain; this is
especially true for a condition with low adsorption coverage.

1.3. Interface-selective spectroscopic methods

Interface-selective spectroscopic methods have been applied to provide a
variety of information on the solute molecules adsorbed at the water surface.
Every interaction between light and surface molecules can be utilized to observe
molecules at the interface, as shown in Fig. 3.

Linear spectroscopic methods, such as reflection spectroscopy, including
Brewster angle microscopy (Hoenig and Moebius, 1991; Lheveder et al., 2000),
and fluorescence spectroscopy, including confocal fluorescence microscopy (Li
et al., 1998a; 1998b; Zheng et al., 2000; 2001a; 2001b; 2004), are general and
powerful. Nonlinear spectroscopic methods, such as resonance optical second
harmonic generation (SHG) (Benjamin, 2006; Shen, 1989; Eisenthal, 1992;
Zhao et al., 1990; Slyadneva et al., 1999; 2003; Tsukanova et al., 2000) and
vibrational sum-frequency generation (Shen et al., 2006; Gopalakrishnan et al.,
2006; Perry et al. 2006), are powerful tools for the surface selective observation
of molecular electronic and vibrational states, respectively. However, it is often
the case that their sensitivity to detect solute molecules adsorbed at the water
surface is not sufficient, especially when the surface coverage is less than 5 % of
the monolayer coverage.

The applicable concentration ranges of a variety of methods are summarized
in Fig. 2; the findings in this figure are based solely on our experience and are
one of the guidelines. Of course, the range depends on the target molecules and
experimental conditions. However, among a variety of spectroscopic methods
for observing molecules at the air-water interface, the photoionization method
surely has good potential to detect adsorbed solute molecules with surface
selectivity and sensitivity. Only the fluorescence detection of the surface-
adsorbed molecules is highly sensitive. When a confocal fluorescence
microscopy is used, surface-selective detection of adsorbed dye molecules is
possible up to a surface coverage of 10 level even if the dye molecule is water-



soluble. However, under a high concentration condition, surface selectivity is
lost because the ratio of surface-adsorbed to bulk molecules decreases.

1.4. Photoionization of molecules at the water surface

When photo-emitted electrons from the molecules at the water surface are
collected in the upper gas phase, as in the total current yield detection method
used in x-ray spectroscopy, the photoionization current flowing from the
solution to the ground reflects the photoionization of molecules only at the
surface (Fig. 4).

The signal intensity Q of the photoionization current for the m-photon
process is described as

o0 /2
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where A is a proportionality constant; / is the pump pulse energy; 7su,r and 1.
are the effective detection efficiencies of photoemitted electrons from the dye
molecules at the surface and in the bulk solution, respectively; o, and opu are
the photoionization cross sections of the dye molecules at the surface and in the
bulk solution, respectively; N is the surface density of the dye molecules; C(z) is
the dye concentration depending on depth z from the surface; A is the escape
length of the photoelectrons from the bulk solution, which has been considered
to be a few nanometer for electrons (<1 eV) in water (Jo and White, 1991); ¢ is
the angle between the surface normal and the direction of initially emitted
electrons. If the bulk concentration is depth-independent, as C(z)=C, the double
integral in Eq. 5 equals CA/2 . The small escape depth ensures surface
selectivity.

When the Langmuir adsorption isotherm (Eq. 3) is applicable to describe the
adsorption of dye molecules at the water surface, a relation between N and C is
given by

N=N,,K,C/(+K,C), (6)
whereN,,,, 1s the maximum surface density of dye molecules so that surface
coverage is =N/N,  and K,, 1s the adsorption equilibrium constant. For dye

molecules with surface activity, N is much larger than CA because A is as small
as a few nanometers. Then, we can ignore the second term in the right-hand
side of Eq. 5, and the expression of the concentration-dependent photoionization
signal intensity for the solution surface observation is given as

0=0,.K.,C/(1+K,C), (7)
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where O

max

=Al"n,,,0,,,N,. 18 the signal intensity at the high concentration limit.
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Photoionization phenomena in the gas and condensed phases as well as at
the surface have been investigated from a variety of viewpoints, such as
chemical physics, physical chemistry, biological chemistry, environmental
science, and solar energy conversion (Hatano, 1999; 2001a; 2001b; Ogawa,
1999; Kouchi and Hatano, 2004). Light sources used are conventional vacuum
ultraviolet light, synchrotron radiation, and laser.

Vacuum ultraviolet light with photon energy over the ionization potential of
a molecule makes the molecule ionized via a one-photon process. A pulsed
laser, which generates a light beam of a large photon flux, easily makes a
molecule 1onized through a multi-photon ionization (MPI) process. Resonant
MPI measurements have good sensitivity, wide applicability and, species
selectivity; for these reasons, they have been selected as a profitable analytical
method.

Photoionization of the water-soluble molecules adsorbed at the aqueous
solution surface has been studied (Watanabe et al., 1980; 1983; 1998; Watanabe,
1994; 2006; Winter and Faubel, 2006) because there is a wide variety of surface-
active molecules and their adsorption behavior has great importance in physical
chemistry, biochemistry, environmental chemistry, and technology. However,
it 1s not always apparent how much the photoionization process is affected by
the interaction of the solute with the solvent molecules, how far the solute
molecule are from the surface, or how long a molecules stays at the surface.

2. Experimental setups
2.1. Photoionization current spectra of molecules at the water surface

A typical experimental setup for the measurements of photoionization
current spectra is illustrated in Fig. 5 (Ogawa et al., 1999; Inoue et al., 1998;
Seno et al., 2002). The monochromated synchrotron light (3.5-9.2 eV) was
obtained from the beamline 1B at the Ultraviolet Synchrotron Orbital Radiation
(UVSOR) facility of Institute for Molecular Sciences (Okazaki, Japan) with a
Seya-Namioka monochromator. The light was emitted from the end chamber of
the beamline to the He-purged cell through an MgF, window. A quartz plate
was inserted, if necessary, to cut high-energy photons caused by higher-order
diffraction from the grating.

The emitted light was reflected on an Al mirror and vertically irradiated on
the aqueous solution surface through a Cu-mesh electrode. The electrode was
set at 5 mm above the liquid surface and high voltage (400-500 V) was applied
to the electrode so that emitted electrons were collected, for which bias-
dependence was checked to collect electrons as much as possible with no abrupt



discharge. The photocurrent (~100 fA) was measured with a picoammeter
(Model 617, Keithley). The incident photon intensity was monitored by
measuring the fluorescence intensity from a sodium salicylate plate with a
photomultiplier tube (1P28, Hamamatsu Photonics).

A sample of aqueous solution was poured in a vessel made of platinum (30
mm diameter, 0.6 cm depth, and 7.07 cm? surface area) or stainless steel (34 mm
diameter, 0.6 cm depth, and 9.08 cm? surface area) and set on an electrode in the
cell box. The typical volume of a sample solution was 4 mL.

2.2. Laser multi-photon ionization current of molecules at the water surface

A typical experimental apparatus for the multi-photon ionization
experiments for observing molecules at the water surface is shown below
(Masuda et al., 1993; Inoue et. al., 1994; Chen et al., 1994; Ogawa et al., 1994a;
1994b). The third harmonic of Nd: yttrium aluminum garnet laser (Minilite
Mini [i, Continuum; wavelength, 355 nm; pulse duration, 4 ns; pulse energy, 10
mlJ/pulse) was operated at a repetition rate of 2 Hz. After the pulse energy was
adjusted to a certain value less than 0.5 mJ/pulse with a set of a half-wave plate
and a glass plate, the laser beam was focused softly with a quartz lens (focal
length, 300 mm) on the liquid solution surface at an incident angle of 84°. The
polarization plane of the laser beam was controlled with a half-wave plate.

The 4.0 mL sample solution was poured into a stainless steel vessel (34 mm
diameter, 0.6 cm depth, 9.08 cm? surface area) and set on an electrode in a cell
box purged with nitrogen gas, as shown in the inset of Fig. 6 (left). Another
disk electrode (12 mm diameter) was placed 10 mm above the solution surface
and positively biased at 2.0 kV with a high-voltage power supply (C3350,
Hamamatsu). The photocurrent fed from the sample vessel to a current
amplifier (428, Keithley; gain, 107 V/A) connected to the ground was measured
with a digital oscilloscope (DCS-8200, Kenwood). The signal was accumulated
for 64 pulses of the laser. Figure 6 (left) shows a typical time profile of laser
two-photon ionization current measured for an aqueous solution of rhodamine B
chloride (RhB). The peak current or charge, determined as the time-integrated
current, was used as the ionization signal intensity. Generally, no significant
difference between the peak current and the charge was found when analyzing
the photoionization signal.

Figure 6 (right) shows the pump pulse-energy dependence of the ionization
current amplitude of an aqueous solution of RhB. The photoionization signal
intensity was quadratically proportional to the laser pulse energy for every
concentration investigated regardless of the polarization of the excitation laser.
Similar results were obtained for rhodamine 6G chloride (R6G). The
photoionization of the rhodamine molecules adsorbed on the water surface in a
two-photon process under the excitation wavelength of 355 nm was confirmed.
This is reasonable because the photon energy at 355 nm is 3.5 eV and the



photoionization threshold energy of RhB and R6G on the water surface has been
reported to be 5.6 eV (Seno et al., 2002). The quadratic dependence shows that
the space charge effect is not significant under the experimental conditions and
the signal intensity reflects the number of photo-ionized molecules.

2.3. Laser second harmonic generation and surface tension measurements

Second harmonic generation measurements were carried out with an
experimental setup described elsewhere (Slyadneva et al., 1999; 2003;
Tsukanova et al., 2000). Briefly, a frequency-doubled beam of a pulsed Nd**:
yttrium aluminum garnet laser (PY61, Continuum; wavelength, 532 nm; pulse
duration, 40 ps; repetition rate, 10 Hz; maximum pulse energy, 30 mJ/pulse),
whose polarization plane was rotated by a half-wave plate to obtain an s- or a p-
polarized beam, was softly focused by a quartz lens (focus length 90 cm) at the
sample surface, resulting in a beam waist area of 0.25 cm?. The incident angle
was 45° from the surface normal. The energy density per pulse at the surface
was 2 mJ/cm?. The SHG light reflected from the solution surface was separated
from the incident laser beam by optical cut-off and band-pass filters and
detected with a photomultiplier tube (R585, Hamamatsu). The signal intensity
was recorded with a digital oscilloscope (TDS 380, Tektronix). The SHG signal
for each measurement under condition of a fixed concentration was averaged
over two minutes.

A similar expression to Eq. 7 is obtained for the case of SHG measurements.
If it 1s assumed that the SHG signal is quadratically proportional to the number
density of dye molecules at the surface, the SHG signal intensity S is given as

S=8,.K.Cl+K,CF+S,, (8)
where S, 1 the signal intensity at a high concentration limit and S,, is the SHG
signal intensity of the water surface. Here, we simply add ), because SHG from
the water surface is non-resonant while SHG from the dye molecules at the
water surface is resonant at 532 nm; thus, a n/2-phase difference is roughly
expected.

The surface tension of aqueous solutions of rhodamine dye was measured
with a surface-pressure meter (Model HMB, Kyowakaimen) of the Wilhelmy

type.

3. Photoionization spectra and photoionization threshold of molecules at the
water surface

3.1. Photoionization current spectra of molecules at the water surface



Photocurrent spectra at the surface of both pure water and the aqueous
solutions of 1-aminopyrene are shown in Fig. 7, in which the photocurrents are
normalized with the ring current of the synchrotron orbital. No significant
photocurrents for the surface of pure water and buffer solutions are detected.
Thus, the photocurrents for the surfaces of the 1-aminopyrene aqueous solutions
are successfully measured for two pH values of the solution. The current shows
increases with the photon energy in the region above the photoionization
thresholds: the photocurrent shows a similar threshold behavior to that of the
bulk solution. Similar spectra are observed for a variety of molecules adsorbed
on the water surface.

It is known that the photocurrent, 7, near the photoionization threshold, £y,

can be represented with an empirical power law (Holroyd et al., 1983; Hoffman
and Albrecht, 1991),

s=Ys,(hv-£"Y  for hv>ED, 9)
where E,; is the threshold energy of photoionization for the i-th component, Av
is the photon energy, and # is an exponent representing the power law with
respect to the excess energy hv-E;®. The summation of the number of
ionization transitions should be conducted.

The photocurrent spectra of 1-aminopyrene at the water surface in Fig. 7
show positive, although not strong, evidence of pH dependence. Both changes
in intensity and a small shift in photoionization thresholds are observed (vide
infra). The spectral shape also changes slightly: a shoulder at 6.1 eV is
observed at pH 7.02. It is reasonable because 1-aminopyrene at pH 7.02 has a
different chemical form (neutral) from that at pH 1.05 (cationic). However,
pyrenebutyric acid and pyrenehexadecanoic acid show pH-independent spectral
shapes although the chemical forms are neutral at pH 3.11 and anionic at pH
11.19 while small shifts in photoionization thresholds are observed (vide infra).
The signal intensity of pyrenehexadecanoic acid is pH-independent. This
suggests that solubility might be important for changes in spectral shapes to take
place.

A large pH-dependent change in spectral shape 1s observed for R6G, as
shown in Fig. 8. Apparently, the spectral shape at pH 1 is different from those
under the other pH conditions although it is known that R6G in a bulk aqueous
solution always has a cationic form for these pH ranges (Zheng et al 2004). The
cause of the pH-dependent changes in spectral shape has not been specified.

Unfortunately, it is not easy to discuss the spectral shapes; therefore, at the
present stage, the photoionization threshold is the only good indicator of
photoionization spectra for understanding the state of adsorbed solute molecules.
In Section 3.3, the photoionization-threshold dependence on subphase pH is
discussed.



3.2. Determination of the photoionization threshold

The empirical relation in Eq. 9 has been generally used to determine
photoionization thresholds. Some problems in determining the photoionization
thresholds using a fitting procedure are represented in Fig. 9.

First of all, the validity of Eq. 9 is not self-evident and careful consideration
is required to adapt the value of the exponent » (Hoffman and Albrecht, 1991).
It is not simple to determine threshold energy £, and exponent # at the same
time with an experimentally obtained photoionization spectrum even if a single
component with one ionization threshold is assumed. Furthermore, the number
of ionization transitions is generally unknown for the medium-sized molecules
that we are interested in, and a single species of molecule may have more than
one chemical form at the water surface.

Figure 9 shows the results of fitting experimental data to the empirical
equation. As shown in Fig. 9a, for the single component analysis, there are
small fitting errors near the threshold energy, independently of the exponent
value; a double component fitting gives better results although there is no
reliable explanation for the components being double. What is important is that
the threshold energy systematically depends on the exponent values, as shown in
Fig. 9b, for both single and double component fittings. It is concluded that the
accuracy of the determined ionization threshold is influenced by the exponent
value used.

It is true that the summation of the residual errors in the fitting has a
minimum, as shown in Figs. 9c and 9d, but the position of the minima is not on
n=2.5 or 3.5, which is the value typically used as the exponent value. In
summary, for the determination of ionization thresholds, it is realistic and
effective to assume the number of components and the exponent to fixed values,
respectively, but accuracy limitations should be taken into account.

3.3. Photoionization thresholds of molecules at the water surface

Determined photoionization thresholds (eV) of chemicals on the water
surface are summarized in Table 1 for a few pH values of the water subphase.
Reference values of the ionization potential (Farrell and Newton, 1965;
Timoshenko et al., 1981) are given below the table. In the analysis, the
exponent of 2.5 is used, and a single component for the ionization threshold is
assumed so that some systematic errors could be included in the threshold
energy.

The photoionization threshold £, of a solute in a bulk solution is related to
the ionization potential at the gas phase, /P, as follows (Holroyd et al., 1983),

Ey=IP+ P+ 1, (10)



where P" is the polarization energy of the resultant positive ion and V5 is the
electron affinity of the solvent. The polarization energy P" can be calculated
with Born’s equation (Born, 1920),

2
pro—¢ [1—ij, (1)
8y £

r

where e is the elemental charge of electron, & is the dielectric constant of
vacuum, 7 1s an effective radius of the ion, and &, is the relative dielectric
constant of the medium. For the ionization of molecules at the liquid surface, ¥y
in Eq. 10 seems negligible because the photoelectron is directly emitted to the
gas phase.

The experimental value of P* for RhB at the aqueous solution surface is -1.1
eV. It is suggested that the probe molecule for photoionization is positioned in a
space where the photogenerated positive ion can sufficiently interact with the
solvent water molecules. On the other hand, the value of P" in the aqueous
solution estimated with Eq. 11 is -0.5 eV, where the effective radius r of the
RhB positive ion is roughly estimated to be 0.6 nm with Corey-Pauling model
(Koltun, 1965) of the RhB molecule. The large P value experimentally
observed suggests that }; cannot be ignored even at the surface or the effective
radius of resultant positive RhB ion is smaller than 0.6 nm.

As for the pH-dependence, shown in Table 1, the tendencies observed for
pyrene derivatives are summarized as follows: more positively charged forms
tend to have higher thresholds; the threshold downshifts 0.20-0.27 eV per
electron charge; and the shifts of insoluble species (pyrenehexadecanoic acid)
and less soluble ones (pyrenebutyric acid) are smaller than those of soluble ones
(aminopyrene). These results are not surprising when the charge density of the
pyrene unit is considered. The small shift for insoluble species could come from
immovability in the depth position, indicating a constant degree of solvation
between charged and neutral forms.

Rhodamine 6G (soluble species) has the same chemical forms in the bulk
aqueous solution throughout the pH range investigated (Zheng et al 2004), but
the threshold shift is observed: a lower pH results in a higher threshold. The
degree of protonation seems to cause the results. At pH 1, a different chemical
form from that at a higher pH is expected for R6G only at the water surface.
This is already suggested in Fig. 8. Although the expected surface-specific
chemical form is not identified, a similar proposal has been reported in a
confocal fluorescence study of R6G molecules at the water surface (Zheng et al
2004).

3.4. Photoionization of rhodamine B at the water surface under self-assembled
layer



Photoelectron emission from a liquid solution surface covered with a self-
assembled layer of aliphatic acid has been investigated (Ishioka et al., 2003;
2004). The sample solutions investigated were composed of a surface-active
dye (RhB, 10 uM), a buffer electrolyte (HCI, pH 1.0), and water. The aqueous
solution surface was modified with arachidic acid (C,9H3COOH) by spreading
as a benzene solution. The added amount was approximately within two
monolayers at the maximum surface density, which is calculated by the
assumption that a close-packed layer was formed on the aqueous solution
surface.

Similar shapes of photoionization spectra were observed for all the surface
density of arachidic acid: no significant change in photoionization thresholds
was observed while the signal intensities were increased or decreased. Figure
10 (left) shows the plot of the photocurrent intensity at 6.67 eV measured by
single-photon ionization against the added amount of arachidic acid. The
current intensity increases remarkably when a small amount of arachidic acid is
added (~0.2 monolayer) and then decreases to a constant value above the
monolayer formation level. These experimental results cannot be explained by a
simple model based on uniform monolayer formation and simple electron
scattering through the aliphatic monolayer because this model needs a
monotonous decrease of the photoionization current upon film formation.

Figure 10 (right) shows the same experiment as described above except that
the measurement was conducted by laser two-photon ionization under a beam-
focusing condition. The pulse-to-pulse deviation of the signal intensity is
remarkable at the concentration range of the photocurrent increase. The
increased fluctuation suggests that a small domain formed by the arachidic acid
layers has a comparable size to that of the focused area (10-100 um). Aggregate
formation and the accumulation of dyes around the aggregates are the most
probable explanations for the enhancement of the photoionization current by
arachidic acid addition.

A similar experiment was performed with a series of aliphatic acids having
different CH-chain lengths. Details of the analyses will be published elsewhere.

4. Photoionization-current dependence on the surface density of solute
molecules and effect of incident light polarization

4.1. Concentration dependence of surface-selective signals of rhodamine dyes at
the water surface: Laser multiphoton ionization and second harmonic
generation studies

Resonant laser multiphoton ionization is superior to one-photon ionization
because it has species selectivity as well as surface selectivity. Resonant second
harmonic generation has both species selectivity and surface selectivity as well.



Data given in this section are based on measurements of laser multiphoton
ionization, second harmonic generation, and surface tension (Seno et al., 2001;
Harata et al., 2009).

The concentration dependences of the photoionization charge of aqueous
solutions of RhB and R6G are shown in Fig. 11 (left). The intensity of the
signal generated with s- and p-polarized laser light excitation at 355 nm is
plotted. All the data show the saturation behavior of the photoionization signal
at high-concentration regions, as expected from Eq. 7. The curves are fitting
results of the experimental data to the Langmuir isotherm, for which the fitting
parameters of K,; (M) and O, (fC) are summarized in Table 2. Equation 7
represents the experimental data well. The results suggest that rhodamine
molecules adsorbed at the water surface are selectively detected and that the
photoionization signal from rhodamine molecules in the bulk solution is
negligible, as is that from water molecules. As the magnitudes of O, in Table
2 demonstrate, the photoionization signal of RhB is larger for s-polarized than
for p-polarized excitation, while R6G shows the reverse order. It is suggested
that the transition moment of the two-photon photoionization (TPI) is relatively
parallel and perpendicular to the water surface for RhB and R6G, respectively.
The polarization dependence of K,; observed for both RhB and R6G suggests
that oy,rand/or 7., varies with the bulk concentration, meaning that the
molecular orientation at the surface changes with the bulk concentration.
Details of the values K,; and Q... are discussed later.

Figure 11 (right) shows the concentration dependence of the SHG signal
intensity from the surface of aqueous solutions of rhodamine dyes when s- or p-
polarized laser light at 532 nm excites the surfaces of aqueous solutions of RhB
and R6G. All the data show the saturation behavior of the SHG signal at high-
concentration regions, as expected from Eq. 8. The curves are fitting results of
the experimental data to Eq. 8, for which the fitting parameters of K,; (M!) and
Smax (arb. units) are listed in Table 2. Equation 8 represents the experimental
data well, as shown in Fig. 11 (left); however, K,; of R6G is one order of
magnitude smaller than that obtained in photoionization experiments. Moreover,
the polarization dependence of S, is quite different from that of the
photoionization measurements. Details of the values K,; and S, are discussed
later.

4.2. Measurements of surface tension and ultraviolet-visible absorption spectra

Surface tension and ultraviolet absorption measurements provide important
reference data for following discussion on solute dye molecules adsorbed at the
water surface (Seno et al., 2002; Harata et al., 2009).

The dependence of the surface tension of the rhodamine solutions on the
concentration is shown in Fig. 12 (left). The surface tension of each rhodamine
aqueous solution decreases with the bulk concentration. This clearly indicates



that each rhodamine molecule is positively adsorbed to the water surface. The
curves are fitting results of the experimental data to Eq. 4. In Table 3, the fitting
parameters K,; (M) and Npay (mol/m?) are summarized for each thodamine dye
with the specific molecular area Ami, (nm?/molecule) corresponding to Npmay. In
calculating Nmax, V=1 1s assumed. At a neutral pH, the principal chemical forms
of RhB, R6G, and Rh101 are zwitterion, cation, and zwitterion, respectively.
The assumption v=1 means that the surface activity of protons, chloride ions,
and perchloride ions is neglected.

It has been reported that the surface pressure-area isotherm of dioctadecyl-
rhodamine B (RhB-based water-insoluble rhodamine dye having two long
hydrocarbon chains on two monoethylamino groups) shows a collapse pressure
at 0.26 nm?*/molecule (Slyadneva et al., 2001). This value is as small as 10, 1.6,
and 0.68 % of Amin of RhB, R6G, and Rh101, respectively. The fact indicates
that each rhodamine dye, especially R6G, has enough space at the water surface
even when adsorption is saturated. Strong interaction between dye molecules at
the water surface could be expected.

The ultraviolet absorption spectra of thodamine dyes in Fig. 12 (right)
shows that multiphoton ionization at 355nm of each dye investigated is under a
resonant condition. Although there is a possibility that the absorption peak of
the rhodamine dyes at the water surface shifts from those of bulk aqueous
solution, we disregard the possibility because no large spectral shift is expected.

In discussing molecular orientation, it is important as well as useful to
consider the direction of the effective transition moment for TPI of rhodamine
dyes because of the complexity of the two-photon process. All the rhodamine
dyes used have an absorption peak around 540 nm, attributed to a transition
from the ground state to the first singlet excitation state S;, whose transition
dipole moment is nearly parallel to the xanthene ring (x-direction in Fig. 8)
(Jakobi and Kuhn, 1962; Peterson and Harris, 1989; Drexhage, 1997). The
second singlet excitation state S; lies at around 350 nm, and the transition dipole
moment is nearly perpendicular to the xanthene ring (y-direction in Fig. 7)
(Jakobi and Kuhn, 1962; Peterson and Harris, 1989; Drexhage, 1997). The
excitation wavelength of 355 nm in the photoionization experiment is resonant
with the transition to the second singlet excitation state S,.

The resonant two-photon photoionization process may be caused by both a
simultaneous two-photon process and a stepwise two-photon process, and the
contributing ratio of both processes depends on the intensity and pulse width of
the excitation laser. In the simultaneous process, two-photon absorption of the
ground state molecules directly into a pre-ionization state via the intermediate S,
state should be considered. In the stepwise process, three processes, i.¢.,
photoexcitation to S,, relaxation from S, to S;, and photoionization from S;,
should be taken into consideration in combination. Unfortunately, little is
known of the directions of the transition moments for the simultaneous two-
photon absorption and stepwise S, absorption as well as of their contributing



ratio. Strictly speaking, we cannot identify the direction of the transition
moment for the TPI of the rhodamine dyes. However, a simple assumption can
be considered: the direction is the same as that of resonance photo-absorption,
namely, y-direction. This might be reasonable if the resonance process
dominates the two-photon absorption in the simultaneous process and if the
transition from S, to the pre-ionization state does not have large anisotropy.

A similar discussion can be made for the direction of the transition moment
for SHG. The direction is assumed to be parallel to that of the resonance photo-
absorption, namely, the x-direction. Under these assumptions, we could
determine the averaged direction of adsorbed rhodamine molecules at the water
surface. Such a discussion has been reported for 1-pyrenehexadecanoic acid on
the water surface (Sato et al., 2001).

4.3. Concentration-dependent orientation of dye molecule at the water surface

Figure 13 (left) shows the dependence of the photoionization signal intensity
1(6) on the polarization angle 8 of the excitation laser with 84° of the incident
angle (Seno et al., 2001; Harata et al., 2009). Four different-concentration data
sets are shown of aqueous solutions of each rhodamine dye. #=0° and §=90°
correspond to p- and s-polarized light, respectively: [, = [(6 =0°) and I, = I(0
=90°). The curves are the fitting results of the experimental data to sinusoidal
functions. As seen, this function describes each of the polarization dependences
well. The arrows in Fig. 13 (left) indicate the order of the sample concentrations
noted on the right-hand side. It is notable that the polarization dependence does
not monotonically change with the concentration.

In Fig. 13 (right), the ratio /,/I; of the photoionization signal intensity,
representing the polarization dependence, is plotted as a function of the surface
excess for aqueous solutions of RhB and R6G. The surface excess is calculated
with the concentration of the solutions using the adsorption properties listed in
Table 3. Notable features are that for each rhodamine dye, the /I values show
a maximum or minimum around a point where the surface excess is just
saturated and the /I values decrease or increase gradually even under a much
lower surface excess condition than the extreme point. The former indicates that
the direction of the effective transition moment changes with the surface excess,
and the latter means that molecules on the water surface significantly interact
with each other even when they have enough free area for moving on the surface.

4.4. Effective adsorption equilibrium constants

It is not necessary for the adsorption equilibrium constants (effective
adsorption equilibrium constants), experimentally determined with a variety of
methods, to agree with each other because different types of interactions are
used for these measurements. Surface tension measurements providing surface



excess are based on the thermodynamic equilibrium, for which the spatial
distributions of the concentration and orientation of molecules in the depth
direction are left out of consideration. On the other hand, photoionization and
SHG signals depend on the spatial distribution of molecules. As for
photoemission, when the photoemitting groups of the dye molecules are
positioned as upper the water surface, a larger the photoionization signal is
detected because of a smaller disturbance from water molecule. As for SHG,
when photoabsorbing chromospheres of the dye molecules are closer positioned
to the air-water boundary and are better oriented at the boundary, a larger
resonant-SHG signal is detected because of a larger second-order nonlinear
susceptibility. Consequently, the effective adsorption equilibrium constants
determined with a variety of methods and experimental conditions reflect the
state and behavior of molecules at the water surface.

As summarized in Tables 2 and 3, the adsorption equilibrium constants K,
of RhB determined by measurements of the surface tension, TPI and SHG, have
the same order of magnitude but K,; by TPI and SHG is 69 and 47 % for s-
polarized excitation (84 and 45 % for p-polarized excitation) of that by the
surface tension, respectively (Seno et al., 2001; Harata et al., 2009). The results
have meaningful implications: the surface density of RhB molecules increases
as the bulk concentration increases even after surface excess saturation,
suggesting the existence of a concentration gradient under the surface whose
magnitude depends on the concentration, and the orientation of dye molecules at
the water surface depends on the bulk concentration, as discussed before. Figure
14 (left) shows the dependence of the photoionization charge on the surface
excess of RhB on the water surface. Photoionization charges are larger than
expected from a linear relation between the surface excess and the charges both
for s- and p-polarized excitation. It is qualitatively explainable that, as bulk
concentration increases, the RhB molecules rise up and adhere closer to the gas
phase.

The difference between the determined K,; values of R6G is more
significant than RhB: K,; by TPI and SHG is 36 and 2.1 % for s-polarized
excitation (47 and 3.8 % for p-polarized excitation) of that by surface tension,
respectively. Figure 14 (right) shows the dependence of photoionization charge
on the surface excess of R6G on the water surface. Photoionization charges
seem quadratically dependent on the surface excess and are much larger than
expected from a linear relation both for s- and p-polarized excitation. The
results can be explained by the same mechanism as RhB, although the
concentration-dependent changes of the concentration-gradient and molecular
orientation are large for R6G.

4.5. Rhodamine dyes at the water surface



A rough sketch, based on the discussion above concerning the rhodamine
dyes adsorbed at the water surface, is shown in Fig. 15 (Harata, 2003). As the
time and ensemble average, RhB and R6G at the water surface have different
orientations. The concentration-dependent behavior, indicated by arrows in the
figure, is also different. Even if two dye molecules are far apart from each other
at the water surface, some effective interaction is expected. It is noteworthy, of
course, that further discussion along with precise experiments and analyses is
required even for the time- and ensemble-averaged view of surface-adsorbed
molecules. A dynamic view with fluctuation of the orientation and three-
dimensional position of molecules and with adsorption-desorption behavior will
be presented in further studies.

5. Detection and monitoring of molecules at the water surface

5.1. Detection limit of molecules at the water surface by photoionization
measurements

Laser-based spectroscopic techniques generally provide high sensitivity in
molecule detection even for molecules adsorbed at the water surface. However,
when surface-selective detection is required, as in the case of detecting adsorbed
liquid-soluble molecules on the liquid solution surface, three main techniques
are currently available: confocal laser fluorescence, SHG, and TPI. For non- or
less-fluorescent molecules, there are two techniques. Second harmonic
generation spectroscopy, the most popular technique for studying molecules on
a liquid surface, is particularly sensitive to the first layer of the liquid surface.
The second one is laser two-photon ionization spectroscopy, which is sensitive
for detection of probe molecules both in a bulk solution (Voigtman et al., 1981;
1982; Yamada et al., 1982; 1983; 1986: Ogawa et al., 1992a; 1995) and on the
surface of a solution (Masuda et al., 1993; Inoue et. al., 1994; Chen et al., 1994;
Ogawa et al., 1994a; 1994b; Gridin et al., 1998) or metal (Ogawa et al., 1992b).
The sensitivities of these two techniques are, however, different, as shown in Fig.
2. The typical detection limit of a solute molecule with the TPI technique was
0.25 pmol/cm? (Ogawa et al., 1992b), while that with the SHG technique was
5.0 pmol/cm? (Inoue et al., 1995).

It is important to estimate the detection limit of a target molecule
theoretically or empirically. The detection limit of molecules at the water
surface by TPI measurements depends on the properties of target molecules as
well as the experimental conditions, which include the absorption coefficient &
at the excitation wavelength, the photoionization threshold £y, the energy of the
first excited singlet state Es;, and the adsorption coefficient K. It is natural to
assume that the detection limit expressed as the bulk concentration is inversely
proportional to & Eeycess” Kaa, Where n is the exponent given in Eq. 9 and Ecess 1S



excess energy in photoionization relating to photon energy 4 v. For a stepwise
TPI process, E,,.., =(E; +hv)-E,,and E,  =2hv—E, for simultaneous TPIL.

Even if well-defined experimental conditions are adjusted, it is often the case
that some of the properties of the target molecules are unknown. Especially,
few reference values are available for K, of targets. It is not easy to obtain
solubility data either. To roughly evaluate K,4, n-octanol and the water partition
coefficient P(o/w) may be useful because P(o/w) is easily estimated as an
indicator of water solubility.

Table 4 is a summary of the detection limits of some chemicals on the
aqueous solution surface (Inoue et. al., 1994; Maeda et al., 2005; Maeda, 2006),
along with the molecular absorptivity, excess energy, and n-octanol and water
partition coefficient. As shown, there is no good correlation between the
detection limit and ¢, E, or logP(o/w), but some tendencies to a higher
detection limit are seen for chemicals with higher £ and higher logP(o/w). This
could be a measure of estimating the detection limit, which may be applicable
even for molecules with unknown properties.

5.2. Acid-base equilibrium constant of molecules at the water surface

Two-photon photoionization measurements have been used to determine the
acid-base equilibrium constants of the molecules on the water surface and the
distribution coefficients of neutral species and ionized species between the
surface and bulk water (Sato et al., 2000; 2004). The photoionization signal of
1-aminopyrene (4.0 nmol in the 0.600 mL vessel) on the water surface was
measured for aqueous solutions with various pH values. Figure 16 (left) shows
the result, in which the ordinate is normalized to the value of the signal for
aminopyrene at pH 8 for simplicity. The photoionization signal of aminopyrene
on the water surface tends to increase with increasing subphase pH, meaning
that the surface concentration of aminopyrene increases with the pH. Although
both neutral and ionic forms of aminopyrene may stay in the bulk and on the
surface of water in principle, neutral species are expected to prefer to stay on the
surface, and the 1onic species, in bulk water. This is reasonable because ionic
species are more hydrophilic than neutral species. It is natural to assume that
signals observed around pH 0-1 are mainly due to cationic species on the water
surface and those around pH 6-8 are mainly due to neutral species.

The pH dependence of the photoionization signal can be described with the
following equilibrium-constants: the acid-base dissociation constants for
solution surface (K,,) and for bulk solution (K,,); and the distribution
coefficients between the surface and bulk of neutral species (K,,) and cationic

species (Kpy,) of solute molecules. These constants are defined by

Ko, = [AL[H 1y[HA],, (12a)



K, = [Al, [H T/[HA ', (12b)
Kpua = [HA /[HA'],, (12¢)
Kpa = [Aly[A] (12d)

where the subscript s denotes the quantity on the surface and where the surface
concentration means an effective concentration within the region of the escape

depth of a photoelectron. It is possible that [H+]S is different from [H+]b due to

the existence of a surface charge (Zhao et al., 1990), but, because the absolute

number density of the ionized species on the surface is small in this case, the
+

difference in pH between the surface and the bulk is negligible: [H+]S =[H ],.
Among four equilibrium constants, K, is estimated with fluorometry of bulk

solution to be 3.6+0.1 for aminopyrene (Sato et al., 2004); the distribution
coefficients are estimated to be Ky;,= 2.5 x 107" m and K;,= 9.6 x 107 m by
comparison of the photoionization signal intensity of aminopyrene with that of
insoluble pyrene derivatives of pyrenehexadecanoic acid.

The observed photoionization signal is proportional to 7a[A]+7ua[HAT],,

where 74 and 7ua are the photoionization efficiencies of neutral and ionized
forms of aminopyrene on the water surface, respectively. The ionization
efficiencies, 774 and 77ua, of neutral forms and ionized forms, respectively, are of
critical importance in solving Eqs. 12 (Sato et al., 2000). The ratio, 77a/7a, 1S
estimated to be 9.4 on the basis of assumption that the ionization efficiency of
the two forms is dominated only by a resonant condition, namely, the absorption
coefficient at the excitation wavelength (Sato et al., 2004).

With the above consideration, pK,, is determined to be 2.0. The solid curve

in Fig. 16 (left) is theoretically calculated with these equilibrium constants,
which agrees well with the experimental data. A decrease in the surface
concentration with decreasing pH is attributed to the decrease in neutral species;
the neutral form of aminopyrene is more likely to stay on the surface than the
ionized form.

A similar analysis was performed for 1-pyrenebutyric acid, as shown in Fig.
16 (right) (Sato et al., 2000). The distribution coefficients for neutral and ionic
species are reported to be (5.942.8) x 102 m and (4.82+0.1) x 10 m,
respectively, and pK,, is 7.85+0.13. The acid-Base equilibrium constants of
adsorbed molecules are quite different from those in bulk solutions, even under
the low surface-density conditions.

5.3. Monitoring of volatile molecules spread on the water surface



The adsorption-desorption dynamics of molecules between liquid and gas
phases are of fundamental and practical importance. Desorption of volatile
molecules from the liquid to gas phase was investigated with ultraviolet single-
photon photoionization measurements (Harata et al., 2002). Figure 17 shows the
time-dependent photoionization spectra of the water surface after spreading 10
uL p-xylene on a 9.08 cm? area. The photoionization signal intensity decreased
with time. It changed rapidly in the initial 12 min and continued to decrease
gradually over 90 min. This reflects the desorption of p-xylene from the water
surface. Although p-xylene in the gas phase could contribute to the ionization
signal in this case, the amount of molecules in gas phase is expected to be much
smaller than that at the water surface. Unfortunately, the spectral shapes in Fig.
17 are strongly influenced by water vapor, and the complementation for the real
photoionization spectra of p-xylene at the water surface is not an easy task
because an estimation of light intensity at the water surface is required.
However, monitoring could be performed.

In Fig. 18, time traces are shown of the photoionization current at the water
surface after 3 pL benzene was spread over a 9.08 cm? area. The responses of
the initial 5 minutes are dependent on the excitation wavelength, but it is clearly
evident that the signal caused by the spread benzene remains on the water
surface for 2 hours after spreading.

Benzene is the most preferable solvent for spreading organic molecules on
the water surface because it has an appropriate balance of surface tension and
interface tension (vs. water) to expand a benzene solution rapidly over the water
surface. Thus, benzene has been used as a spreading solvent in a monolayer
film formation, such as the Langmuir-Blodgett technique, even though it is a
toxic solvent. On the basis of surface tension measurements, benzene is
assumed to evaporate within 5 minutes after a base 1s spread (Pagano and
Gershfeld, 1972; Birdi 1999, p. 37). The result in Fig. 18 disproves common
sense.

6. Summary

In this chapter, we describe the photoionization measurements of solute
molecules adsorbed at the water surface. The molecular-level understanding of
molecules at the water surface is still developing, mainly due to lack in
methodology for observations with good surface- and species selectivity and
sensitivity. Powerful tools for interface selective observation, such as second
harmonic generation and sum-frequency generation, sometimes lack sensitivity.
The fluorescence measurement of a powerful tool for sensitive observation often
suffers from surface selectivity and adaptability to less fluorescent molecules.
Thus, a photoionization measurement with moderate sensitivity, fine surface
selectivity, and good applicability would be an attractive technique.



Some discussion on photoionization thresholds, polarization- and
concentration dependence, and surface molecular monitoring has been presented
of surface-adsorbed molecules; however, the details of discussion are still
insufficient. Especially, we cannot still experimentally determine the average
depth of adsorbed solute molecules, which relates to the degree of hydration of
the adsorbed molecules.

Here, we have introduced only a few studies on self-assembled layers on the
water surface and no studies on immiscible liquid-liquid interfaces (Tashiro at
al., 2003; Inoue et al., 2005). Theoretical studies also provide valuable
information (Benjamin, 2006; Perry et al. 2006; Jungwirth and Tobias, 2006b;
Mundy and Kuo, 2006; Chang and Dang, 2006; Garret et at al., 2006); thus, a
comparison between theory and experiments is essential. The molecular-level
understanding of interfaces has attracted increasing attention, and many types of
spectroscopic methodologies should be used to enhance such an understanding.
Among them, photoionization measurements will provide valuable information.
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Table 1

Photoionization thresholds (eV) of chemicals on the water surface determined
with the exponent of 2.5. The pH value of the water subphase is adjusted. The
major chemical form is indicated in parentheses. The molecular density is
controlled: coverage, <0.74 %. 1-aminopyrene and 1-pyrenebutyric acid are

slightly soluble in water, 1-pyrenehexadecanoic acid is insoluble, and rhodamine
6G is soluble.

1-aminopyrene rhodamine 6G
pH 1.05 (cation) 5.7, pH 1 (cation) 5.7
pH 7.02 (neutral) 5.4s pH 3 (cation) 5.74
1-pyrenebutyric acid pH 7 (cation) 5.67
pH 3.11 (neutral) 6.0y rhodamine B
pH 11.19 (anion) 5.8 pH 7 (zwitterion) 5.6
1-pyrenehexadecanoic acid rhodamine 101
pH 3.11 (neutral) 6.07 pH 7 (zwitterion) 5.3
pH 11.19 (anion) 5.87

Refs.: Ionization potential (eV)
aminopyrene 6.8 £ 0.1 (CTS, Farrell and Newton, 1966)
pyrene 7.426 (NIST Chemistry WebBook, Online, 2002)
rhodamine B 6.7 (Timoshenko et al., 1981)



Table 2

Adsorption equilibrium coefficients K,; and signal intensity factors (Q.. and
Smax) €valuated from each experiment. Q. signal intensity factors of two-
photon ionization measurements with one unit of fC. The polarization is of the

excitation laser. Sy, signal intensity factors of second harmonic generation
measurements with an arbitrary unit.

. . Qmax (fQ)a 5 -1
dye Polarization S, (arb, nits) K. (10° M)

Two photon ionization measurements

rhodamine B S 87 6.1
p 72 7.4
rhodamine 6G S 4.5 21
p 6.0 27
Second harmonic generation measurements
rhodamine B S 2.3 4.1
p 3.9 4.0
rhodamine 6G S 9.3 1.2
p 7.7 2.2




Table 3

Some properties of rhodamine dyes for adsorption at the water surface at room
temperature (25 °C) determined with surface tension measurements by assuming
the Langmuir adsorption isotherm. K4 equilibrium constant; N,,.., molecular
density at the adsorption saturation; and A4, specific molecular area at the
adsorption saturation.

dye Kad N max Amin

(10° M) (107 mol/m?)  (nm?/molecule)
rhodamine B 8.8 6.7 2.5
rhodamine 6G 58 1.0 16.5

rhodamine 110 6.3 4.3 3.8




Table 4

Detection limit (3c) of some water-soluble molecules at the water surface,
shown in bulk concentration. Excess energy is calculated as
E, ... =(Es +hv)—E,, where E is the energy of the first excited singlet state

determined from absorption spectra, 2 v is the photon energy, and Ej; is the
energy of the photoionization threshold determined from the photoionization
spectra. The partition coefficients P(o/w) between n-octanol and water were
estimated with Chem3D Ultra6.0 (Cambridge Soft Corp.).

excitation molar detection
compound wavelength absorptivity ~°0"  logP(o/w)  limit

mm)  Mleml) &Y (nM)
rhodamine B 337 2000 0.20 2.13 41
pyrene 337 15000 0.90 5.18 0.044
l-aminopyrene 337 13200 0.62 3.72 0.094

337 5900 1.85 0.39
anthracene 4.49

355 5100 1.07 0.40
I-chloroanthracene 355 3600 0.62 5.20 0.22
9,10-
dichloroanthracene 355 5000 0.90 5.92 0.20

* The values of the detection limits, molar absorptivity, and excess energy
for the excitation wavelength of 337 nm and 355 nm are referred from
Inoue et. al. (1994) and Chen et al. (1994) , respectively.



Figure Captions

Fig. 1.
Time-average mass density distribution at the pure water surface at 300K.

Fig. 2.

Relationship between concentration and surface density for rhodamine dyes.
The concentration ranges for an observation with a variety of methods are
shown. The surface density ranges should be calculated from the concentration
range with the relationship between the concentration and surface density (solid
curves).

Fig. 3.
Interactions of a laser light with molecules at an interface.

Fig. 4.
Schematic illustration for the detection of the photoionization current from
molecules adsorbed at the water surface.

Fig. S.
Experimental setup for measuring the photoionization current spectra of
molecules adsorbed at the water surface.

Fig. 6.

Left: Typical time profile of a measured laser two-photon ionization current of
an aqueous solution of rhodamine B chloride (10 uM). The laser pulse energy
was 0.25 mJ/pulse. The peak current was 22 nA, and the ionization charge
determined as time-integrated current was 160 fC. (Inset) Schematic illustration
of the experimental setup around the sample. Right: Pump pulse-energy
dependence of the ionization current amplitude for an aqueous solution of
rhodamine B chloride. The excitation wavelength was 355 nm.

Fig. 7.

Photocurrent spectra of 1-aminopyrene at the aqueous solution surfaces with
different pH values. The photocurrents are normalized with the ring current but
not with light intensity measured. High-energy photons are cut with a quartz
plate.

Fig. 8.

Photocurrent spectra of rhodamine 6G chloride (R6G) at the aqueous solution
surfaces with different pH values. The photocurrents are normalized with the
ring current but not with light intensity. The decrease in the light intensity
around 6.8-8.4 eV is due to light absorption by water vapor. The signal around



5.0-5.4 eV is due to the insufficient cut of second-order light at 10.0-10.8 eV
because a quartz plate was not inserted in the light path.

The chemical structures and direction of the molecular axis are shown for
rhodamine 6G as well as rhodamine B chloride (RhB) and rhodamine 101
perchlorate (Rh101) for later discussion.

Fig. 9.

Fitting of a photocurrent spectrum of 1-aminopyrene to the empirical equation:
(a), photocurrent spectrum and fitting results with single (»=2.5, 3.5) and double
(n=2.5) components; (b), dependence of the estimated photoionization
threshold energy on exponent #; (¢), dependence of the summation of the
squared residual errors on exponent # in the single component analysis; and (d),
dependence of the summation of the squared logarithmic residual errors on
exponent # in the single-component analysis.

Fig. 10.

Effect of arachidic acid addition on the photocurrent from the surface of
rhodamine B aqueous solution measured by single-photon ionization (left) and
measured by two-photon ionization (right). Error bars indicate deviations of
current intensities for each laser pulse.

Fig. 11.

Left: Concentration dependence of the ionization charge of an aqueous solution
of rhodamine dyes when s- or p-polarized laser light excited the surfaces of
aqueous solutions of rhodamine B chloride (RhB) and rhodamine 6G chloride
(R6G). The curves are the fitting results of the experimental data to the
Langmuir isotherm. Right: Concentration dependence of the second harmonic
generation signal intensity from the surface of aqueous solutions of rhodamine
dyes when s- or p-polarized laser light at 532 nm excited the surfaces of aqueous
solutions of RhB and R6G. The curves are the fitting results of the experimental
data to the Langmuir isotherm. Polarization is that of the excitation laser. The
polarization of the second harmonic light at 266 nm is not selected.

Fig.12.

Left: Concentration dependence of the surface tension for aqueous solutions of
rhodamine B chloride (RhB), rhodamine 6G chloride (R6G), and rhodamine 101
perchlorate (Rh101) at 25 C°. Right: Ultraviolet-visible absorption spectra of
aqueous solutions of rhodamine dyes.

Fig. 13.

Right: Dependence of the photoionization signal intensity /(€) on the
polarization angle € of the excitation laser at 355 nm and 84 degrees of incident
angle for 4 sets of concentrations of an aqueous solution of rhodamine dyes:



rhodamine B chloride (RhB) and rhodamine 6G chloride (R6G). =0 deg and 6
=90 deg for p- and s-polarized light, respectively, and I, = I(6=90 deg). The
curves are the fitting results of the experimental data to sinusoidal functions.
The arrows indicate the order of the sample concentrations listed at the right-
hand side of them. Left: Concentration dependence of the photoionization ratio
1,/I;and surface excess for an aqueous solution of rhodamine dyes: RhB and

R6G). The surface excess is calculated with the adsorption properties listed in
Table 3.

Fig. 14.

Right: Dependence of the photoionization charge on the surface excess of
rhodamine B on the water. Left: Dependence of the photoionization charge on
the surface excess of rhodamine 6G on the water. The surface excess is
calculated with the adsorption properties listed in Table 2.

Fig. 15.

Rough sketch of rhodamine dyes at the water surface. The arrows indicate the
direction of molecular motion in increasing concentration in bulk solution. The
short axis of the rhodamine B (RhB) molecule is relatively parallel to the water
surface, while the long and short axes of the rhodamine 6G (R6G) molecule
have large angles with respect to the water surface. With a concentration
increase, RhB changes the direction of the short axis, and R6G changes the
directions of the long and short axes as well as the depth position.

Fig. 16.
pH-dependence of the 2-photon ionization signal for (left) 1-aminopyrene and

(right) 1-pyrenebutyric acid on the water surface. The subphase pH and ionic
strength are adjusted with NaH,PO4 and HCI1 and 1.0M KCI.

Fig. 17.

Photoionization spectra of p-xylene at the water surface after 10 pL p-xylene is
spread on the 9.08 cm? area of the water surface. The photocurrents are
normalized with the ring current but not with light intensity. The spectra shape
reflects the photoabsorption of water vapor in the gas phase above the water as
well as the spectrum of the light source and the photoionization threshold of p-
xylene.

Fig. 18.

Photoionization current at the water surface after 3 uLL benzene is spread on the
9.08 cm? area of the water surface. The photocurrents are normalized with the
ring current but not with light intensity.
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