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Proton Transfer in Ionic and Neutral Reverse Micelles
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ABSTRACT: Proton-transfer kinetics in both ionic and neutral reverse micelles were
studied by time-correlated single-photon counting investigations of the ﬂuorescent
photoacid 8-hydroxypyrene-1,3,6-trisulfonate (HPTS). Orientational dynamics of dissolved
probe molecules in the water pools of the reverse micelles were also investigated by timedependent ﬂuorescence anisotropy measurements of MPTS, the methoxy derivative of
HPTS. These experiments were compared to the same experiments in bulk water. It was
found that in ionic reverse micelles (surfactant Aerosol OT, AOT), orientational motion
(ﬂuorescence anisotropy decay) of MPTS was relatively unhindered, consistent with
MPTS being located in the water core of the reverse micelle away from the water−
surfactant interface. In nonionic reverse micelles (surfactant Igepal CO-520, Igepal), however, orientational anisotropy displayed
a slow multiexponential decay consistent with wobbling-in-a-cone behavior, indicating MPTS is located at the water−surfactant
interface. HPTS proton transfer in ionic reverse micelles followed kinetics qualitatively like those in bulk water, albeit slower,
with the long-time power law time dependence associated with recombination of the proton with the dissociated photoacid,
suggesting a modiﬁed diﬀusion-controlled process. However, the power law exponents in the ionic reverse micelles are smaller
(∼ −0.55) than that in bulk water (−1.1). In neutral reverse micelles, proton-transfer kinetics did not show discernible power law
behavior and were best represented by a two-component model with one relatively waterlike population and a population with a
faster ﬂuorescence lifetime and negligible proton transfer. We explain the Igepal results on the basis of close association between
the probe and the neutral water−surfactant interface, with the probe experiencing a distribution of more and less waterlike
environments. In addition, the observation in bulk water of a power law t−1.1 for diﬀusion-controlled recombination is in contrast
to the theoretical prediction of t−1.5 and previously reported observations. The diﬀerence from prior experimental results is
discussed.

I. INTRODUCTION
Aqueous proton transfer is important in a wide variety of
chemical and biological systems, and the eﬀect of conﬁned
environments on proton transfer is relevant to many important
topics, including the function of biological cells, membranes,
and hydrogen fuel cells. Reverse micelles (RMs), consisting of
aggregated surfactant molecules encapsulating a core water pool
within a hydrophobic organic phase, provide simple and
experimentally accessible systems for studying conﬁned
aqueous environments. Considerable attention has been paid
to orientational dynamics, proton transfer, and other properties
of water and of dissolved probes in the interior of reverse
micelles.1−7
The ﬂuorescent photoacid 8-hydroxypyrene-1,3,6-trisulfonate (HPTS), shown in Figure 1A, has been used for examining
proton-transfer processes and the eﬀect of diﬀering solvent
environments on proton transfer.3,4,6,8−11 The ground-state pKa
of HPTS is 7.7, while its pKa in its ﬁrst electronic excited state is
∼0.5.12 This makes it an excellent probe for time-resolved
investigations of proton-transfer dynamics. It is essentially
protonated in the ground state in neutral aqueous solution, but
excitation leads to rapid deprotonation.11 Furthermore, its high
charge (−3 for the acid, −4 for its conjugate base) creates a
strong attraction between deprotonated HPTS and its
dissociated proton, leading to signiﬁcant diﬀusion-mediated
recombination which can be leveraged to provide information
on the nature of proton transport in diﬀerent systems. MPTS,
© 2015 American Chemical Society

the methoxy derivative of HPTS, is also shown in Figure 1A.
MPTS, which does not undergo excited-state proton transfer, is
used as a probe of orientational dynamics because of its
similarity to HPTS, and its time-dependent anisotropy can be
measured without interference from excited-state deprotonation.
An important question in the study of processes in RMs and
other conﬁned aqueous environments is the impact of the
nature of the interface. The inﬂuence of charged versus neutral
surfactant−water interfaces on the dynamics of water molecules
or dissolved probes in the water pools of RMs has been
investigated by ultrafast visible3 and infrared (IR)3,7 spectroscopy and by NMR.4
Some previous investigations have been conducted on the
dynamics of HPTS in ionic versus neutral RMs, using visible
and IR pump−probe experiments.3,4 These techniques are wellsuited to examining the short-time behavior of HPTS but are
generally limited in their ability to observe long-time dynamics,
particularly the diﬀusion-mediated proton recombination with
HPTS that takes place on nanosecond time scales. The time
dependence of the recombination can be used to study the
nature of the proton diﬀusion-like transport in various systems.
The technique of time-correlated single-photon counting
Received: March 21, 2015
Revised: April 22, 2015
Published: April 26, 2015
6024

DOI: 10.1021/acs.jpcb.5b02753
J. Phys. Chem. B 2015, 119, 6024−6034

Article

The Journal of Physical Chemistry B

which new measurements presented here show has an
exponent of −1.1. This exponent is close to the theoretically
predicted exponent of −1.5.16 The power laws are taken to be
indicative of a diﬀusion-like process that moves the proton
away from the deprotonated HPTS and thereby prevents
recombination to the protonated state. In contrast, with HPTS
bound to the wall of the Igepal RMs, there is no indication of
power law kinetics. In Igepal, a kinetics model with no explicit
diﬀusion accounts for the data and shows that the
deprotonation time becomes shorter and the recombination
time becomes longer as the size of the RMs becomes larger.

II. EXPERIMENTAL PROCEDURES
The surfactants AOT and Igepal CO-520 were purchased from
Sigma-Aldrich and used as obtained. Stock solutions were
prepared of 0.5 M AOT in n-heptane and of 0.3 M Igepal in a
50% w/w mixture of cyclohexane and n-hexane, and the water
content of each stock solution was assessed by Karl Fischer
titration. The size of the reverse micelles is determined by the
molar ratio of the water concentration to the surfactant
concentration.14 This ratio is called w0, and

Figure 1. (A) Structures of photoacid HPTS and orientational
relaxation probe, MPTS. The approximate dimensions of the
molecules are shown. t is the thickness. (B) Structures of ionic and
nonionic surfactants AOT and Igepal.

wo =

[H 2O]
[surfactant]

(1)

The Igepal stock solutions were all found to have negligible
water content, while the AOT stock solutions typically showed
water content of w0 ∼ 0.5. This pre-existing water content was
accounted for when preparing reverse micelles, which was done
by adding the appropriate amount of water, containing the
desired ﬂuorescent probe, and shaking for a few seconds until
all turbidity disappeared. The probe solutions used had a dye
concentration of less than 1 × 10−5 M in all cases to avoid
producing RMs with more than one probe molecule per
micelle. For each surfactant, RMs of inner radii (water pool
radii) 1.3, 1.6, 2.0, and 4.2 nm were prepared, which
correspond to w0 = 5, 7, 10, and 25 for AOT14 and w0 = 3,
5, 7, and 20 for Igepal.17
Time-resolved ﬂuorescence data were obtained using the
time-correlated single photon counting technique. The
frequency-doubled output of a Spectra-Physics Mai Tai was
used to excite samples with ∼100 fs pulses at a wavelength of
395 nm. A 1 mm thick sample cell was used to minimize the
width of the instrument response, which was measured to be
∼50 ps. Single photons were detected with a Hamamatsu
R3809U MCP photodetector and time-resolved with a BeckerHickl SPC130 single-photon counting module.
For MPTS anisotropy measurements, ﬂuorescence was
collected with polarizations both parallel and perpendicular to
the polarization of the excitation beam. This was achieved by
rotating the polarization of the excitation beam with a half-wave
plate in a computer-controlled rotation mount and setting the
excitation polarization relative to a ﬁxed analyzing polarizer
mounted on the front of the monochromator.
Excited-state proton-transfer dynamics for HPTS in reverse
micelles were investigated by measuring HPTS ﬂuorescence
with polarization at the magic angle (54.7°) relative to the
polarization of the excitation beam. At this angle, orientational
relaxation does not contribute to the time dependence of the
ﬂuorescence intensity, and the data yield the time-dependence
of excited-state population.18 Time-dependent ﬂuorescence was
measured across the emission spectrum from 410 to 530 nm in
2 nm increments.

(TCSPC), used here to observe time-resolved ﬂuorescence
from HPTS and MPTS, is eﬃcacious for observing these
longer-time processes, as it can observe time scales from ∼100
ps to hundreds of nanoseconds. Previously, this approach was
employed to investigate proton-transfer dynamics in ionic
reverse micelles,6 but it has not been applied to the study of
proton transfer in nonionic RMs. In the studies presented
below, the ionic RMs are composed of the surfactant Aerosol
OT or more commonly AOT (sodium 1,4-bis[(2-ethylhexyl)oxy]-1,4-dioxo-2-butanesulfonate). The neutral RMs are
formed with the surfactant Igepal CO-520(polyoxyethylene
(5) nonylphenylether), which will be termed Igepal. AOT has a
sulfonate headgroup with a Na+ counterion, whereas Igepal has
a polyether chain with a terminal alcohol. Both surfactants are
shown in Figure 1B. These two types of reverse micelles are
well-characterized.13−15 They are essentially monodispersed
spheres with known sizes. By performing the experiments on
nonionic RMs and comparing them to the same type of
experiments on ionic RMs and bulk water, we aim to obtain a
more complete picture of the inﬂuence of the environment on
proton-transfer dynamics.
The results presented below display fundamentally diﬀerent
proton kinetics in neutral Igepal compared to that in ionic
AOT. Fluorescence anisotropy measurements on MPTS show
that it is located in the water nanopools AOT RMs, but it is
associated with the surfactant−water interface in the Igepal
RMs. The location of MPTS and HPTS in the RMs is
determined by their intermolecular interactions with their
environments in the ground electronic state. Both MPTS and
HPTS consist of pyrene moieties and three sulfonates. As
HPTS only diﬀers from MPTS by having an alcohol rather than
a methoxy, which will make a negligible change in the
intermolecular interactions, HPTS will be located in the same
regions of the two types of RMs. In AOT, the long-time scale
population of the protonated state has a power law component
to its decay that is independent of the RM size, with an
exponent of −0.55 compared to the power law in bulk water,
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Steady-state ﬂuorescence spectra were collected with a
Horiba Fluorolog FL3-221 ﬂuorescence spectrometer. Samples
were contained in 1 cm glass cuvettes, and spectra were
acquired using right angle geometry.

Table 1. Orientational Relaxation Parameters of Exponential
Fits and Wobbling-in-a-Cone Angles for MPTS in AOT and
Igepal Reverse Micelles and Bulk Water
sample

III. RESULTS AND DISCUSSION
A. Anisotropy. The measured ﬂuorescence intensities with
polarization parallel (I∥(t)) and perpendicular (I⊥(t)) to the
excitation source are related to the orientational correlation
function of the probe molecule (second Legendre polynomial
correlation function), C2(t), by
I (t ) = P(t )(1 + 0.8C2(t ))

(2)

I⊥(t ) = P(t )(1 − 0.4C2(t ))

(3)

bulk
water
AOT

Igepal

where P(t) is the population relaxation. The time-dependent
anisotropy, r(t), is obtained from I∥(t) and I⊥(t) as
r(t ) = 0.4C2(t ) =

A1 a

τs
(ns)

A2 b

τl
(ns)

τwc
(ns)

−

−

−

0.34

0.13

−

−

−

25
10
7
5
20
7
5
3

−
−
0.26
0.27
0.23
0.14
0.19
0.13

−
−
0.34
0.65
0.60
0.82
1.3
1.9

0.37
0.31
0.059
0.065
0.11
0.18
0.16
0.21

0.15
0.32
1.3
4.7
4.1
3.7
6.6
8.9

−
−
0.46
0.75
0.70
1.1
1.6
2.4

−
−
60°
59°
50°
42°
45°
43°

120
32
22
17
150
29
21
14

θ

τmd
(ns)

a
A1 is the amplitude associated with the short time constant τs (where
applicable). bA2 is the amplitude associated with the long, complete
reorientation time constant τl. cFor samples that display wobbling-in-acone motion, τw is the wobbling time constant and θ is the cone half
angle. dτm is the theoretically calculated time constant for reorientation
of the entire micelle.

I (t ) − I⊥(t )
I (t ) + 2I⊥(t )

w0

(4)

The total anisotropy arises from orientational relaxation of
the ﬂuorescent probe molecule alone as well as from the
rotation of the entire micelle.1,2,19 These independent
contributions can be separated according to
r(t ) = 0.4Cp(t )Cm(t )

(5)

where Cp(t) is the orientational correlation function for the
probe only and Cm(t) is the correlation function for the entire
reverse micelle.
To isolate the rotation of the probe, the experimental timedependent anisotropy is divided by the orientational correlation
function for the entire micelle, calculated from theory assuming
hydrodynamic rotation of the micelle, according to
Cm(t ) = e−t / τm

(6)

ηV
kBT

(7)

τm =

where η is the dynamic viscosity of the solvent and V is the
hydrodynamic volume of the micelle. Viscosities of n-heptane
and 50/50 w/w cyclohexane/n-hexane were taken from the
literature;20,21 volumes of the reverse micelles were calculated
by assuming spherical micelles and using literature values13,17
for the dependence of the outer radii on w0, corrected for the
size of the MPTS molecule as in previous work6 on AOT RMs.
For all but the smallest reverse micelles, τm (given in Table 1) is
so slow compared to the rotation of the probe molecule that it
makes little diﬀerence.
Figure 2 shows the time-dependent anisotropy of MPTS in
various reverse micelles, corrected for the rotation of the
micelle, and in bulk water. Figure 2A shows data for AOT and
exponential ﬁts. The inset displays data on an expanded scale
for both w0 = 25 RM and bulk water with single exponential
ﬁts. The results for all of the RMs and bulk water are given in
Table 1. In bulk water, the MPTS orientational relaxation is a
single exponential with a time constant (τ2) of 130 ps. In AOT
w0 = 25, the relaxation is also single exponential with a time
constant (τ2) of 150 ps. The virtual identity between the MPTS
orientational relaxation time in bulk water and in AOT w0 = 25
RMs demonstrates that the MPTS is located in the bulklike
water core of the RMs. In larger reverse micelles, the water can
be divided into two regions, the core and the shell.5 The shell is

Figure 2. Time-dependent anisotropy decays of MPTS in AOT (A)
and Igepal (B) RMs for various size water nanopools. The inset in
panel A shows that the orientational relaxation in bulk water and the
largest AOT RM are virtually identical. The red lines are single or
biexponential ﬁts to the data.

composed of a thin layer of water molecules directly interacting
with the interface. The core is the nanoscopic pool of water far
enough removed from the interface that it behaves like bulk
water.5 The results also show that MPTS does not have an
aﬃnity for the interface and in fact tends to avoid the interface.
If a signiﬁcant fraction of the MPTS was associated with the
interface, this subensemble would have a diﬀerent orientational
relaxation time, and a biexponential decay would be observed
with one slow component and a bulk water component.
The MPTS orientational relaxation data in AOT w0 = 10
RMs is a single exponential, but the orientational relaxation is
about a factor of 2 slower than in bulk water. This result is
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the only diﬀerence between MPTS and the photoacid HPTS is
a methoxy versus a hydroxyl, HPTS should be situated in AOT
reverse micelles as MPTS is.
The situation for MPTS in Igepal RMs is very diﬀerent.
Figure 2B shows the anisotropy data for MPTS in Igepal RMS
with the same sizes as those used in the AOT experiments,
although the w0 values to achieve the same sizes diﬀer for the
two surfactants. Looking at Figure 2, it is clear that the
anisotropy decays of MPTS in the Igepal RMs are much slower
than in the AOT RMs. In addition, all of the data need a
biexponential function to obtain a reasonable ﬁt. Even the
largest reverse Igepal RM displays a biexponential decay with
the long time constant of 4.1 ns compared to 0.13 ns for bulk
water and 0.15 ns for the AOT RM of the same size. Clearly
something very diﬀerent is occurring in the Igepal RMs
compared to the AOT RMs.
The biexponential anisotropy decays of the MPTS in Igepal
RMs were analyzed with the wobbling-in-a-cone model. The
parameters are given in Table 1. Note that the parameters for
the largest Igepal RM (water nanopool diameter, 8.4 nm) are
almost the same as those for the smallest AOT RM (water
nanopool diameter, 2.6 nm). The fact that even the largest
Igepal RM gives rise to a biexponential decay and a very slow
complete orientational relaxation time (τl, Table 1) indicates
that for all sizes the MPTS is associated with the interface. The
triply negatively charged MPTS may avoid the AOT interface,
which is lined with negatively charged sulfonates. In contrast,
the Igepal interface is composed of hydroxyls and ether groups,
which will not have electrostatic repulsion for MPTS. As the
Igepal RMs become smaller, both components of the
biexponential decay become slower (see Table 1), demonstrating increasing restrictions on the motion that may occur from
increasingly strong association of the MPTS with the interface.
Despite being strongly associated with the interface, MPTS in
Igepal RMs nevertheless retains signiﬁcant orientational
mobility, as evidenced by the fact that the slow reorientation
times are still faster than the reorientation times of the entire
micelle.
An alternative to the interface-associated wobbling-in-a-cone
explanation for the biexponential orientational diﬀusion of
MPTS in Igepal RMs might be a distribution of probe
molecules between diﬀerent environments, e.g., less-mobile
probe molecules associated with the surfactant interface versus
more freely rotating molecules in the core of the RM water
pool. However, even the fast reorientation times for MPTS in
Igepal RMs are signiﬁcantly slower than the single reorientation
times seen in AOT reverse micelles of the same size. This fact
argues against the assignment of the two reorientation times in
Igepal RMs to distinct interface-distributed and core-distributed
populations of the probe and suggests instead that all of the
MPTS molecules are surface-associated and thus experience
slower orientational diﬀusion consistent with the wobbling-in-acone model.
The net result is that MPTS and, because of its virtually
identical structure, HPTS are located in the water pools of
AOT RMs away from the interface and only interact with the
interface when the RM nanopool becomes very small. In
contrast, in Igepal RMs, MPTS and HPTS are bound to the
interface for all sizes of RMs and become increasingly tightly
bound as the RM gets smaller. This diﬀerence in the location of
HPTS in the two types of RMs has a major impact on the
proton dynamics.

consistent with experiments on the nature of water in RMs as a
function of size.5 w0 = 10 is the dividing line between large and
small reverse micelles. Large RMs have a water core and a water
shell at and near the interface. Small RMs (<w0 = 10), are too
small to have a core. The inﬂuence of the interface extends
beyond the shell of water molecules in direct contact with the
interface. In small reverse micelles, all of the water molecules in
the nanopool are strongly aﬀected by the interface. Ultrafast IR
experiments that examine the water dynamics in reverse
micelles5 show that w0 = 10 AOT RMs still have a core, but
the water dynamics are slower than those in bulk water because
the inﬂuence of the interface propagates out ∼2 nm. Therefore,
in w0 = 10, MPTS is rotating free of direct interactions with the
interface but in water that is not quite bulklike. Again, the single
exponential decay shows that there is not a fraction of the
MPTS directly interacting with the interface; therefore, in
AOT, MPTS is likely repelled from the sulfonate head groups
of AOT rather than attracted to them.
For the smaller AOT reverse micelles, w0 = 5 and 7, there is a
distinct change in the orientational relaxation dynamics. The
decays are biexponential.6 For these small RMs, there is no
distinct water core. All of the water molecules are signiﬁcantly
aﬀected by the interface. The water dynamics slow substantially.5 In addition, the size of the small RMs makes interaction
of the MPTS with the interface likely as the size of the water
pool is approaching the size of the molecule.
The biexponential decay of MPTS anisotropy can be
explained on the basis of restricted rotation of MPTS, which
produces wobbling-in-a-cone behavior,22−25 as has been
reported for ﬂuorescent probes in membranes6,9,22,25 and
some reverse micelles.6,26 In this model, the probe undergoes
relatively fast reorientation within a cone of half anlgle θ.
Following the fast wobbling motion, complete orientational
randomization can occur on a longer time scale. The result is a
biexponential decay in which the fast component is the
wobbling and the slow component is the ﬁnal complete
orientational relaxation. The orientational correlation function
is represented by
Cp(t ) = (S2 + (1 − S2)e−t / τw )e‐t / τl

(8)

where τw is the time constant for the restricted wobbling
motion, τl the time constant for longer-time complete
randomization, and S an order parameter related to θ by
S=

1
(cos θ )(1 + cos θ )
2

(9)

The longer time constant from the biexponential ﬁt is τl, and
τw can be calculated from τl and τs, the observed shorter time
constant in the biexponential decay, by
τw = (τs−1 − τl −1)−1

(10)

The results of the ﬁts are given in Table 1. The wobbling occurs
in a cone with half angle of ∼60°. For the small reverse
micelles, the slow time constants for the complete orientational
randomization are much slower than that of bulk water.
The results for AOT indicate that MPTS is not bound to the
interface but rather is located in the water nanopool away from
the interface. For the larger reverse micelles, the orientation
relaxation is similar to that of MPTS in bulk water. For the
smaller RMs, the restriction on water dynamics and the
proximity of MPTS to the interface because of its size leads to
restricted wobbling followed by complete relaxation. Because
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B. Proton Transfer. 1. Bulk Water. In bulk water, the
deprotonation of excited HPTS proceeds with a time constant
of ∼90 ps.27 Despite this, signiﬁcant protonated population
exists even after several nanoseconds because of recombination
of the dissociated proton with the deprotonated base. The rate
of this recombination depends on proton transport in solution
as well as on the kinetics of the back reaction itself. The
conventional understanding of the excited-state proton transfer
of HPTS and other photoacids in bulk water is that at long time
(t > 0.5−1 ns6,16) and inﬁnite dilution, the bound probability,
B(t), of the proton and photoacid (that is, the probability that
the pair exists in the bound state) follows a t−3/2 power law,
according to the solution of the Debye−Smoluchowski
equation for pairs with an electrostatic potential and backreaction boundary conditions in a spherically symmetric threedimensional space:8,16
B (t ) ∝

Figure 3. Time-resolved emission spectra of HPTS in bulk water. The
integrals of the spectra as a function of time, shown in the inset, are the
total excited-state population. The lower right inset shows that the
total excited-state population decays as a single exponential. The upper
left inset shows time-resolved emission spectra of protonated HPTS in
bulk water after subtraction of the overlapping emission from the
deprotonated form. The shape of the spectrum does not vary with
time, demonstrating that it is the pure protonated emission, free from
contamination from the deprotonated band.

keq
(4πDt )3/2

(11)

where keq is the equilibrium constant for the reversible protontransfer reaction and D is the combined diﬀusion constant for
the proton and HPTS, which is overwhelmingly dominated by
the diﬀusion of the much smaller proton. Thus, at long time the
excited-state population, and therefore the ﬂuorescence
intensity, I(t), of protonated HPTS in bulk water is taken to
be a function of this power law recombination probability and
the ﬂuorescence lifetime, τf, of the ﬂuorophore, according to
I(t ) ∝ e−t / τf t −n /2

Figure 3). The disparity in amplitude gives rise to a nonnegligible contribution from the deprotonated species to the
nominal protonated emission when the ﬂuorescence is
monitored at a single wavelength. This overlap of the spectra
has previously been addressed experimentally by subtracting a
time-dependent baseline from the measured ﬂuorescence of the
protonated form, with the parameters of the baseline either
included as adjustable parameters in the ﬁtting of the data or
derived from the steady-state emission spectrum.8,27 Here we
use the entire spectrum. We use an accurate model of the
deprotonated spectrum to perform the time-dependent baseline
subtraction from the protonated ﬂuorescence at each time
point. By testing and then using this method, we achieve a
rigorous subtraction of the deprotonated contribution to the
protonated ﬂuorescence and a reliable measure of the
protonated ﬂuorescence intensity as a function of time. In the
upper left inset in Figure 3 we show the normalized,
background-subtracted protonated peak for HPTS in bulk
water at several time points. The consistent peak shape veriﬁes
that the background subtraction method is valid, i.e., if the
shape of the deprotonated peak is incorrect, then as its
amplitude increased with increased time, the shape of the
protonated peak would change.
Figure 4 shows the time-dependent ﬂuorescence intensity for
protonated HPTS in bulk water (solid black curve). The ﬁt to
the data using the standard functional form given in eq 12
(dashed blue curve) is poor. In this ﬁt, the power law exponent
is ﬁxed at −1.5 and the ﬂuorescence lifetime, τf, is ﬁxed at 5.4 ns
(see Figure 3, lower right inset); only the amplitude is varied.
Allowing the power law exponent to vary in the ﬁt (red dashed
curve), with the lifetime ﬁxed at 5.4 ns, signiﬁcantly improves
the agreement. From 1 to 7 ns, the data has dropped from
10 000 to ∼500. Over this time range, the ﬁt almost perfectly
reproduces the data, although there is still some deviation at
longer times. In the ﬁt in which the power law exponent is
allowed to vary, there is an additional adjustable parameter.
However, the Akaike statistical test30 shows that the probability
that the model with the ﬁxed −1.5 exponent is a better model
than that with the adjustable exponent is inﬁnitesimally small. It

(12)

where n is the dimension of the system. For a three-dimension
system, n = 3 and the power law exponent is −3/2.
Experimental veriﬁcation of this long-time power law
behavior is problematic;28 the low intensity of the ﬂuorescence
from protonated HPTS at long time made good signal-to-noise
and accurate background subtraction diﬃcult to achieve. In
particular, background subtraction is complicated because the
blue wing of the ﬂuorescence from deprotonated HPTS
extends beneath the protonated emission peak. In bulk-waterlike environments, in the long-time regime relevant to proton
recombination dynamics, the deprotonated peak is so large
relative to the protonated peak that even a small error in
removing the contribution from the deprotonated ﬂuorescence
is signiﬁcant.
The time dependence of the overlap of the protonated and
deprotonated ﬂuorescence spectra are shown in Figure 3, which
displays the emission of HPTS in bulk water. In the analysis of
proton transport in both bulk water and in the reverse micelles,
it is necessary to know the ﬂuorescence lifetimes of both the
protonated and deprotonated species. For HPTS in bulk water,
both lifetimes have been assigned as 5.4 ns.29 The assignment
that both lifetimes are the same can be tested by determining
the integral of the entire spectrum as a function of time. The
lower right inset in Figure 3 shows the time dependence of the
integral of the spectrum and a single exponential ﬁt, which
yields 5.4 ns, showing that the two lifetimes are indeed the
same. As discussed below, HPTS in AOT RMs also displays a
single lifetime but HPTS in Igepal does not.
While the emission peaks for the protonated and
deprotonated forms of HPTS, at 440 and 515 nm, respectively,
are well-separated, within one nanosecond after excitation the
amplitude of the protonated peak is more than an order of
magnitude smaller than that of the deprotonated peak (see
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recombining or permanently diﬀusing away. Subsequent
diﬀusion around the HPTS may result in recombination to
reform the protonated state. The attraction to the HPTS
sulfonate negative charges may slow the loss of protons from
neighborhood of the HPTS, giving rise to a reduction in the
value of the exponent.
2. AOT Reverse Micelles. Figure 5 shows the time-dependent
ﬂuorescence intensity for the protonated form of HPTS in

Figure 4. Time-dependent ﬂuorescence intensity of protonated HPTS
in bulk water (solid black curve). The blue dashed curve is the best ﬁt
to function e−t/τft−b with b = 1.5, the theoretically predicted value and
the measured ﬂuorescence lifetime, τf = 5.4 ns (see Figure 3, lower
right inset). Only the amplitude is allowed to vary. The red dashed
curve is the ﬁt with the power law exponent b and the amplitude
allowed to vary. The best value for b is 1.1.

is important to note that the data were ﬁt over a wide time
range, from 1 to 12 ns.
There have been a number of studies that have reported a
power law exponent of −1.5 for proton recombination with
HPTS in bulk water.6,8−10,27,31,32 There can be a number of
reasons for the diﬀerence from the results shown in Figure 4.
The data presented in Figure 4 has much better signal-to-noise
ratio than much of the previously reported data, particularly
relevant at long time. In addition, a more rigorous method for
subtracting the contribution from a large deprotonated band
was employed here. Furthermore, the time range of the data ﬁt
here is much larger than in many previous studies. Usually the
data are multiplied by an increasing exponential, exp(t/τf) to
remove the lifetime contribution. The resulting curve is plotted
on a log plot, and a region is selected that looks linear, typically
between 1 and 3 ns. This region is compared to a line with a
slope of −1.5. With an expectation of ﬁnding a slope of −1.5,
adjusting the time-dependent baseline subtraction, and
selecting a limited time range, it is possible to ﬁnd the
predicted exponent.
We are interested in the inﬂuence of nanoconﬁnement and
the nature of the interface on proton transfer. We want the
results on bulk water for comparison to the results obtained in
the reverse micelles. Therefore, the reason that the bulk water
exponent is −1.1 rather than the theoretical prediction of −1.5
will not be addressed in detail, but a few considerations might
shed light on the matter. In the theoretical analysis,16,27,33 the
deprotonated HPTS is represented as a sphere with a negative
four charge at its center. The proton is represented by a much
smaller sphere with a positive 1 charge at its center. The
spheres diﬀuse in a three-dimensional isotropic continuum. If
the spheres touch, recombination can occur. However,
deprotonated HPTS has four negative charges distributed
around its perimeter (see Figure 1A). Three are on the
sulfonates, and one is on the oxygen that gave rise to the proton
following dissociation. In the actual sample, a proton that
approaches and even contacts HPTS from the wrong direction
cannot recombine. The proton must ﬁnd the −O− that gave
rise to it. A proton that leaves the immediate vicinity of the
−O− and approaches the HPTS can be attracted to one of the
negatively charged sulfonates. Because the sulfonates are so
acidic, the proton will not bind, but this attraction can cause the
proton to remain in the vicinity of the HPTS rather than

Figure 5. Time-dependent ﬂuorescence intensity of protonated HPTS
in AOT RMs (solid curves) and ﬁts to e−t/τft−b, with τf ﬁxed and b and
the amplitude allowed to vary. The best value for b is 0.55.

AOT reverse micelles of various sizes (solid curves). We
analyze this data using the same procedure as for bulk water,
i.e., by ﬁtting the data following the subtraction of the
contribution from the deprotonated band using eq 12 but
allowing the power law exponent to vary. Within experimental
error (see Table 2) all of the power law exponents are the same,
Table 2. Long-Time Power Law Fits (t−b) for HPTS in AOT
Reverse Micelles
w0
5
7
10
25

b
0.56
0.56
0.55
0.55

±
±
±
±

0.03
0.03
0.03
0.03

−0.55, that is, the power law is t−0.55. This power law is in
contrast to that found for bulk water, t−1.1. In an earlier study,
the AOT reverse micelle power law exponent was report as
−0.8 for a variety of RM sizes and the bulk water exponent,
−1.5.6 As discussed above, the quality of the data and the data
analysis presented here have been improved. The result is a
reduction in both the bulk water and AOT RM exponents by
about 25% from those reported previously.
In the largest AOT RM, w0 = 25, the water pool is large
enough that the central water core behaves like bulk water.5 As
discussed in section A, the orientational relaxation of MPTS in
the w0 = 25 AOT RM is virtually identical to that in bulk water
(see Figure 3A inset). From the perspective of the HPTS, the
various measurements show that the initial conditions for the
proton dynamics in bulk water and the large AOT RM are
essentially the same. Therefore, the diﬀerence in the power law
exponents, −0.55 for AOT and −1.1 for bulk water, must come
from the long time proton transport dynamics, that is, the
manner in which the proton leaves the immediate vicinity of
the HPTS, moves through the RM water nanopool, and
ultimately recombines with the deprotonated HPTS to reform
the protonated species. In contrast to bulk water, the proton
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and long-lived trapping, which prevents recombination, could
give rise to the observed power law.
3. Igepal Reverse Micelles. As discussed in section A,
measurements of orientational relaxation show that HPTS is
associated with the Igepal reverse micelle interface. This
association is in contrast to HPTS in AOT RMs where the
HPTS is located in the water pool away from the interface. For
Igepal RMs, we anticipate that association of the photoacid and
the surfactant−water interface will complicate the protontransfer dynamics. A demonstration of the diﬀerent nature of
HPTS in Igepal RMs compared to bulk water or AOT RMs can
be seen in the steady-state emission spectrum of HPTS, shown
for bulk water and the largest Igepal and AOT RMs in Figure 6.
As discussed above, the emission spectrum for the AOT reverse
micelle is almost identical to the bulk water spectrum, with the
steady-state deprotonated emission far larger than the
protonated emission. In contrast, in the w0 = 20 Igepal RMs,
which have the same size water nanopool radius, ∼4.2 nm, as
the AOT w0 = 25 RMs, the protonated peak is much larger.
The larger protonated steady-state emission peak, which is
time-averaged over the ﬂuorescence lifetime, of Igepal relative
to AOT indicates a signiﬁcant diﬀerence in the proton-transfer
dynamics. To understand the nature of this diﬀerence, it is
necessary to see how the time-resolved emission spectrum
evolves with time.
Figure 7 shows the time-resolved emission spectra for HPTS
in Igepal w0 = 20 RMs 200 ps, 1 ns, and 5 ns after excitation.

transfer is conﬁned to a small, essentially spherical pool of
water. AOT w0 = 25 has a radius of 4.2 nm. HPTS has a radius
of ∼0.6 nm. Therefore, even in the largest RM, the HPTS is not
far from the surfactant interface and the proton has a limited
range of distances it can sample.
The fact that the −0.55 power law exponent is independent
of size suggests that the diﬀerence in the power law exponent
from that of bulk water is not simply due to conﬁnement. If the
AOT interface acted strictly as a reﬂecting boundary, one might
expect the power law exponent to change as the size of the RM
got smaller, although no analytical solution has been obtained
for this problem in a ﬁnite spherical volume. In a spherical
volume with no way for the proton to escape, it would be less
likely for a proton to wander oﬀ and not recombine within the
excited-state lifetime as the nanopool volume became smaller.
In fact, there is a size eﬀect, but not on the exponent. Figure 6

Figure 6. Steady-state emission spectra of HPTS in bulk water
(green), w0 = 25 AOT RMs (black), and w0 = 20 Igepal RMs (red).
The AOT and Igepal RMs have the same size water nanopools, r = 4.2
nm.

shows the normalized steady-state ﬂuorescence spectra of
HPTS in bulk water, AOT w0 = 25, and Igepal w0 = 20. The
spectra for bulk water and AOT are very similar. There is a very
small protonated band and a very large deprotonated band, but
the ratios of the protonated peak to the deprotonated peak are
somewhat diﬀerent, that is, 0.028 for AOT w0 = 25 and 0.023
for bulk water. Thus, there is an increase of ∼20% in the
protonated band amplitude in the RM. As the size of the RM
decreases, the size of the protonated band relative to the
deprotonated band increases. For the reverse micelle sizes, w0 =
25, 10, 7, and 5, the ratios of the protonated band to the
deprotonated band increases, with the ratios 0.03 ± 0.005, 0.06
± 0.005, 0.09 ± 0.005, and 0.22 ± 0.005, respectively. As the
size of the RM decreases, the probability of the HPTS being
protonated increases substantially. This is consistent with the
proton being conﬁned in an increasingly small volume, which
increases the rate of returns to the HPTS−O−. The result is
that the system spends a larger fraction of time in the
protonated state.
The AOT−water interface is unlikely to be a pure reﬂecting
boundary. It is possible that when the proton comes in contact
with the interface it becomes trapped for some time and then is
released back into the water pool. If there are a variety of types
of “traps” such that some of them produced long-lived trapped
species (comparable or long relative to the excited-state
lifetime), then trapping could be the mechanism that prevents
recombination. In bulk water, diﬀusion away from the
deprotonated HPTS prevents recombination and is responsible
for the power law decay. Here, diﬀusion in the water nanopool

Figure 7. Time-dependent emission spectra of HPTS in w0 = 20 Igepal
RMs at 200 ps (blue), 1 ns (red), and 5 ns (black).

For both HPTS in water and in AOT reverse micelles, the timedependent decays of the integrated area of the total spectra,
protonated and deprotonated bands, were ﬁt accurately with
single exponentials, with a decay time of 5.4 ns in bulk water
(see inset Figure 3) and 5.0 ns in AOT RMs. Those data show
that in water and in AOT RMs, the protonated and
deprotonated species have the same excited-state lifetimes
and that there are not multiple species with diﬀerent lifetimes.
This is not the case for HPTS in Igepal RMs. Figure 8 shows
the decay of the integrated spectrum of the excited state of
HPTS in w0 = 20 Igepal RMs (black solid curve) and a
biexponential ﬁt to the decay (dashed red curve) using
[HPTS*(t )] = A1e−t / τf1 + A 2 e−t / τf2

(13)

The ﬁt is essentially perfect. The inset shows the same data on a
semilog plot (black solid curve) and a line drawn through the
later potion of the data (dashed red line). Clearly the data are
not single exponential, in contrast to the results for HPTS in
water and AOT RMs (see lower right inset Figure 3). The
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types of reverse micelles. As in the data analysis used for bulk
water and AOT, a very accurate ﬁt to the deprotonated peak is
subtracted at each time point using the protonated band’s
amplitude at each time. The resulting protonated spectrum is
free of contribution from the deprotonated band. To test the
accuracy of the time dependence of the protonated data, we
determined that the band shape did not change with time. In
addition, obtaining the time dependence of the protonated
species by using several diﬀerent single wavelengths gave the
same results.
Figure 9 displays the data for the time dependence of the
protonated HPTS concentration for the four diﬀerent size
Figure 8. Total (protonated plus deprotonated) emission of HPTS in
Igepal RMs, w0 = 20 (solid black curve with a biexponential ﬁt (dashed
red curve). The inset shows the data on a semilog plot (solid black
curve) and a line (dashed red line) clearly showing the nonexponential
nature of the decay.

biexponential nature of the population decay indicates that
there are two subensembles of HPTS molecules in Igepal RMs
with distinct lifetimes. For w0 = 20, the lifetimes are 1.8 and 5.0
ns.
The lifetimes for the various size Igepal RMs are given in
Table 3. Both the longer lifetimes and the shorter lifetimes
Table 3. Lifetime and Proton-Transfer Fitting Parameters
for HPTS in Igepal Reverse Micelles
w0

A1/A2

3
5
7
20

1.4
1.2
1.3
0.83

τf1 (ns)
2.1
2.1
1.7
1.8

±
±
±
±

0.1
0.1
0.1
0.1

τf2 (ns)
5.4
5.2
5.1
5.0

±
±
±
±

0.1
0.1
0.1
0.1

τdp (ns)
0.28
0.24
0.22
0.09

±
±
±
±

0.04
0.02
0.02
0.02

Figure 9. Time-dependent emission of protonated HPTS in Igepal
RMs for various sizes (solid curves) and ﬁts to the kinetic model
(dashed red curves).

τr (ns)
0.39
0.66
0.60
1.2

±
±
±
±

0.04
0.04
0.04
0.05

Igepal reverse micelles (solid curves). The protonated HPTS
ﬂuorescence in Igepal RMs cannot be ﬁt to the functional form
given in eq 12 even with n taken as a variable as was used to ﬁt
the bulk water data and the AOT RM data. In the absence of
waterlike power law dynamics, we employ a kinetic model to
analyze the proton-transfer dynamics and to account for the
two subensembles of HPTS associated with the Igepal interface.
The protonated and deprotonated excited populations for a
single subensemble, p(t) and d(t), respectively, are given by

show a very mild trend of getting slightly faster as the RMs get
bigger, but the diﬀerences are almost within the error bars. The
longer-lived components are close to 5.4 ns, the lifetime of
HPTS in bulk water.29 Fluorescence lifetimes for HPTS shorter
than those in water have been reported34 in nonaqueous
solvents, so a shorter lifetime component arising from
interaction with the Igepal−water interface is plausible. This
suggests that the HPTS molecules experience an environment
that, while interface-associated as revealed by the MPTS
anisotropy experiments, is also partially waterlike. This mixed
environment may result from varying degrees of penetration of
HPTS into the interfacial polyether region, or perhaps from a
distribution of orientations, with HPTS sometimes “lying”
relatively ﬂat at the interface with greater polyether interaction
and sometimes protruding more into the water pool, with
consequently greater water interaction.
The time-dependent spectra in Figure 7 illustrate why singlewavelength measurements are inadequate for investigating the
proton-transfer dynamics of HPTS in Igepal RMs. At short
time, the protonated peak is larger than the deprotonated peak,
while at long time the deprotonated peak is larger. There is
considerable overlap between the two emission peaks over a
broad time range, and the magnitude of the overlap changes
substantially over the time scale of interest. Single-wavelength
measurements of the ﬂuorescence of the protonated and
deprotonated forms will tend to include a signiﬁcant timedependent contribution from the ﬂuorescence of the other
form of HPTS. As can be seen in Figure 6, the spectrum of the
deprotonated peak is identical in bulk water and in the two

⎛ 1
d
1 ⎞⎟
1
p(t ) = ⎜⎜ − −
⎟ p( t ) + τ d ( t )
dt
τ
τ
⎝ f
dp ⎠
r

(14)

⎛ 1
d
1⎞
1
d(t ) = ⎜ − − ⎟d(t ) +
p (t )
dt
τr ⎠
τdp
⎝ τf

(15)

where τf, τdp, and τr are the time constants for ﬂuorescence
emission, deprotonation, and proton recombination, respectively. The proton recombination has been modeled as a ﬁrstorder kinetic process. This model is suﬃcient to get good ﬁts to
the data, but a small nonexponential component to the
recombination, which could be caused by some diﬀusive
motion of the dissociated proton aﬀecting the recombination
rate, cannot be ruled out.
We allow the possibility of multiple distinct subensembles of
HPTS molecules, each with its own τf, τdp, and τr. A good
reproduction of the data is achieved with just two subensembles
corresponding to the HPTS subensemble with the long lifetime
and the HPTS subensemble with the short lifetime. While all of
the HPTS in Igepal are associated with the surfactant interface,
the long lifetime HPTS subensemble, with the lifetimes very
similar to HPTS in bulk water (see Table 3), suggests that these
HPTS have the hydroxyl group and much of the molecule
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recombination time. This model allows protons to recombine
with deprotonated HPTS in its excited state to reform
protonated HPTS in its excited state unless there is decay to
the ground electronic state. The time constants for
deprotonation and recombination, τdp and τr, respectively, as
well as the excited-state lifetimes determine the population
kinetics of the protonated and deprotonated HPTS species. As
seen in Table 3, as the RM water nanopools become larger, the
deprotonation time becomes faster and the recombination time
becomes slower. As mentioned above, the reduction in the
deprotonation time constant as the RM size increases may arise
because the HPTS hydroxyl is increasingly water exposed. In
addition, as the RMs become larger, the water hydrogen bond
dynamics becomes faster,5 increasing the ease of solvating the
leaving proton. The slowing of the recombination as the RMs
become larger may suggest greater ability of the proton to
move some distance from the deprotonated HPTS prior to
eventual recombination.
Another possible explanation for slower proton recombination in larger Igepal RMs could involve the changing structure
of the surfactant interface. As the RMs become larger, the
radius of curvature of the micelle increases, which changes the
structure of the interface. In other types of RMs, it has been
shown that changing the radius of curvature alters the
headgroup area at the interface.35,36 In Igepal RMs, the
eﬀective headgroup is not a simple ionic moiety as in AOT.
The Igepal hydroxyl moiety (see Figure 1) has too little area to
be the sole component of the headgroup. Rather, the
headgroup is some combination of ethers and the hydroxyl.
Altering the radius of curvature can change the chemical
composition of the headgroup, for instance by exposing more
ether units to the water interior. It is possible that the surfactant
interface plays a role in determining the proton recombination
rate, in which case the increasing radius of curvature and
changing structure of the interface in larger RMs may aﬀect this
rate. For instance, the interface could contain proton “trapping”
sites that prevent recombination until detrapping occurs. If so,
the larger RMs might provide tighter or more numerous
binding sites as a result of their diﬀerent structures, requiring a
longer average time to detrap and slowing recombination.
The Igepal proton-transfer model uses exactly two
subensembles to represent the possible distribution of HPTS
molecules. This is the minimum number required to reproduce
the data. The two subensembles are consistent with the total
excited-state population, protonated and deprotonated HPTS,
decaying with two lifetimes. The model, which ﬁts the data
well, does not contain a reduction in recombination because
protons leave the vicinity of the deprotonated species and do
not return. We cannot rule out the possibility that some
protons do diﬀuse away, but there is no evidence in the data,
and the model without this possibility is suﬃcient to ﬁt the data
well (see Figure 9). HPTS in AOT RMs has proton-transfer
dynamics very diﬀerent than that of HPTS in bulk water, but
both display power law decays indicative of protons leaving the
deprotonated HPTS and not recombining. For Igepal RMs,
HPTS is associated with the interface, which changes the
fundamental nature of the proton recombination dynamics. For
the Igepal surface bound HPTS, the experimental results
demonstrate that all or at least the overwhelming majority of
deprotonation events result in rapid recombination.

exposed to water (water-associated). The subensemble with the
short lifetime most likely has the HPTS more buried in the
surfactant interface with the hydroxyl not exposed to water
(polyether-associated). For both subensembles, the negatively
charged sulfonate groups will be exposed to water to solvate the
charges. One possibility is that the water-associated HPTS are
more or less lying ﬂat on the surfactant surface, while the
polyether-associated HPTS may have the portion of the
molecule containing the hydroxyl (see Figure 1A) buried in
the surfactant but leaving the sulfonates water-exposed.
In ﬁtting the data in Figure 9 for each size RM, the relative
populations (A1/A2) and the lifetimes (τf1 and τf2) given in
columns 2, 3, and 4 of Table 3, obtained from the analysis of
the decay of the total excited-state population (see Figures 7
and 8), are ﬁxed. Therefore, the ﬁts involve only two adjustable
parameters. The ﬁts are the dashed red curves in Figure 9, and
the results of the ﬁts are given in the last two columns of Table
3. As can be seen in Figure 9, the ﬁts are quite good for all four
RM sizes.
The resulting ﬁts demonstrate a lack of proton transfer in the
polyether-associated subensemble, with deprotonation and
recombination occurring only in the water-associated subensemble. The polyether-associated subensemble decays only
via its excited-state lifetime. This is consistent with the picture
in which hydroxyl is embedded in the surfactant wall and is not
exposed to water. For the proton to dissociate, it needs to be
solvated by water. For the water-associated HPTS, the
deprotonation times obtained from the ﬁts for the three
small RMs are hundreds of picoseconds, longer than the 90 ps
deprotonation time for HPTS in bulk water. 11 The
deprotonation time becomes somewhat faster as the RM
becomes larger. However, the largest RM, w0 = 20, has the
same deprotonation time as bulk water within experimental
error. The three small RMs are considerably smaller than the
largest w0 = 20 RM (1.3, 1.6, and 2.0 nm, versus 4.2 nm). The
surfactant−water interface surface areas and radii of curvature
are much smaller for the three small RMs than for the largest
RM. The diﬀerences in curvatures and surface areas will aﬀect
how HPTS associates with the interface and can result in HPTS
in the large RMs having the hydroxyl more water exposed,
resulting in faster deprotonation.
In bulk water, after the short time dynamics of the initial
deprotonation, the time-dependent decay of the protonated
species is caused by diﬀusion of the proton away from the
parent HPTS. As the protons undergo diﬀusion, some of them
will return to the HPTS and recombine to reform the
protonated state followed by another round of deprotonation,
and some of them will wander oﬀ into the bulk water. In
addition, both the protonated and deprotonated forms decay to
the ground state. The diﬀusion gives rise to the power law
component of the decay, which is theoretically predicted to
have an exponent of −1.5, with the experiments yielding an
exponent of −1.1. In the water nanopools of AOT, the HPTS is
not associated with the surfactant interface. Again a power law
component of the decay is observed, but in the nanoconﬁned
environment with the nearby surfactant−water interface, an
exponent of −0.55 is obtained from ﬁtting the data.
The model that successfully ﬁts the proton dynamics in
Igepal RMs diﬀers from that for the other two systems. There is
no clear reduction in the protonated species concentration
arising from protons permanently diﬀusing away from the
deprotonated HPTS, which would result in a power law
component of the decay. The time constant τr is the
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IV. CONCLUDING REMARKS
We have investigated the inﬂuence of nanoconﬁnement on
proton-transfer dynamics in water following production of
protons via excitation of a photoacid, HPTS. Of particular
interest is the comparison between proton dynamics in the
nanoscopic water pools of reverse micelles formed from a
surfactant with ionic head groups (AOT) versus a neutral
surfactant. The experiments are conducted on reverse micelles
with a range of water nanopool sizes. In addition, the results are
compared to those obtained for HPTS in bulk water. The
nature of the interface, ionic versus neutral, results in major
diﬀerences in the location of the photoacid and in the protontransfer dynamics.
The orientational diﬀusion of the ﬂuorescent probe MPTS
and the excited-state proton-transfer dynamics of the
ﬂuorescent photoacid HPTS were studied by time-correlated
single-photon counting. The time-dependent anisotropy of
MPTS was found to be qualitatively diﬀerent in the neutral
Igepal RMs as opposed to the ionic AOT RMs. In the Igepal
RMs, biexponential wobbling-in-a-cone reorientation dynamics
were observed even in large water nanopools. In the AOT RMs,
MPTS showed bulklike single exponential reorientation in the
large micelles, with wobbling-in-a-cone behavior occurring only
in the RMs with inner radii less than 2 nm, and even then the
orientational relaxation is less restricted than the reorientation
in Igepal RMs. These results show that MPTS and, because of
its almost identical structure, HPTS are located in the central
water core of the AOT RMs but are associated with the
surfactant interface in the Igepal RMs.
Through improved signal-to-noise ratios and improved data
analysis methodology, we have obtained very high-quality data
on the time dependence of the protonated state of excited
HPTS, free from artifacts that can be produced by the overlap
of the deprotonated spectrum with the protonated spectrum.
Theory has treated the proton as diﬀusing in a continuum with
the photoacid and proton as spherical particles that undergo
recombination following contact at any point.16,27,33 The theory
predicts a power law decay t−1.5 of the protonated species
population at longer times (> ∼0.5 ns) for diﬀusion-controlled
recombination of the proton with deprotonated HPTS. The
power law arises from protons diﬀusing away from the
deprotonated HPTS, not recombining, and therefore reducing
the protonated state population. Our experimental results also
yield a power law, but with a slower decay of t−1.1 in contrast to
previous experiments that faced lower signal-to-noise6,8,10 and/
or examined a more limited range of times.32
Enclosing the HPTS in the water nanopools of AOT reverse
micelles has a profound eﬀect on the proton recombination. A
power law is still observed, but it is t−0.55. The power law decay
may still reﬂect the transport-induced reduction in recombination. The conﬁnement in the water nanopools greatly reduces
the rate of the transport-induced loss. The power law is
independent of the size of the water nanopools, but as the RMs
become smaller, the population of the protonated state under
steady-state conditions increases.
The HPTS proton-transfer dynamics are fundamentally
diﬀerent in Igepal RMs compared to that in AOT RMs.
HPTS is associated with the Igepal surfactant surface. There are
two distinct subensembles as demonstrated by the biexponential decay of the total excited-state population, protonated plus
deprotonated species. One of the subensembles has a shorter
lifetime than HPTS in water and does not undergo proton

dissociation to any experimentally detectable extent. This
behavior is likely caused by the HPTS hydroxyl being buried in
the organic wall of the RM. The other subensemble is taken to
be on the surface with the hydroxyl water exposed. This
subensemble does undergo deprotonation and recombination.
However, the model with a power law component that
describes transport-mediated recombination cannot describe
the data. There is no evidence of a power law component to the
decay, although if it was very small it might not be detectable in
the data. A set of kinetic equations is used to analyze the data.
Analysis of the data shows that as the water nanopool size
increases the deprotonation time decreases and the recombination time increases. For the largest RM, the deprotonation
time is the same as that found in bulk water.11 The results show
that the Igepal surface-bound and water-exposed HPTS
undergo deprotonation, but the proton does not wander oﬀ
into the water pools. These results may have broad implications
for other types of systems in which a proton is generated at a
water-exposed interface. Although water is available, the proton
may remain associated with the interface.
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