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Ground-state Proton Transfer Dynamics of HPTS in
AOT Reverse Micelles as Studied by Nanosecond

Time-Resolved Infrared Spectroscopy

Student: Chen-Wen Wang Advisor: Dr. Shinsuke Shigeto

M. S. Program, Institute of Molecular Science,
Department of Applied Chemistry

National Chiao Tung University

Abstract (English)

1-hydroxy-3,6,8-pyrenetrisulphonic acid (commonly referred to as HPTS) is one of the
most extensively studied fluorescent molecules. HPTS occurs as two forms in aqueous
solution. One is the acidic form, whose absorption maximum is located at ~400 nm, and the
other is the basic form, which has the absorption maximum at ~450 nm. The pK, of HPTS in
the electronic ground state is about 7.2, whereas that in the first excited state drastically
decreases to 0.5. Being motivated by this phototriggered change in acidity, a number of
studies have been done to understand the proton transfer dynamics of HPTS in the excited
state. However, most of those studies used electronic absorption and/or emission
spectroscopies. Vibrational spectroscopic studies, which provide more direct information on
the structure of the two forms of HPTS, are still scant.

Here, we apply nanosecond time-resolved infrared (TRIR) spectroscopy to investigate the
proton transfer dynamics of HPTS in the ground state. To be able to perform TRIR
measurements in aqueous solution, we utilize the nanoscale water pool of reverse micelles
formed by bis(2-ethylhexyl) sulfosuccinate (known as AOT), in which HPTS is dissolved.
The use of reverse micelles allows us not only to effectively decrease the immense IR
absorption of water but also to control the microscopic environment of HPTS from confined
water to bulk-like water by varying the water-to-surfactant ratio, W, = [H,O]/[AOT].
Transient IR spectra of HPTS in AOT reverse micelles excited at 355 nm are recorded in the
sub-us to ps time regime. The average number of HPTS molecules in a single reverse micelle
is adjusted to 0.8 so that no more than one HPTS molecule is included on average. It is shown

that the observed dynamics is attributed to the reprotonation process of the basic form of
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HPTS in the ground state. We measure the decay profiles of the transient species with varying
the W, value from 7 to 25, which are fit to an exponential function. The exponential time
constant, 7, so determined changes drastically depending on Wj: that is, 7= 0.2 us at Wy = 7,
whereas 7= 2.4 us at W, = 25. In other words, the reprotonation rate of HPTS increases as the
water pool size decreases. This result is in qualitative agreement with a diffusion model of the
back proton-transfer of HPTS in the ground state. We also find that the decay profile depends

on the average number of HPTS molecules present in the water pool of AOT reverse micelles.
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Chapter 1

Introduction



Photochemistry is important in our life, and its application is seen in a variety of materials

including solar cells, novel semiconductor materials, optical memory discs, and

photocatalysts. It is even used in medical therapies. The principle of photochemical processes

can be understood with a Jablonski diagram (Fig. 1.1), in which a ladder of the electronic

states of a molecule are represented by horizontal lines and the transitions between them are

represented by vertical arrows. Among various types of photochemical processes, proton

transfer [1-3] is one of the most fundamental phenomena and as such, it has been extensively

studied with numerous methods. In fact, proton transfer plays a central role in biology as well

as in chemistry [4-6]. For example, reactions between Brensted acid and base may involve

proton transfer [7]. Proton pump across biological membranes includes proton transfer as

elementary steps.

In their pioneering work, Eigen [8, 9] and Weller [10] provided quantitative description of

proton transfer processes based on the analytical Smoluchowski model [11, 12].

Experimentally, the most suitable way to investigate proton transfer is to use pulsed laser light

to photoexcite (pump) a finite number of solute molecules to a higher excited state. The

photoexcitation triggers a proton transfer reaction between the proton donor and acceptor, and

subsequent dynamics is probed as a function of delay time. Such pump—probe techniques

have been used with the development of ultrafast lasers. One of the extensively used

compounds for those studies is 1-hydroxy-3,6,8-pyrenetrisulphonic acid (HPTS), also known



as pyranine, in aqueous solution (H,O or D,0) [13, 14]. HPTS occurs as the acidic and basic

forms in acid—base equilibrium (Fig. 1.2a). It is also a fluorescent compound, which displays

yellowish-green color in aqueous solution (Fig. 1.2b). It is well-established that HPTS

behaves as a photoacid: in the ground state, pK, is about 7, but when excited to the first

excited state, it drastically reduces to 0.5. The excited-state proton transfer takes place in

roughly 150 fs in polar solvent, and the time scale depends strongly on the solvent polarity

[15]. Transient fluorescence spectroscopy has been used as a powerful technique. Prayer et al.

employed fluorescence up-conversion to study early-stage dynamics which had not been

observed [16]. In addition to these, a number of experimental and theoretical studies have

been performed on this system [17-20], in which the researchers focus mainly on photoacidic

species that would change the photoacidity as a result of receiving the energy of light.

In the present study, we employ nanosecond time-resolved infrared (ns-TRIR) spectroscopy

to study the proton transfer dynamics of HPTS in aqueous environment. TRIR measurements

in aqueous medium are a challenging task because of strong absorption of water in the mid-IR

region. To circumvent this problem, we use the water pool inside reverse micelles of

bis(2-ethylhexyl) sulfosuccinate (AOT) as aqueous environment and dissolve HPTS in it (see

Fig. 1.3). Since reverse micelles containing tiny pockets of water are dispersed in nonpolar

solvent [21], IR absorption due to water can be suppressed to a great extent compared with

normal aqueous solution, making it feasible to measure TRIR spectra of the solute (HPTS in



the present case) with high sensitivity. Furthermore, reverse micelles provide unique
environment, in which water is confined to a nanoscopic volume and has unique
physicochemical properties that differ from bulk water [22-25]. It is possible to control the
size of the water pool by changing the parameter W, = [H,O]/[AOT]. Therefore it is
interesting to examine how the proton transfer dynamics is affected by the water pool size.
Such studies will be of great help for understanding the detailed mechanism of the proton
transfer in biological water.

The rest of this thesis is organized as follows. In Chapter 2, the principle and experimental
details of nanosecond time-resolved IR spectroscopy are described. Our apparatus can achieve
the detection limit of 1 x 107® in absorbance change with a spectral resolution of 8 cm . The
sample flow system used in this study is also outlined. In Chapter 3, the author presents the
results of ns-TRIR measurements on HPTS in AOT reverse micelles. The author begins by
introducing a proposed kinetic scheme for HPTS. Next, steady-state UV-vis and FTIR spectra
of the acidic and basic forms of HPTS are discussed. Finally, the author presents TRIR
spectra in the 1000-1650 cm ' range of HPTS in AOT reverse micelles with different W,
values. The observed dynamics is attributed to the reprotonation process of the basic form of

HPTS in the ground state. Chapter 4 is meant to summarize the major outcomes of this work.
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Figure 1.1 Example of a Jablonski diagram representing the fate of a photoexcited molecule
[26].
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Figure 1.2 (a) Chemical structure of HPTS (pyranine) in its acidic form (left) and basic form
(right). (b) Appearance of aqueous solution of HPTS.
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Figure 1.3 HPTS dissolved in the water pool of an AOT reverse micelle.



Chapter 2

Experimental



2.1 Introduction

The principle of ns-TRIR spectroscopy and details of the TRIR spectrometer used in the

present study are presented. The laboratory-made sample cell, which enables sample flow

during measurement, is described as well.

2.2 Nanosecond time-resolved IR absorption spectrometer

The nanosecond time-resolved mid-IR spectrometer used here [27, 28] is composed of an

excitation laser source, an IR light source, a dispersive monochromator, a HgCdTe (MCT)

detector with an AC-coupled amplifier, and a signal processing system using a high-speed

digitizer (Fig. 2.1). This apparatus is superior to the conventional instruments in sensitivity. A

pump pulse was the third harmonic derived from a Q-switched Nd:YAG laser (IB Laser,

DiINY pQ355; wavelength, 355 nm; pulse duration, 7 ns; pulse energy, 60 uJ; and repetition

rate, 500 Hz). The laser beam was loosely focused on the sample with the beam diameter at

the focus being approximately 2 mm, which was comparable in size to the condensed IR

probe light. The probe light used here was generated from a ceramic IR emitter (JASCO). The

probe light was condensed onto the sample by a pair of off-axis ellipsoidal mirrors, and the

transmitted light was introduced to the monochromator.

After passing through the entrance slit, the probe light was dispersed by a modified

Czerny-Turner monochromator (JASCO CT-50TFP; focal length, 500 mm; f-number, 4.3).

The monochromator was equipped with three types of gratings, which can be switched



manually depending on the wavenumber range of interest. Their groove density and blaze
wavelength are as follows: (i) 100 mm ™', 7.3 pm; (ii) 300 mm ', 3 um; and (iii) 600 mm ', 1.2
um. In the present study, grating (i) was used. The spectral resolution was 8 cm .

Next, the detection system is briefly described. The MCT detector was housed in a metal
box for electrostatic shielding. When the dispersed probe light came out of the
monochromator, it was focused on the photovoltaic MCT detector connected with a
preamplifer (Kolmar KMVP11-1-J1/DC), and the available wavenumber range of the detector
is below 2000 cm . The time resolution of the apparatus was determined by the response of
the MCT detector, which was about 50 ns.

The output of the detector was AC-coupled by a capacitor (22 nF), followed by
amplification with a differential amplifier (NF Corporation 5305; gain, 10-1000; band width,
DC-10 MHz). By using the AC-coupled amplification, absorbance changes as small as 10~°
can be detected. The signal was then converted by the high-speed digitizer (National
Instruments 5112; dynamic range, 8 bit; sampling rate, 100 MS s '), which was mounted on a
personal computer. If the sampling rate was higher than 100 MS s ', an oscilloscope
(Tektronix, DAS 602) was used alternatively.

In addition to TRIR spectra, steady-state UV-vis and FTIR spectra were recorded on a
JASCO V-660 spectrometer and a JASCO FT/IR-6100 spectrometer, respectively. In this

study, UV-vis spectra of HPTS measured at different pH values are important for identifying



which form, the acidic or basic form, is predominantly excited with a 355 nm pulse.
2.3 Principle of TRIR spectroscopy

A TRIR measurement consists of the following steps. Firstly, the intensity spectrum of the
probe light without the sample, /,(V), is measured. Here v is the wavenumber. Secondly,
the intensity spectrum of the probe light transmitted through the sample, /(V), is measured.
In obtaining these intensity spectra, we used an optical chopper placed in front of the entrance
slit of the monochromator in order to modulate the probe light at 800 Hz. The absorption
spectrum A(V) is calculated from /,(v) and I(V) as

AW) =—log{%}. (2.1)

Finally, the IR intensity change, A/, caused by photoexcitation is detected at a given delay
time ¢. The absorbance difference spectrum AA(V,t) at time ¢ is directly converted from

Al(v,t) as

AW)+AA(7,1) = - log M}

L L)
_ A(v)—log{l+ Ai((:)t)}
which yields
w35

By scanning the wavenumber v, we are able to obtain the whole A4 spectrum at delay time z.
10



2.4 Sample flow cell and circulation system used for TRIR measurements

Figure 2.2 shows the sample flow cell used in this study, which was composed mainly of a
cell holder made of stainless steel, CaF, windows, a thin lead spacer 100 um thick, and
Kalrez® O-rings. CaF, windows were selected because of the high transparency in
extensively wide wavelength range from ultraviolet to mid-IR. As shown in Fig. 2.3, the
sample was circulated by a gear pump (Micropump). To flow the sample properly, the flow
rate was adjusted to approximately 20 cm s . If the flow rate is much higher than this value,
the flow may cause an internal pressure increase and eventually damage the windows. In
contrast, a much smaller flow rate would result in multiple excitation of the same molecule

before it fully recovers to its original state.
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Figure 2.1 Schematic illustration of the ns-TRIR spectrometer.
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Figure 2.2 Components of the laboratory-built sample cell. (A) CaF, windows. (B) Stainless
steel cell holder. (C) Karlez® O-rings.

Sample solution

Ellipsoidal mirror

Ellipsoidal mirror

IR Emitt

Figure 2.3 Sample flow system using a gear pump.



Chapter 3

Ground-State Proton Transfer Dynamics of
HPTS in AOT Reverse Micelles:
Micelle-Size Dependence
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3.1 Introduction

In this chapter, a ns-TRIR study of the proton transfer dynamics of HPTS in AOT reverse

micelles is presented. HPTS is well-known as a photoacid in aqueous solution. As shown in

Fig. 1.1, HPTS in aqueous solution exists as the acidic or basic form in equilibrium. The two

forms interconvert with each other depending on pH conditions. Note that there are three

negative formal charges at the sulfonate groups. At pH < 7, the absorption spectrum of HPTS

exhibits a peak at 405 nm, which is ascribed to the acidic form (POH), whereas at pH > 7, it

exhibits an additional band at 450 nm, which arises from the basic form (PO ). Because of

these interesting properties, HPTS has attracted considerable attention of chemists. In

particular, many researchers have studied excited-state proton transfer of HPTS in different

solvents by means of various spectroscopic techniques [29].

The photochemistry of HPTS including proton transfer can be summarized as Fig. 3.1. In

the ground state, POH and PO are in equilibrium. The protonation and deprotonation rates

are denoted ko, and kofr, respectively. The pK, is known to be ~7.2. As will be shown later, the

355 nm light predominantly excites the acidic (POH) form of HPTS. Upon photoexcitation,

POH is pumped to the first excited state (POH*). POH* either relaxes back to the ground

state via a radiative (k;) or nonradiative (k,) decay, or releases its proton with a rate constant

of ko, forming PO *. The pK, in the excited state, pK,*, is only 0.5. The PO * produced

through the excited-state proton transfer may be reprotonated to form POH* with a rate

15



constant of k,,* or undergoes a radiative (k') or nonradiative (k') transition to form PO .

These dynamics have been shown to take place within picosecond to nanosecond time scales.

The proton transfer dynamics in both ground and excited states should depend on solvent.

Water in AOT reverse micelles (Fig. 1.3) provides unique aqueous environment that is quite

different from bulk water. In nonpolar solvent such as n-heptane or CClL, AOT molecules

form a spherical aggregate with their hydrophobic alkyl chains heading outward and

hydrophilic headgroups inward, which embraces a nanoscale water pool. The most important

parameter that characterizes the dimension of reverse micelles and hence of the water pool is

the molar ratio, Wy, of water to AOT:

W, = [H,O]/[AOT]. (3.1)

The size of the water pool has been shown to have an empirical linear relationship with W as

[30]

d=029W,+ 1.1 (nm) 3<W,<20, (3.2)

where d is the diameter of the water pool of the AOT reverse micelle. In the present study, W)

is varied from 7 to 25, which correspond to d = 3.1 nm to 8.3 nm.

3.2 Materials and methods

1-hydroxy-3,6,8-pyrenetrisulphonic acid trisodium salt (>97%), sodium bis(2-ethylhexyl)

sulfosuccinate (>99%), and n-heptane (>99%) used as nonpolar solvent were purchased from

Sigma. We prepared AOT reverse micelle suspensions with Wy = 7, 10, 15, 20, and 25. The

16



concentration of HPTS was 0.7 mM for all W, values, and the AOT concentration was 0.23 M.

The sample preparation protocol is given as follows. First, we took a certain amount of HPTS

and dissolved it in a small volume of water at the fixed concentration (0.7 mM). Then, we

added the aqueous solution of HPTS to n-heptane using a volumetric flask of 50 mL, forming

a water—oil emulsion. Finally, AOT was dissolved in this emulsion and the mixture was

vigorously stirred with a magnetic stirrer for 0.5—1 h. For suspensions with smaller ¥, much

longer time was required for stirring.

It is important to control the number of HPTS molecules per reverse micelle. In the

present study, we adjusted the HPTS concentration such that there is no more than one HPTS

molecule per reverse micelle on average. In fact, we set the average number of HPTS

molecule per reverse micelle as ~0.8, implying that the number of HPTS molecule contained

in the water pool is at most one. Under these conditions, the preparation of the W, = 7 reverse

micelle was most difficult; the suspension easily showed an opaque appearance and ended up

with phase separation. A successful suspension looked transparent and pale green (the color of

HPTS).

The experimental setup for ns-TRIR spectroscopy has already been described in Chapter 2.

The time resolution of the apparatus was estimated to be about 50 ns. Spectral acquisition was

controlled by a program coded in IGOR Pro 5 (WaveMetrics). Spectral analysis was also

carried out by the same software. All measurements were done at room temperature.
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3.3 Results and discussion
3.3.1 Steady-state spectra
(1) HPTS in aqueous solution

Figure 3.2 displays UV-vis spectra of HPTS in aqueous solution at pH 0.2 and 12.8. The
spectrum at pH 0.2 shows an absorption maximum at ~400 nm, and that at pH 12.8 has a
maximum at ~455 nm. The former corresponds to the acidic form of HPTS, whereas the latter
corresponds to the basic form. The ratio of the absorbance of the acidic and basic HPTS at
355 nm is roughly 6:1, so the acidic HPTS is mainly excited by the 355 nm light.

Figure 3.3 shows FTIR spectra of the acidic and basic HPTS in aqueous solution, which
were obtained by adjusting pH to 2.1 and 13.1, respectively. Because the structural difference
between the acidic and basic forms concern only the hydroxyl group, the IR spectra of the two
forms resemble one another. However, the spectral window between 1250 and 1500 cm'
does show sharp distinctions between the two forms.

(2) HPTS in AOT reverse micelles

Figure 3.4 shows UV-vis spectra of HPTS in water/AOT/n-heptane with different W)
values (W, = 10, 15, and 20). These UV-vis spectra are reasonably represented by a
superposition of the POH and PO spectra shown in Fig. 3.2. Therefore the band at ~450 nm
originates from the basic form and that below ~400 nm from the acidic form. An isosbestic
point found at around 415 nm indicates that the acid dissociation equilibrium of HPTS in the
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ground state changes with W,. As the reverse micelle becomes larger, the concentration of the

acidic form increases, and concomitantly, that of the basic form decreases. This result

suggests that the ability of the acidic form to release the proton is closely related to the size of

the water pool: as W increases, the acidity of the water pool increases. This change also

accompanies the variation in pK,. In steady-state fluorescence spectra [31], the tendency is

opposite to what is found in the absorption spectra (Fig. 3.4). This reversed tendency can be

understood as follows. When W, increases, pK,* decreases and in turn the excited-state

proton-transfer rate (ko#*) increases. Consequently, a more amount of PO * will be formed

rapidly and emit fluorescence [32]. Is this also true for the ground state? We will address this

question in Section 3.3.3.

Figure 3.5 displays the FTIR spectrum of HPTS in the W, = 15 AOT reverse micelle. The

IR spectrum of water/AOT/n-heptane has been subtracted off as background. Because of the

low concentration of HPTS in the reverse micelle suspension, the signal-to-noise ratio (S/N)

is not good in this spectrum. Nevertheless, as expected, the main characteristics of the IR

spectrum can be accounted for by the absorption bands observed in the spectra of the acidic

and basic forms shown in Fig. 3.3.

3.3.2 Time-resolved IR difference spectra of HPTS in AOT reverse micelles

Time-resolved IR difference (AA) spectra of HPTS in water/AOT/n-heptane at W, = 20

are shown in Fig. 3.6, together with a simulated difference spectrum (Fig. 3.6a) and
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steady-state FTIR spectrum of water/AOT/n-heptane (Fig. 3.6b). To simulate the difference
spectrum (Fig. 3.6a), we subtracted the FTIR spectrum of POH (blue line in Fig. 3.3) from
that of PO (red line in Fig. 3.3) by a 1:1 ratio. Because we used the IR spectra of HPTS in
aqueous solution instead of those in AOT reverse micelles, which were too difficult to be
observed, the simulated spectrum does not represent the true difference spectrum in AOT
reverse micelles. However, it serves as a reference spectrum useful for assigning the observed
transient bands as well as the bleach signals. In Fig. 3.6b, the bands at ~1460 and 1380 cm™'
are assigned to n-heptane, and those that appear between 1180 and 1250 cm ' and at ~1050
cm ' are assigned to AOT. These solvent and surfactant bands may cause thermal artifacts in
TRIR spectra, masking the HPTS signal.

Now we turn to the TRIR spectra of HPTS in AOT reverse micelles (Fig. 3.6¢). First of all,
we would like to note that challenging TRIR measurements in aqueous medium has been
made possible by utilizing the reverse micelle system. In Fig. 3.6c¢, positive features are seen
in the following wavenumber regions: ~1070 cm ', 1140-1200 cm ', 1250-1280 cm ',
1280-1320 cmﬁl, 1400-1430 cmﬁl, and >1480 cm . These bands rise instantaneously within
the first 1 us and decay away in 10 ps. A positive signal in TRIR spectra represents the
transient absorption of a newly generated species upon photoexcitation. A careful comparison
with Fig. 3.6a reveals that these wavenumbers coincide well with the positive bands in the
simulated spectrum, namely, the basic HPTS in the ground state. Therefore, we attribute the
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transient bands to the basic form of HPTS in the ground state (PO ). This interpretation is

consistent with the proposed kinetic scheme (Fig. 3.1). Within an excitation pulse,

photoexcited acidic HPTS undergoes proton transfer to form PO * and this PO * relaxes to its

ground state. The dynamics that we have observed here is, therefore, the reprotonation

process of PO to produce POH. In addition to the transient absorption of PO , a bleaching

due to the depletion of the POH population should also be observed. However, probably

because the IR bands of the acidic HPTS are located near the regions where there are

solvent/AOT bands, they are severely obscured by the thermal artifacts. Detailed mode

assignments of the observed IR bands of PO are not fully understood yet; these bands are a

composite of many vibrational modes such as pyranine stretches and in-plane deformations

and the C—O stretch [15].

Time-resolved data for W, = 25, 15, 10, and 7 are shown in Figs. 3.7-10. Except for worse

S/N with decreasing W, the spectral pattern is overall similar; the location of the transient IR

bands remains the same and almost no band shift is found. An interesting observation which

attracted our attention is that the decay kinetics of the transient bands depends largely on Wj,.

The transient bands of the basic form of HPTS in the W, = 25 reverse micelle show a slower

decay than in the W, = 7 reverse micelle. To obtain quantitative information on this

phenomenon, we analyze the time profiles of the two major transient bands at 1268 and 1412

-1 . .
cm  in the next section.
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3.3.3 Decay kinetics

Figures 3.11 and 3.12 display the normalized time profiles of the transient bands at 1268
and 1412 cmﬁl, respectively, for Wy =7, 10, 15, 20, and 25. In both cases, it is evident that the
decay of the transient band is accelerated as W, decreases. Although several model functions
for the protonation/deprotonation dynamics of HPTS in both ground and excited states have
been proposed, we phenomenologically fit the decaying component of the observed time
profile to a single exponential with time constant 7. The time constant 7, which is an apparent
lifetime of the basic form of HPTS (PO ), is determined at each W;, as shown in Table 1. The
water pool volume ¥ was calculated using Eq. 3.2, i.e., ¥ =nd"/6. The uncertainties in the
time constant are standard deviations of the 7 value derived from two independent runs.
Figure 3.13 plots the time constant 7 as a function of W, (panel a) and V (panel b). The =W,
plot shows a nearly linear dependence. When plotted against the water pool volume, which
may be a more relevant quantity, the time constant 7 displays a more characteristic behavior.
In Fig. 3.13b, we fit the dependence to an exponential in order to give a guide to the eye. We
do not have solid rationale for the exponential fitting, but the behavior is described fairly well
by this function. In the AOT reverse micelle, it is likely that Coulombic repulsive interactions
between trinegatively charged HPTS and the AOT headgroup make HPTS stay near the core
of the water pool rather than the interfacial region. Therefore, as the water pool size becomes
larger, the reprotonation dynamics is anticipated to approach that in bulk water. The
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asymptotic behavior of the =V curve is consistent with this interpretation. Similar behaviors
have been found in NMR [24] and IR [23] studies of water in reverse micelles, showing the
spectral shift toward bulk water with increasing W,. According to previous studies, it is found
that the properties of water confined to smaller reverse micelles, such as diffusive motion of
water molecules, differ substantially from those of bulk water. For instance, Hasegawa et al.
[33] measured the viscosity of water inside reverse micelles and found that it increases with
decreasing the W, value. Zhang and Bright [34] also reached a similar conclusion based on
their study of nanosecond time-resolved fluorescence spectroscopy using a fluorescent probe,
1,8-anilino-8-naphthalenesulfonic acid (ANS).

The UV-vis spectra (Fig. 3.4) show that an increase in the W, value produces more acidic
and less basic forms of HPTS in the ground state [22], making the equilibrium constant, K =
[PO ][H')/[POH], larger. Using the relation K = kot/kon (see Fig. 3.1), this leads to a slower
recombination rate in the ground state, which is consistent with our TRIR results.

The fact that the time profile of the basic HPTS is well-explained by assuming a single
exponential is suggestive of geminate recombination [35, 36]:

POH k"<:> [PO"--H'] ;‘<:> [PO"+H"] (3.3)

-1 . . -2 :
geminate pair separated pair

Unfortunately, the S/N of our time-resolved data, in particular at lower W, does not allow
us to analyze in more detail the decay kinetics and to discuss the underlying reaction
mechanism for the back proton-transfer of HPTS in the ground state. Quantitative analysis of
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the observed dynamics will be made feasible if the quality of the data is improved at least by
an order of magnitude; it is left for the future study.

Another interesting thing to note is the finding that the decay profile is affected by the
average number of HPTS molecules in the water pool. This is illustrated in Fig. 3.14. Here we
measured the time profile of the transient band at 1268 cm | in the Wy = 20 reverse micelle
with an average number of one, three, and five HPTS molecules per reverse micelle. The
1268 cm' transient appears to decay faster as the average number of HPTS per reverse
micelle increases from one to five. Furthermore, the decay profile shows a deviation from an
exponential when there are more than one HPTS molecules in the water pool, implying that
the dynamics of HPTS inside the water pool may be more complicated compared to the case
of one HPTS molecule per reverse micelle. A possible account for this observation is that
direct interactions between HPTS molecules are not negligible for the case of more than one
HPTS molecules. Such a process will compete with proton transfer, so it is crucial to control

the number of HPTS molecules in the water pool.
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Table 1.1 W, dependence of the exponential time constant

W 7 10 15 20 25

Water pool volume

(102 cm?) 1.61 3.35 8.48 17.2 126
7(us) 0.2 (£0.1) 0.6 (£0.1) 1.0 (£0.1) 1.8 (£0.1) 2.4 (£0.1)

(POH)* &, (POY)* + Hy0*

k#

on ; ,|
T

POH "¢, PO- + H,0*
K on 3

Figure 3.1 Proposed scheme of the proton transfer reactions of HPTS in the ground and first

excited state. POH and PO are the acidic and basic forms of HPTS, respectively. kon and ko

are the protonation and deprotonation rates, respectively. Asterisks designate the excited-state

species and properties.
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Figure 3.2 UV-vis spectra of HPTS in aqueous solution (5 x 10~ M) obtained by adjusting
pH to 0.2 and 12.82 with 0.6 M HCl or NaOH. The former corresponds to the acidic form and

the latter to the basic form.

—— basic HPTS (pH=13.11)
0.14— — acidic HPTS (pH=2.14)

Absorbance

0‘02 illll|lIIIIIIII|lIIIiIIII|IIIIIIIII]IIIIiIIll|IIII|

1500 1400 1300 1200 1100 1000
Wavenumber (cm’l)

Figure 3.3 FTIR spectra of the acidic and basic forms of HPTS in aqueous solution (10 mM)
obtained by adjusting pH to 2.1 (for the acidic form) and 13.1 (for the basic form) with 0.3 M

HCI or NaOH.
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Figure 3.4 UV-vis spectra of HPTS in water/AOT/n-heptane (2 x 10> M) with W, = 10, 15,
and 20.

A Absorbance (x107)

1600 1500 1400 1300 1200 1100 1000
Wavenumber (cm'1)

Figure 3.5 FTIR spectrum of HPTS in the W, = 15 AOT reverse micelle. The spike marked

with an asterisk is a subtraction artifact.
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Figure 3.6 (a) Simulated IR difference spectrum, which is obtained by subtracting the FTIR
spectrum of acidic HPTS (blue line in Fig. 3.3) from that of basic HPTS (red line in Fig. 3.3)
by a 1:1 ratio. (b) FTIR spectrum of water/AOT/n-heptane. (c) Time-resolved IR difference
spectra in the 1000—1520 cm ' region of HPTS in the W, = 20 AOT reverse micelle.
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Figure 3.7 Time-resolved IR spectra in the 1000-1620 cm™' region of HPTS in the W, = 25

AOT reverse micelle.
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Figure 3.8 Time-resolved IR spectra in the 1000-1620 cm™' region of HPTS in the W, = 15

AOT reverse micelle.
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Figure 3.9 Time-resolved IR spectra in the 1000-1620 cm™ ' region of HPTS in the W, = 10
AOT reverse micelle.

31



0 J 0-0.3ps
50 ' 0.3-0.6ps
LPD
3
o]
o |
= 3
T -100 0.6-0.9us
E v
o
)
!
2
-150 . 0.9-12us
=200  1.2-15ps
-250 —

1600 1500 1400 1300 ; 1200 1100 1000
YWavenumber (om )

Figure 3.10 Time-resolved IR spectra in the 1000-1620 cm ' region of HPTS in the W, = 7
AOT reverse micelle.
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Figure 3.11 Normalized time profile at 1268 cm ' (black line) and the best fit to a single
exponential function (red line) for the AOT reverse micelles with W, =7, 10, 15, 20, and 25.
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Figure 3.12 Normalized time profile at 1412 cm ' (black line) and the best fit to a single
exponential function (red line) for the AOT reverse micelles wit h Wy =7, 10, 15, 20, and 25.
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Figure 3.13 Exponential time constant 7 plotted as a function of (a) the W, value and (b) the
volume of the water pool. The solid curve is a guide to the eye.
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Figure 3.14 Dependence of the time profile of the transient band at 1268 cm ' on the average
number of HPTS molecules per reverse micelle: 1 molecule/micelle (green); 3

molecules/micelle (blue); and 5 molecules/micelle (red).
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Chapter 4

Summary
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Proton transfer dynamics of ground-state HPTS in AOT reverse micelles has been studied
by utilizing ns-TRIR spectroscopy. The author has been successful in performing TRIR
measurements in aqueous environments, which are technically very difficult. Additionally,
there were a lot of difficulties in preparing AOT reverse micelle suspensions containing HPTS,
because once the concentration ratio among HPTS, AOT, and water is out of some acceptable
range, the equilibrium is disturbed and the suspension no longer shows a homogeneous
appearance. Fortunately, we also settled this problem even at low W,. The author has
measured the time-resolved IR spectra in the 10001600 cm ' region (fingerprint region) for
the Wy = 7, 10, 15, 20, 25 reverse micelles and found that the decay time-constant
(recombination rate) decreases (increases) with decreasing the water pool size.

In the final part of Chapter 3, the author showed another interesting finding that the time
profile of the transient species is dependent on average number of HPTS molecules inside a
single reverse micelle. This finding indicates that the number of solute molecules in the
reverse micelle needs to be controlled in order to obtain the correct picture of the dynamics
that takes place in the reverse micelle. The author used a single exponential function to fit the
observed decay kinetics, which is suggestive of a pseudo first-order reaction. This should be
confirmed with more experiments.

The proton transfer of HPTS in reverse micelles has been extensively studied with

fluorescence techniques; in fact, several researchers [ref 31 & JPC 89, 2345 (1985)] have
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found a similar dependence of the reprotonation rate on W), although they do not show the

actual decay kinetics for each W, reverse micelle. The original goal of this study is to look at

transient absorbance changes in the O-H stretch (or O—H bending) region of water upon

photoexcitation of HPTS. Such a direct investigation of water in relation to proton transfer is

not possible with fluorescence techniques. The author has tried a TRIR measurement in the

O-H stretch region several times, but unfortunately it has not been successful so far probably

because the water absorption is still too strong even in reverse micelles. Using HOD in H,O

may resolve this problem.
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