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Abstract of Dissertation

Solvent Motion in Quaternary Reverse Micelles

The solvation response in CTAB and SDS reverse micelles
has been investigated via ultrafast time-resolved fluorescence
spectroscopy. These measurements represent the first
determination of solvation reorganization on the subpicsecond
timescale in quaternary micellar systems. These experiments
provide insight on the solvent motion in quaternary reverse
micelles and are compared to bulk water relaxation on a
femtosecond timescale.

The solvent response in CTAB and SDS reverse micelles
was measured as a function of hydration. Solvent reorganization
was found to be independent of hydration. In all of the systems
investigated, two solvent relaxation components are observed,
specifically an inertial component on the femtosecond timescale
as well as a diffusive component on the order of hundreds of
picoseconds. These relaxation components were attributed to
collective motion of the interface.

To explore the role of the cosurfactant, we explored solvent
motion in ternary and quaternary AOT reverse micelles. The
addition of alkanol significantly slows down solvent motion in the

micellar systems. The solvent response in quaternary AOT
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reverse micelles also had a diffusive component that was similar

to that found in CTAB and SDS reverse micelles.

Elizabeth M. Corbeil
Department of Chemistry
Colorado State University
Fort Collins, Colorado 80523
Summer 2004
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Chapter 1

Introduction

L Microemulsions.

| A. Introduction. A'ggressively shaking oil and water results
in a cloudy mixture that will eventually separate into two distinct
phases. By adding a surfactant to the system, the interfacial
tension between the oil and water phases will decrease, enabling
the water and oil to be dispersed in each other. Depending on the
‘proportions of each of the components either water-in-oil, w/o, or
oil-in-water, o/w, microemulsions are formed as shown in Fig.
1.1."° These microemulsions can remain stable for a
considerable length of time, are homogeneous, optically isotropic,
and have a low viscosity.

The spontaneous nature of microemulsion formation
indicates that the free energy change of formation is negative in
accordance with the ihermodynamic requirement:

-AG=y,, A4 (1.1)
where yow is the interfacial tension between the oil and water
phases and AA is the change in surface area due to

microemulsion formation.? The interfacial tension between the
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Figure 1.1. Schematic of (a) micelle and (b) reverse micelle.
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phases decreases with the formation of microemulsions and
thermodynamically stable w/o or o/w dispersions are created.

Four distinct systems can be created as described by Winsor
by changing the proportions of the oil, surfactant, and water as
well as the temperature of the system.® Winsor type | depicts a
system that has two distinct phases: a microemulsion phase in
equilibrium with an oil phase. Winsor type Il describes a
microemulsion bhase in equilibrium with a water .phase. Winsor
type Ill systems have three phases: water, oil, and
microemulisions all in equilibrium with each other. Finally, Winsor
type IV systems consist of a system where oil, water and
surfactant are homogeneously mixed.

There are 'three primary reasons to study microemulsions.
First, microemulsions have enormous solubilizing power for oil or
water.” Thus, it is possible to prepare microemuslions made of
45% oil, 45% water, and 10% surfactant. This is important for
environmental remediation applications: a mixture of 10%
surfactant and 45% water should have the capability of
solubilizing 45% oil. This would be useful in cleaning up oil spills.
Secondly, the interfacial tensions measured between water
saturated microemuslions and excess water is extremely low, 107*

mN/m.®2 The third reason is that microemulsions constitute a new
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liquid phase with original properties. This has attracted many
liquid state theoreticians and experimentalists.

B. Reverse Micelles. Reverse micelles are a specific type
of microemuilsion. In these self-assembled structures, the polar
head group of the surfactant molecule points inward while the
nonpolar surfactant tails point out into the oil phase.' %910

Experimental studies such as dynamic light scattering, small angle
neutron scattering, small angle X-ray scattering, cryo-transmission
| electron microscopy, fluorescence spectroscopy, NMR, and
viscosity have all been used to characterize both the water pool in
reverse micelles as well as the interface of reverse micelles.'!8

Although double chained surfactants such as aerosbl-OT
(AOT) are able to form ternary reverse micelles, single chain
surfactantvs such as cetyltrimethyl ammonium bromide (CTAB,
Figure 1.2) and sodium dodecyl sulfate (SDS, Figure 1.2) both
form reverse micelles with the aid of a cosurfactant such as
alkanol.'®*° As shown in Fig 1.3, the cosurfa‘ctant intercalates
between the surfactant headgroups thus minimizing the repulsivé
forces between the polar headgroups. This allows the formation
of reverse miéelles.

Several studies have been done to investigate the addition

of alkanol to reverse micelles. Most of these studies focus on the

effect of increasing the alkanol chain length on water droplet size,
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dynamics of droplet éollisions with exchange, microemulsion
electrical conductivity, and water solubility in reverse micelles.3"
38 These studies have shown that there is dependence between
chain length and the interfacial properties found in reverse
micelles. For short chain alkanols there is an increase in the
fluidity of the interface thus allowing faster reactions at the
interface as well as allowing the reverse micelle to solubilize more
water. As the alkanol chain length increased, studies found an
increase of alkanol at the interface thus creating a more rigid
interface. Although all of these studies have investigated the
microviscosity at the interface, no studies have investigated
solvent motion at the interface.

C. Microenvironment in Reverse Micelles. Compared to
bulk solvents, reverse micelles have unique properties due to the
existence of different microenvironments found in reverse
micelles.?1:38:37.39-3" \water found in reverse micelles has shown
reduced activity, reduced polarity, and reduced translational
diffusion in comparison to bulk water.':7:13.17.18.52-55 £, thermore,
'H NMR has shown two or three distinguishable types of water in
reverse micelles.'?'” These are water bound to the headgroups,
water bound to the hydrated ionic groups and bulk-like water. (R
studies done by Liveri et al. have also shown these three types of

water.'® Theoretical calculations have also shown that there are
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.three distinct t)}pes of water in reverse micelles as shown in Fig.
1.4 (figure created by J. Faeder).%® Faeder and Ladanyi also
discovered that by increasing the size of the reverse micelle, the
relative amounts of water in each region also increased.

Dynamical measurements have also been used to probe the
microenvironment of solute molecules in reverse micelles.?:27:57-60
these studies have all shown that micellar water is more restricted
than bulk water. Hasegawa et al. measured the microviscosity
inside AOT reverse micelles.*? Their results indicated that the
microviscosities remained independent of wyo when w>10.
Altamirano et al.. investigated the fluorescence quenching of
pyrene derivatives in AOT reverse micelles.®’ They found that the
fluorescence quenching increased as wy increased for probes
located in the water pool, whereas fluorescence quenching at the
interface was much lower than that of water. This was attributed
to the high microviscosity of the interface. Sarker et al..
measured nanosecond components of the water solvation
motion.®? These results indicated that water in AOT reverse
micelles moves more slowly than bulk water. However, the time
resolution of these studies did not allow them to observe motion
that occurs on the picosecond or sub-picosecond timescale.

Time resolved fluorescence studies have also shown that

motion in reverse micelles is restricted compared to bulk solvent
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Figure 1.4. Tg/é)es of water in reverse micelles (figure created
by J. Faeder).
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motion. Specifically, in AOT reverse micelles, solvent motion has
been investigated as a function of hydration, counterion
interactions.®3:®* These studies determined that solvent motion
increased as the concentration of water increased. Also, the
solvent motion in AOT microemuslions is affected by the
counterion. AOT reverse micelles solubilizing formamide rather
than water have also shown restricted motion compared to bulk
motion in formamide.®5 Solvent motion in nonionic reverse
micelles has also been investigated. In studies with Brij-
30/cyclohexane and Triton X-100/cyclohexane reverse micelles
the polar solvation dynamics are slower and show additional slow
relaxation modes not observed in bulk water.®® Finally, polar
solvation dynamics in lecithin reverse micelles as well as at the
interface of lecithin reverse micelles has been investigated.5°:*8
These studies once again showed that the solvent response in
restricted environments is slower than bulk solvent.

D. Applications. Both micelles and reverse micelles have
numerous applications in everyday life. People use
microemulsions to wash their hair, brush their teeth and clean
their clothes. They also depend on microemulsions to fubricate
moving parts in vehicles. Industry relies on microemulsions for
numerous applications. In the oil industry they are used for

tertiary oil recovery, improved fuel burning and decrease of

10
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pollution, and for petrochemistry. In the textile industry,
microemulsions are used for detergency, fabric dyeing, and fabric
surface treatment. In the metal industry they are used for
lubrication, surface coating and cleaning, preparation of metal
catalysts. Microemuslions are used in the chemical industry for
polymerization, photochemistry, and chemical reactivity control.
The pharmaceutical industry uses microemulsions for drug
solubilization as well as artificial blood

il. Polar Solvation Dynamics.

Polar solvation dynamics investigates the question of what
happens to a solvent molecule when the solute molecule
undergoes a change in its electronic configuration.®7:°® There are
several possible ways this process can occur. For example, a
charge can be created on a previously neutral solute, the
magnitude of the dipole can change, or the direction of the dipole
can change.®® We will consider an increase of the dipole moment
on a solute molecule. Optical excitation of an equilibrated ground
state probe produces a nonequilibrium configuration of the solvent
molecules about the excited state probe as shown in Fig. 1.5.
The solvent molecules will reorganize to this change in energy
thus lowering the free energy of the system. The relaxation of the
probe is accompanied by time-dependent fluorescence spectral

shifts towards lower frequencies, which can be analyzed to

12
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quantify the dynamics of solvation via the solvent response

function (SRF):

_ ¥(t)—v(0)
C(t)——_v(O)—v(t) . (1.2)

Here, v(0), v (t), and v (=) represent the frequency of the intensity
maximum of the fluorescence spectrum immediately after
excitation, at some time t after excitation and at a time sufficiently
long enough to ensure that the excited state solvent configuration
is in equilibrium.

The molecular dynamics exhibited in the SRF reflect the
different motions that are required to produce the final polarized
environment of the solute from the ground state configuration of
the solvent surrounding the solute.®® The polarization of the final
state can be divided into several degrees of freedom, each of
which occurs on a different time scale. First, the solvent’s
electronic degrees of freedom become polarized in the presence
of the ionic field. This response is instantaneous with respect to
experimental observation. The second type of motion is nuclear
distortion, which occurs on the vibrational time scale (10°*°
seconds) and has a small contribution to the overall polarization.
‘Rotational motion of the solvent molecules has a large
contribution to the overall polarization of the sample. Rotational
dynamics can be broken down into two different types: large

amplitude rotations that are diffusive in nature which occur on the

13
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picoéecond time scale, and faster, small amplitude non-diffusive
motion s.uch as librational modes. This type of motion occurs on
the femtosecond time scale. The final type of motion that largely
contributes to the overall polarization ié translational motion.
Translational motion is broken down into diffusive motion that
occurs in the picosecond regime and non-diffusive motion that
occurs in the femtosecond regime.

lIl. Goals.

While there is an enormous amount of information about the
“microenvironment in quaternary reverse micelles*’-1.89-74
relatively little is known about the solvent motion in these
systems. NMR and time-resolved fluorescence quenching studies
with the time resolution of several picoseconds have investigated
solvent motion in both the water pool and interface.?*3'"75 |n the
following chapters, we will_ explore solvation dynamics in
quaternary reverse micelles using time resolved fluorescence
upconversion.

In this work we explored several different a‘spects of
quaternary reverse micelles. First, we explored the role water
loading has on solvent reorganization in quaternary reverse

micelles. The effects of cationic and anionic surfactants were

also investigated in Chapter 3. To fully understand the role of

14
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alkanol, the solvent motion in ternary and quaternary AOT micellar

systems was also investigated.

The ultimate goal of our research is to provide a better
‘understanding of solvent motion in quaternary reverse micelles.
This will lead to better understanding of reactions that occur in
these reverse micelles as well as at the interface of these reverse
micelles. Many new techniques such as nanoparticles synthesis,
environmental cleanup, electron transfer processes, and
separation science utilize quaternary reverse micelles.'92".7%78
Therefore, the motion of water in quaternary reverse micelles will
play a role in numerous branches of science. The importance of
this is far reaching. Since reverse micelles are used in numerous
aspects of industry from microreactors to part lubrication it is

important to fully understand the microenvironment in reverse

micelles.
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Chapter 2

Experimental Methods

Until recently, the time resolution available in fluorescence
spectroscopy was not fast enough to observe solvation dynamics
on the femtosecond time scale.'® In order to observe solvation
dynamics in liquids, the samples were either cooled so the
observable dynamics were on the picosecond timescale, or
solvation dynamics measurements were restricted to hydrogen
bonded solvents.'® With advances in ultrafast laser spectroscopy,
specifically ultrafast time-resolved fluorescence upconversion,
scientists have achieved the subpicosecond time resolution
-necessary to measure solvation dynamics in nonassociated
liquids. Barbara et al. have measured the solvation dynamics in
various liquids using several different Coumarin probes.'°
Maroncelli and coworkers have also investigated solvation

dynamics in various liquids using Coumarin 153."3
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I. Laser Spectroscopy

A. Time Resolved Fluorescence Upconversion. To
determine the time shifting fluorescence, we have used
fluorescence upconversion. The premise for fluorescence
upconversion is to gate a long time process such as fluorescence
with a short gate pulse. This results in a higher time resolution
than would be obtained by just monitoring the fluorescence pulse.
For our experiments, this involveé using a femtosecond gate pulse
to investigate the time dependence of the fluorescence spectrum
at several different wavelengths (Figure 2.1).

The femtosecond fluorescence upconversion spectrometer is
similar to the apparatus developed by Fleming et al. ' A
schematic of the apparatus is shown in Figure 2.2. A Ti:Sapphire
oscillator (Clark, NJA-3) is pumped by all the lines of an argon ion
laser (Coherent, Innova) at 5 W. The oscillator is passively mode
locked resulting in 80 fs, 5 nJ pulses with a repetition rate of 100
MHz. The beam is collimated and focused onto a 0.5 mm barium
borate crystal (BBO, Type |, Casix). The BBO crystal produces
second harmonic light centered at ~400 nm. The frequency-
doubled beam is separated from the fundamental beam using a
dielectric beam splitter (CVI). The frequency doubled light is
passed through a half wave plate (Meadowlark, 400 nm center

wavelength), and focused onto a 1 mm path length flow cell (NSG,
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Figure 2.1, Time-resolved fluorescence transient at 440 nm with a short gate pulse.
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Type 48, Code H). The sample is circulated through the flow cell
using a peristaltic pump (Masterflex, Model 7553-70). A small
portion of the fluorescence is collected at 180 degrees wifh
respect to the excitation beam and focused onto a second 0.5 mm
BBO crystal (Type |, Casix) using an ellipsoidal mirror. The
fluorescence is upconverted with the fundamental pulses that is
sent through an optical delay line utilizihg a motor delay stage
(American Precision, Parker-Daedl| delay stage). All solvation
dynamics measurements are made with the excitation beam at
54.7° with respect to the gate beam. The upconverted light is
collimated by a 10 cm lens, isolated from the gate and frequency
doubled beams with an iris and focused with a 12.8 cm lens
through a UV- transmitting filter (340 nm, Opto-Sigma) into a 0.33
m single monochromator equipped with a 2400 grooves/mm
grating blazed at 400 nm. The instrument response is determined
from the cross correlation of the excitation and gate pulses in the
‘BBO crystal. The upconverted photons are detected using a
photomultiplier tube (Hamamatsu, R1527P) and sent to a single
photon counter (Stanford Research Systems, SR400). A personal
computer using LabVIEW (National Instruments) collects the
photon counter signal as a function of the optical delay between

the excitation and gate pulses.
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The solvent response in quaternary AOT reverse micelles
and the solvent response in CTAB reverse micelles made with
varying chain length alkanols employed a new laser system for
fluorescence upconversion. Briefly, the excitation source is a
mode-locked Ti:Sapphire oscillator (KM Labs) pumped by a Verdi
(Coherent) at 5 W. The Ti:Sapphire laser produces an output
pulse with a 60 fs duration (fwhm assuming a Gaussian pulse
shape) at an 80 MHz repetition rate. The spectrum of the pulse
was centered at 800 nm. The rest of the experimental setup was

~ the same as described above.

B. Time Correlated Single Photon Counting.
Fluorescence lifetimes were measured with time correlated single
photon counting (TCSPC) as described by O'Connor.'? This was
done by marking the decay at the peak of the fluorescence
spectrum. Briefly, a Ti:sapphire regenerative amplifier (Coherent
RegA) produced pulses centered at 866 nm with a 200 KHz
repetition rate and 650 nJ/pulse. The light was frequency doubled
to promote C343 to its first excited state. The subsequent
fluorescence relaxation was collected through a subtractive
double monochromator. Single photons impinging on a
microchannel plate detector (Hamamatsu, MCP-PMT) were
detected and digitized using an analog-to-digital converter

(Oxford, ADC) and served as the start pulse for a time-to-
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amplitude converter (Oxford, TAC). A small fraction of the
excitation light was split off and directed to a fast photodiode
(fhorLabs). This served as the stop pulse for the TAC. Signals
from the TAC were fed into a multichannel analyzer (Oxford, MCA)
whose output is monitored by a computer. Decay traces were
collected until sufficient signal-to-noise was achieved to allow
adequate data analysis.

C. Time-Resolved Fluorescence Anisotropy. We have
used time-resolved fluorescence anisotropy to determine the
location of the dye molecule in the reverse micellar water pool.
Time-resolved fluorescence anisotropy measures the degree and
rate of rotation of the probe molecule. To determine the
anisotropy, the probe molecule, C343, is excited by parallel or
perpendicular light with respect to the gate beam. The
fluorescence is then mixed with the residual gate pulse as in our
fluorescence-upconversion experiment. The anisotropy, r(t), was

calculated as follows

L. -1
et
ro) I,+2I (2.1)

where [ is the intensity of the signal with the excitation beam
parallel to the gate beam and |, is the intensity of the signal with
the excitation beam perpendicular to the gate beam. The rotation

of the dye coupled to the micélle should yield a substantially
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longer rotational correlation time than free dye. From a simple

Debye-Stokes-Einstein analysis

S
<

(2.2)

Tt =

k,

ﬁ

where V, is the micellar volume, his the viscosity of the
supporting nonpolar phase, kp is the Boltzman constant, and T is
the temperature, we estimate that the rotational correlation time is
approx’imately 600 ns for a reverse micelle with wpo=5. Because
we collect r(t) data only out to 5600 ps, we cannot measure the
micellar rotation but we can see if the dye rotation is hindered.
The anisotropy measurements were collected in the same manner
as the time-resolved fluorescence upconversion measurements.

Ill. Dynamic Light Scattering.

We used dynamic light scattering (DLS, DynaPro-
801MSTC40, Protein Solutions) to ensure that we were forming
reverse micelles. This technique utilizes a beam of
monochromatic light that is sent through the sample. When a
single particle is illuminated by the beam of light, the light is
scattered in all directions. The fluctuation of the intensity of the
scattered light by the microemulsions is analyzed and from this
one can determine the hydrodynamic radius of the particle. *

The hydrodynamic radius of the particle is determined from
the translational diffusion coefficient, DT, of the particles in

solution.' Assuming Brownian motion of the particles, DT is
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converted to the hydrodynamic radius, RH, via the Stokes-Einstein

equation:

_ kT (2.3)
6znD,

where k;, is the Boltzman constant, T is the absolute temperature
in Kelvin, and n is the solvent viscosity.
lll. Data Analysis.

A. Spectral Reconstruction. The data collected in the
time-resolved fluorescence upconversion consist of a set of
fluorescence decays collected at a series of wavelengths
spanning the steady-state emission spectrum. Initially these
decays were collected with three different time resolutions. Short
scans were collected with 17 fs steps for either 2 or 5 ps, medium
scans were collected with 200 fs steps for 60 ps, and long scans
were collected with 2.5 ps steps for 500 or 750 ps. For all of the
AOT studies as well as the CTAB/n-alkanol chainlength studies,
scans were collected with high, medium, and low resolution in one
scan, that is, 17 fs steps for the first 2 ps, followed by 200 fs
steps for 45 ps, followed 2.5 ps steps for 450 ps for a total of a
500 ps scan. Data were collected at 8-10 different wavelengths to
monitor the entire fluorescence spectrum. All of the scans were
initially fit.in RFGraph (Fayer Group, Stanford) to deconvolve the
instrument response function. A single, bi- or tri exponential with

offsets were required to fit both the medium and long scans.
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In order to reconstruct the shifting fluorescence spectrum,
the long fluorescence transient was normalized to the value of the
steady state fluorescence at that wavelength. The medium scan
is thén normalized to the long run. When this process has been
completed for each wavelength, it possible to generate the time
resolved fluorescence spectrum as shown in Figure 2.3.

Individual fluorescence spectra are fit to the lognormal
lineshape as shown below:

F(v)= hexp(-In(2) + (In(1 + 21(v ~v,) IA)) /%)) (2.4)
where h is the height of the fluorescence peak, y is the is the

| asymmetry parameter, v; is the peak frequency, and A is the width
parameter. From this equation, we can obtain v¢ and thus we can
calculate the SRF from Equation 1.2 where v(0) is obtained from
time zero analysis and v() is obtained from fitting the steady
state fluorescence to the lognormal function (Equation 2.4). The
particular time components of the SRF are determined by fitting
the Equation 1.2 to either a single, bi- or tri exponential.

B. Time Zero Analysis. An important problem in
determining the SRF is that it is difficult to determine the position
of the time.zero spectrum, v(0). Previously, SRF values have
‘been obtained using the assumption that v(0) can be derived by
extrapolating the observed spectra back to time equals zero.

However, the v(0) spectrum obtained in this manner will depend
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Figure 2.3. Time resolved spectra for CTAB/1-heptanol/cyclohexane/water wy=10.



significantly on the time resolution empleyed. Hence, early
experiments often missed the inertial component of the SRF or
gave results that were somewhat misleading.?’

The discovery that 70% of the relaxation can occur during

the ultrafast inertial relaxation made it necessary to be able to
‘accurately calculate v(d) and thus be able to accurately calculate
the SRF. In systems containing water this is especially true since
miscalculating v(0) will result in missing a large part of the
relaxation. It is therefore necessary to approximate the time zero
spectrum as described by Fee and Maroncelli.'® It is based on the
principle that different probe molecules experience different local
solvation environments. If it is assumed that all the probe
molecules fit the same absorption line shape function g(v), that
the spectrum is shifted due to its interaction with the solvent (3),
and that § has a distribution described by p(8) then the absorption

spectrum is given as
4,0) v [e(v-8)p(6)ds. (2.5)

p(8) is assumed to be a Gaussian function

20"

A =(Q2ro) Tex —-——-—(6—5")2J (2.8)

where §¢ is the average shift due to the polar solvent and o is the

variance of the distribution.

The emission line shape can be described by
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E (=G, ) vy, x [gv,. ~)pB)f(v -8k (5)dd (2.7)
where k(a4 is the radiative rate constant which Maroncelli et al.
‘have shown.fo have negligible effects on time zero analysis and
thus has been ignored for our.analysis.15 v ex IS the excitation
frequency and the integral term is the convolution of the solvent
distribution transferred to the excited state g(vex- v)p(8) and the
~ fluorescence intensity function f(v—8)kaq.
The functions g(v), f(v) , and p(8) have to be calculated to
- determine the time zero fluorescence spectrum. The nonpolar
éteady state absorption (Aqp) and fluorescence (Fnp) spectra are

used to calculate g(v) and f(v) respectively. Thus

g(v) o v'4, ) (2.8)
and
f(v)«< v"an(v). (2.9)

By utilizing these functions for polar solvents, one assumes that
| the nonpolar spectra are purely homogeneously broadened
~independent of the solvent. While neither statement is completely
trué, the effects of polar interactions dominate in determining the
spectral shifts and widths and such an approximation is

acceptable.

To actually calculate the time zero emission spectrum, one
first has to collect the steady state absorption and emission

spectra of the dye molecule in a nonpolar solution. From the
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nonpolar reference spectra, f(v) and g(v) are calculated using

- Equations 2.8 and 2.9 respectively. Then, c and § are determined
from fitting the p(3) to the polar absorption spectrum convolved
with g(v). After this is completed, the time zero spectrum is
calculated using equation 2.7.
IV. Coumarin 343.
| ldeal probe molecules are rigid molecules with a large dipole
change between the ground state and the first excited state.'®
They should exhibit solvent dependent fluorescence Stokes shift
that reflects solute/solvent interactions instead of exhibiting
vibronic activity from intramolecular modes.'® Finally, the probe
molecule needs to be soluble in a broad range of solvents.

Coumarin molecules fulfill the above requirements and as a

result have been used in numerous solvation dynamic studies
during the past decade.''? For all of the solvation relaxation
studies we have used Coumarin 343 (C343) as shown in Figure
2.4. The .advantage of utilizing C343 in solvation relaxation
studies in reverse micelles is that C343 is soluble in polar
solvents and insoluble in nonpolar solvents. Hence, it is possible

to probe the polar interior of reverse micelles with C343.
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Figure 2.4. Coumarin 343 anion.
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Abstract
Steady-state spectroscopy and time-resolved solvation

dynamics have been used to investigate the effects the addition of
alkanol has on the location of Coumarin 343 (C343) in CTAB/1-

- pentanol/cyclohexane/water, CTAB/1-heptanol/cyclohexane/water
and SDS/1-heptanol/cyclohexane/water reverse micelles. Steady-
state spectroscopy showed that the probe molecule is not
sensitive to alkanol chain lengths or water loading. Instead, C343
is sensitive to the surfactant used to form the reverse micelles.
Solvation dynamics measurements utilizing ultrafast time-resolved
fluorescence-upconversion spectroscdpy revealed two solvation
reorganization times regardless of the micellar system studied or
hydration level. A hundreds of picosecond time component is

attributed to collective motion of the interface. Time zero analysis
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reveals a substantial relaxation component occurring on the

femtosecond timescale.
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l. Iintroduction

When surfactant molecules are dispersed in nonpolar
solvents, reverse micelles can form.' In these self-assembled
structures, the polar headgroup of the surfactant molecule points
inward toward a pool-of water that forms while the surfactant tails
point out into the oil phase. Though Aerosol OT (AOT) is by far
the most common surfactant used to form reverse micelles,? other
microemulsion systems present effective environments for a range
of chemistries. In particular, cetyltrimethylammonium bromide
(CTAB) has been used as an alternative surfactant due to the
positive charge on the headgroup. Unlike AOT, whose branched

alkyl chains facilitate reverse micelle formation, single chained
surfactants, such as CTAB and sodium dodecyl sulfate (SDS), do
not form reverse micelles in alkanes in the absence of a
cosurfactant. Generally, medium chain length primary alcohols,
such as 1-butanol, 1-pentanol, or 1-hexanol, permit the formation
of CTAB or SDS reverse micelles in alkane solvents.

Although reverse micelles from these quaternary
microemulsions have not been investigated to the same degree as
AOT reverse micelles, researchers have probed a range of
properties in these reverse micellar systems.®'? For example, the
size and shape characteristics of CTAB reverse micelles formed in

alkanes with alcohol cosurfactants have been determined through
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light scattering, pulsed field gradient NMR, near IR spectroscopy
and conductivity.*'? Time-resolved fluorescence quenching
studies have been used to determine the water core diameter as
well as the aggregation number for CTAB reverse micelles.?

~ Studies have also been performed to determine the interfacial
thickness and the ion concentration at the interface.? 1%

Due to confinement and interactions with the surfactant
interface, the properties of water in reverse micelles can differ
vastly from bulk water.*131* At the same time, the water
solubilized in the cavity of the reverse micelle controls the size of
the micelle, the shape of the micelle, and the surfactant packing.
Because the water content is critical to their nature, reverse
micelles are often characterized by wy, which is defined as the

ratio of water to surfactant,

{2 (3.1)

Wo = [Surfactant]”

The nature of the reverse micelles formed in quaternary
microemulsions differs from ternary systems. Among others, a
range of differing chemistries is possible leading to novel
nanoparticles'! and stabilization for enzymes.'? The ability of
CTAB and SDS reverse micelles to dissolve and compartmentalize
polar reactants can significantly affect chemical reactivity,
especially when reactions occur at the micellar interface.'® For

example, Menger et al.*® showed that model mustard and nerve
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agents were effectively hydrolyzed and oxidized in SDS/n-butanol/
microemulsions. Their utility as nanoreactors led us to explore
the differences between dynamics in these reverse micelles
created in quaternary microemulsions and those in ternary
.systems, such as AOT.

One effective method for characterizing the dynamical
ﬂrespon‘se in reverse micelles is polar solvation dynamics
‘experiments.'®3%4% Polar solvation dynamics measures the polar
SOIvént response to an instantaneous change of the chafge
distribution in a probe molecule.*'"*? Solvation dynamics of a
wide variety of bulk liquids have been well studied both
experimentally and theoretically.*?> These studies have revealed
two different types of solvent motion: an ultrafast time component
attributed to an inertial solvent response (<100 fs), and a slower
diffusive component (hundreds of femtoseconds to nanoseconds)
attributed to the diffusive solvent motion in response to the
probe's new charge distribution. Perhaps the most common
:method to measure solvation dynamics utilizes time-resolved
fluorescence Qpconversion to monitor the time dependent
‘emission spectrum of a fluorescent probe.' When the probe is
excited, the solv;nt reorganizes to lower its free energy in
response to the change- in charge distribution and leading to an

increasing red shift of its fluorescence over time. Measuring the
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time dependence of the solute emission reveals the solvent's
dynamics and is quantified by the solvation response function

(SRF), C(t), defined as

v(£) — v(x0)
C(t)_—_—v(t)—v(O) - (3.2)

where v(0), v(t), v(x) represent the frequency of fluorescence
intensity maximum immediately after excitation, at some time t
after excitation, and at a time sufficiently long enough to ensure
the excited solvent configuration is at equilibrium. Thus, one can
monitor the interior motion of the microemulsion over time.

While solvation dynamics in homogeneous solutions have
been explored for more than the past decade, studies of solvation
dynamics experiments in heterogeneous environments are
relatively new.'339:4® we have explored solvation dynamics in a
range of reverse micellar systems with sub picosecond time
resolutio_n. In all our studies, we have found that the dynamics
within the reverse micelles differs significantly from that of bulk
wafer.

In this paper, we report results from studies of solvation
dynamics in quaternary CTAB/1-heptanol/cyclohexane/water,
CTAB/1-pentanol/cyclohexane/water, and SDS/1-
heptanol/cyclohexane/water reverse micelles. The solvent
response function is nearly the same for all of the reverse

micelles used in this investigation. This indicates that the
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a computer. The time resolution of the spectrophotometer was
250 fs, which was measured via cross correlation of the
fundamental and doubled fundamental pulses in the nonlinear
BBO crystal. Scans were collected with high medium and low
resolution, that is, 17 fs steps for 6.1 ps full scan length, 250 fs
steps for 60 ps full scan length and 2.5 ps steps for 500 ps full -
scan length. Data were collected at 8 —10 different wavelengths
-t-o monitor the entire fluorescence spectrum.

The second method used to measure solvation dynamics was
time correlation single photon counting (TCSPC) as described by
O’'Connor and Phillips.*® A Ti:sapphire regenerative amplifier
(Coherent RegA) produced pulses centered at 866 nm with a 200
KHz repetition rate and 650 nJ/pulse. The light was frequency
doubled to promote C343 to its first excited state. The
subsequent fluorescence relaxation was collected through a
subtractive double mondchromator. Single photons impinging on

- a microchannel plate detector (Hamamatsu, MCP-PMT) were
detected and digitized using an analog-to-digital converter (Oxford
ADC) énd served as the start pulse for a time-to-amplitude
converter (Oxford TAC). A small fraction of the excitation light
was split off and directed to a fast photodiode (ThorLabs). This
served as the stop pulse for the TAC. Signals from the TAC were

fed into a multichannel analyzer (Oxford MCA) whose output is
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The anionic laser dye Coumarin 343 (C343, Exciton) was
used without further purification. The dye was added in excess to
each of the samples and allowed to sit overnight. Then, the
samples were sonicated for 1/2 hour and filtered to remove any
excess dye. Absorption spectra were collected using a Hewlett
Packérd 8452A Diode Array Spectrophotometer and fluorescence
spectra were collected using an ISA Fluorolog Fluorometer. From
the absorption spectrum, we estimate that the concentration of
dye in the sample was 75 uM, which corresponds to 1 dye
molecule per every hundred micelles. This ensures that the
measured spectroscopy and dynamics arise from individual dye
molecules rather than from aggregates.

B. Time-Resolved Fluorescence Spectroscopy. The
solvation dynamics in these reverse micellar systems were
measured two different ways. The first method used to monitor
solvent motion was femtosecond fluorescence-upconversion,
which has been described in detail elsewhere.'? Briefly,'a mode
locked Ti: Sapphire produced output pulses centered at 810 nm
with 100 a MHz repetition rate and energy of 6.5 nJ/pulse. The
output pulse was frequency doubled to promote C343 to its first
excited state. We mixed the resulting fluorescence with the time
delayed residual gate pulse in a nonlinear barium borate crystal

(BBO). Signal was collected using a photon counter interfaced to
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environment sensed by the dye in these reverse micelles is the
same despite differences in the surfactant or cosurfactant used to
make the reverse micelles.

i. Experimental Methods
' A. Sample Preparation. Cyclohexane (Aldrich, ACS

spectrophotometric grade)», 1-heptanol (Fluka, 99% purity), and 1-
pentanol (Fluka, 99% purity) were dried overnight with molecular
~ sieves (EM Science, 3A) to remove any water. High-purity water
(Milli-Q filtered, 18 MQ-cm) was obtained from a Milli-Q filtration
system. To remove water, cetyltrimethylammonium bromide
(CTAB, Aldrich, 98.6% purity) was recrystallized three times from
100% ethanol. Thermo gravimetric Analysis (TA Instruments)
coupled with mass spectrometry (Balzers Instruments) revealed
that the CTAB contained no water after recrystalization. To
 prepare reverse micelles, 0.1 M CTAB was added to cyclohexane.
Either 1-heptanol or 1-pentanol was added to the solution to
achieve a ROH:CTAB ratio of 5:1. Water was added to each
sample to yield wy values of 5, 10 15, and 40. The samples were
sonicated until they were homogeneous. SDS reverse micelles
were prepared in a similar manner with the same alcohol to
surfactant ratio that is ROH:SDS of 6:1. Reverse micellar radii
were measured with Dynamic Light Scattering (DLS, DynaPro,

"Protein Solutions).
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monitored by a computer. Decay traces were collected until
sufficient signal-to-noise was achieved to allow adequate data
énalysis. Once again, we collected the fluorescence spectrum at
10 different wavelengths to ensure that we were monitoring the
entire fluorescence spectrum. Fluorescence lifetimes were
measured with TCSPC by marking the decay at the peak of the
fluorescence spectrum.

C. Data Analysis. The spectral reconstruction method was
used to determine the solvent response function (SRF) in the
various reverse micellar samples. This method is described in
detail elsewhere.*? The resulting time-resolved fluorescence
upconversion decays were normalized to the steady-state
spectrum and fit to multi-exponential functions. Time-resolved
fluorescence spectra were constructed from the multi-expdnential
fits. The resulting spectra were fit to a log-normal function to
determine the peak maximum v(t). The peak maximum was used
to calculate the SRF (eqn. 3.2). v(o) was determined from the
peak maximum of the steady-state spectrum. v(0) is a
hypothetical emission spectrum that would be observed if a
molecule were to be promoted to its first excited state and allowed
to relax vibrationally and emit before any nuclear solvent motion

has occurred; the method used to calculate v(0) is described in

detail elsewhere.*®
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IHl. Results and Discussion
A. Characterization. Characterization of the reverse

micelles assists in the interpretation of the dynamical results.
Our DLS measurements show that as wy increases, the
hydrodynamic radius of the reverse micelles also increases (see
Table 3.1). This suggests that water added to the system
migrates to the micellar interiors causing them to swell. Other
researchers working under similar conditions and with equivalent
microemulsion solutions report that the CTAB and SDS reverse
micelles swell with increasing water content.**” They used 4sma|l
angle neutron scattering and cryo-TEM to show that the micelles
adopt a spherical form. Because our samples are prepared with
the same concentrations, we assume that our reverse micelles are
also spherical.

In microheterogeneous solutions such as those studied here,
a dye probe molecule has the potential to reside in a range of
locations. By comparing the spectroscopy of the probe molecule
in various solutions, we can determine if it is associated with the
reverse micelles in solution. First, we measured the steady-state
absorption and fluorescence of C343 in environments ranging from

- pure cyclohexéne to pure water, including a mixture of

cyclohexane, pentanol and wateri the steady state absorption
spectra of C343 in these environments is shown in Fig. 3.1.

Because the steady-state fluorescence spectrum of C343 follows
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the same trends as the absorption spectrum, trends shown in
figures for absorption also apply to trends we see for
fluorescence. It is clear from the steady state absorption spectra
shown in Fig. 3.1, that the environment sensed by the dye in the
reverse micellar solution differs from all the other solutions.
Comparison of the C343 spectrum in bulk water and in a CTAB
reverse micelle at wp=40, a hydration level high enough to present

 a bulk-like water pool,*® clearly demonstrates that the dye
environment in the micelle is not that of bulk water. Neither is the
environment like that in the ternary water/n-alcohol/cyclohexane
solution or pure cyclohexane. Both peak maxima and spectral
shapes differ sufficiently in the various environments thus we are
confident that C343 partitions to the interior of the reverse
micelles.

The steady-state spectra of C343 in CTAB reverse micelles
display different trends than what we have seen for other micellar
systems. The steady-state absorption spectra of C343 in CTAB/i-
pentanol/cyclohexané/water and CTAB/1-
heptanol/cyclohexane/water reverse micelles as well as the
fluorescence spectra of CTAB/1-pentanol/cyclohexane/water
reverse micelles are shown in Fig. 3.2. Although DLS shows that
the hydrqdynamic radius increases with increasing wy, the peak

and shape of the C343 steady state absorption stays the same
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Figure 3.1. Steady-state absorption spectra of C343 in cyclohexane (A), cyclohexane/1-pentanol
(m), cyclohexane/1-pentanol/water (overlays cyclohexane/1-pentanol, CTAB/1-
- pentanol/cyclohexane/water wyo=40 (o), and water (solid line).
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Figure 3.2. Steady-state spectra of C343 in reverse micelles and bulk water: (a)
absorption spectra in CTAB/1-pentanol/cyclohexane/water wy=5 (m), 10, 15, and 40
(overlay each other), and bulk water (s), (b) absorption spectra in CTAB/1-
heptanol/cyclohexane/water w,=5, 10, 15, and 40 (overlay each other), and bulk
water (e) (c) fluorescence spectra in CTAB/1-pentanol/cyclohexane/water reverse
micelles w,=5 (m), 10, 15, and 40 (overlay each other), and bulk water (e).
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regardless of water loading or cosurfactant alcohol. In previous
studies of C343 in AOT reverse micelles,'® lecithin reverse
micelles'*3® and reverse micelles made with nonionic
surfactants,®® the steady state absorption and emission spectra
, shifted toward the spectrum of C343 in pure H,O with increasing
water loading; the dye molecule’s spectroscopy reflected the
amount of water in the reverse micelles. In contrast, it appears
that neither water loading nor the alcohol chain length of the 1-
pentanol or 1-heptanol cosurfactant. affects the C343 dye in these
quaternary reverse micelles.

To explore the relative effect of cosurfactant versus
surfactant on the observed spectroscopy and dynamics in reverse
micelles, we compare our CTAB results with measurements in
anionic SDS reverse micelles. If the C343 spectroscopy reflects
direct interaction with the surfactant headgroup, its spectral
characteristics should differ in SDS reverse micelles. Figure 3.3
contrasts the absorption spectrum of C343 in SDS reverse
micelles with the spectrum in bquA water and in a representative
CTAB reverse micelle, wp=40. Similar to the case for the CTAB
reverse micelles discussed above, the spectrum of C343 in the
SDS reverse micelles with differing wy are so similar, they can be
overlaid on each other; the C343 dye is again not sensitive to the

hydration level in the reverse micelles. Comparison of the C343
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Figure 3.3. Steady-state absorption spectra of C343 in SDS/cyclohexane/1-heptanol/water we=10
(solid line), wo =15(A), wo=40 (m), and water (o).



absorption spectrum in CTAB and SDS microemulsions reveals a 6
nm shift in peak position. Thus, there are slight differences
between the environments in the cationic versus anionic reverse
“micelles that may arise from direct surfactant/dye interactions in
these quaternary reverse micelles.

The fluorescence lifetime of a dye molecule can often
uncover information about interactions of the dye with its
environment. Strong interactions of dyes with their surroundings
frequently result in substantially reduced fluorescence lifetimes.®’
We have measured the C343 lifetime in a range of environments
using TCSPC. We measure the fluorescence lifetime to be 3-4 ns
regardless of solvent or environment. In the studies reported
here, the lifetime in bulk water and in the reverse micelles used in
this study are all approximately 3.8 ns. This suggests that
interactions of the dye with its environment are relatively weak
and are hot sufficient to result in strong quenching.

From these studies, we conclude that C343 is strongly
associated with the reverse micelles explored. Also, unlike other
reverse micelles,'3394% C343 appears to reside in a similar
‘environment regardless of the amount of water in the water pool
or the cosurfactant used to make the reverse micelles. We
speculate that the dye molecule must reside embedded in the

reverse micellar interface. From here, we investigate how this
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environment in turn impacts the solvation dynamics th?t we
measure and use the dynamical measyrements to understand the
system.

B. Solvation Dynamics. The solvation dynamics in CTAB
and SDS reverse micellar systems can be gauged from the solvent
response function (SRF, eqn. 3.2) for each; the SRF for CTAB
reverse micelles created with 1-pentanol and 1-heptanol, and for
SDS reverse micelles created with 1-heptanol with wy=5, 10, 15
and 40 are shown in Fig. 3.4. The solvent relaxation times
dbtained from the spectral reconstruction analysis are given in
Table 3.1. The measurable relaxation occurring on a time scale
longer than 200 fs fit well to a bi-exponential decay. Interestingly,
a substantial portion of the solvation response occurs on a
timescale faster than we can measure; we attribute this to inertial
motion.

Several features of the solvation dynamics in these systems
interest us. First, unlike the other spherical micellar systems we
have studied,®"'*? the time-resolved-fluorescence traces lack a
‘decay component occurring on the hundreds of fs to ones of ps
time scale, the time scale consistent with bulk water relaxation.*8
This is most easily seen in the raw time-resolved fluorescence
data shown in Fig. 3.5 for CTAB/1-heptanol/cyclohexane/water

wo=5. For comparison, we include similar data collected for C343
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Figure 3.4a. Solvent correlation function, C(t), and muitiexponential fits for CTAB/1-

pentanol/cyclohexane/water reverse micelles. Inset. Solvent correlation function including point
obtained from time zero analysis.
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heptanol/cyclohexane/water reverse micelles. Inset. Solvent correlation function including point
obtained from time zero analysis.
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sample " wo radius (nm) stokes shift cm™)° ' C(t)

Ar_u(ps) A 5 (ps) As v (ps) Ai w (ps)

bulk water® 03 02 07 06
1-pentanol® ‘ 0.04 0.03 007 0.7 0.3 21.7 0.6 151
CTAB/1-heptanol '
5 28 2564 01 15 0.06 189
10 4 2358 02 11 01 218
15 6.1 2127 02 11 0.1 202
40 122 2098 03 162
.CTAB/1-pentanol
5 24 2484 005 11 006 302
10 33 2464 01 207
15 32 2435 001 9 041 204
40 114 2098 02 9 08 123
SDS/1-heptanol
10 37 2581 002 18 0.01 137
15 6.3 2735 0.002 20 0.05 133
40 116 2524 002 1 009 120

* Joo, T., et al.®®
®Homg, M. L., et al.”®
“Stokes shift in the first 33 fs.

Table 3.1. Fit parameters of the ultrafast components of the
solvent correlation functions for water in various micellar
environments.
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Figure 3.5. Femtosecond fluorescence-upconversion transients
of C343 in CTAB/1-heptanol/cyclohexane/water wy=10 reverse
micelles and bulk water at (a) 460 nm, (b)500 nm, and (c) 520
nm. The CTAB transients are offset.
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in an aqueous solution.'® In water, the fluorescence signals at
shorter wavelengths decay quickly while those at long
wavelengths display a rise consistent with a time dependent
fluorescent Stokes shift occurring on the timescale of the trace.
In the CTAB sample, the transients neither rise nor fall on the 2
ps time scale shown. At all hydration levels that we have
explored for these systems, there should be sufficient water
present in the micellar core to display bulk-like water relaxation.
Indeed, in all other solvation dynamics studies we have performed
on similarly sized reverse micelles with spherical form, a bulk-like
water pool was evident and the solvation dynamics showed a time
component consistent with bulk water motion.

While the data presented here lack a diffusive relaxation
component occurring on the 100’s of fs to ps timescale, analysis
using the predicted time-zero spectrum*® indicates a significant
inertial response on a sub 100 fs timescale. It appears that there
is a substantial inertial component to the dynamics occurring on a
timescale significantly shorter than we can measure. Pure water
displays an inertial component comprising greater than 50% of its
solvent response.*® A large inertial component is also observed
in AOT reverse micelles?® and a large very short (9 fs) component
has been observed in photon echo experiments for lecithin

vesicles.%®
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In our previous solvation dynamics studies on reverse
micelles, such as the anionic AOT reverse micelles, the dye
molecule migrated into the free water pool as the hydrodynamic
radius of the reverse micelle increases. Our DLS measurements
and literature reports confirm that the hydrodynamic radius of the
reverse mice.lles in the quaternary microemulsions studied here
increases as wy increases. However, steady-state and the
so.lvation dynamic's results suggest that C343 remains in the same
location regardless of the hydrodynamic radius of the reverse
micelle. In contrast, in AOT reverse micelles, lecithin reverse
micelles formed in benzene, and reverse micelles formed from
alkylpolyethers, CiE; all spherical reverse micellar systems, the

_ solvation dynamics depend strongly on wy and micelle radius. In
these systerhs explored here, the C343 probe molecule appears
insensitive to water loading; it reports on dynamics at the
interface, not in the micellar interior.

CTAB/1-heptanol/cyclohexane/water reverse micelles show
the similar trends to those of CTAB/1-pentanol/cyclohexane/water
micellar systems. Both systems display a large inertial
component from the time zero analysis, whose magnitude is larger
than any previously reported values. Second, as the hydration
level increases, the number of distinct decay components and

their amplitudes remain constant. This indicates that, in addition
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to being insensitive to dynamics in the micellar cores, the C343
probe molecule is also unaffected by the alcohol alkyl phain
length. Finally, the relative relaxation dynamics for CTAB/1-
pentanol and CTAB/1-heptanol reverse micelles are approximately
the same regardless of hydration lev-el. Taken together with
steady-state spectroscopy, these results suggest that the n-
alkanol impacts the location of the probe molecule and the

. obéerved interfacial solvation dynamics. However, the length of
the alky chain length of the n-alkanol has little effect on the
observed dynamics since 1-heptanol and 1-pentanol show
approximately the same decay components.

The solvation dynamics of SDS reverse micelles respond
with a slightly faster time than the solvation dynamics observed in
CTAB micellar systems. As in the CTAB systems, there is a large
inertial response in SDS reverse micellar samples. Also, like
CTAB solutions, the time-resolved fluorescence traces for SDS
reverse micelles, wy=10, shown in Fig. 3.5 neither rise nor fall on
the 2 ps time scale. However, a substantial inertial component is

- calculated in time-zero analysis. Furthermore, the inertial
component is shorter in SDS wy=5 systems than it is in CTAB
systems. This suggests that the dye molecule interacts less

~strongly with the interface than it does in CTAB reverse micelles.
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In contrast to the other reverse micellar studies, our results
reveal some interesting points. First, the inertial component that
we observe in CTAB and SDS micellar systems dominates the
solvent response. No study in bulk solution matches this
response. Joo et al. have observed a large inertial component in
solvation dynamics in bulk alkanols.’® However, in their studies
the amplitude decreases with increasing chain length. We do not
observe this trend in our studies. Instead, we observe |
approximately the same inertial component regardiess of n-alkanol
used in the micellar systems. This suggests that while the alkanol
molecule is probably responsible for pulling the C343 probe
molecule into the micelle interface, it does not solvate the probe
completely. Alternatively, the interfacial environment makes it
impossible for the cosurfactant to solvate the C343 probe in the
same way as a bulk environrhent can, impacting. the solvation
responses. Jimenez et al. report that for neat water, 60% of the
total solvent response occurs within the first 30 fs.4® In their work,
Jimenez et al. attribute the inertial component to small amplitude,
underdamped motions of the solvent molecules in the confines of
the instantaneous cage formed by surrounding molecules.’’
Within this model, the inertial response arises from librational
motion of the solvent molecules in the first few hydration shells of

the chromophore.®®"3® All our data point to the probe molecules
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residing embedded in the in.terfacial. region. Thus, it is unlikely
that water surrounds the probe molecule or that the observed
ultrafast inertial response corresponds only to water motion.
Howev.er, it is likely that organization of the species that are
responsible for solvation reside in the interfacial region
A second interesting result reveals that the relaxation
processes do not follow a trend with increasing water content in
the reverse micelles. This differs from what we have seen in
other spherical reverse micelles, such as AOT,'? lecithin in
benzene,'* and nonionic surfactants®® where the relaxation
 processes speed up as wg increases. That we do not observe a
trend in the solvation response as the water content and size of
the reverse micelles increases supports the interpretation that the
probe molecule resides at and samples the interfacial region.
Interestingly, the OH stretching mode in IR spectra of CTAB
reverse micelles in quaternary solutions shows no change as wy
increases.’® Thus it is conceivable that the presence of alcohol in
the surface of these reverse nﬁcelles leads to significantly
different behavior than other reverse micelles, that is, the water
does not become bulk-like with increasing water content.
While, the relaxation rates measured do not follow a trend
%with,wo, they do differ between the CTAB and SDS samples.

Specifically, the slow, diffusive relaxation times observed are
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significantly faster for the SDS reverse micelles than they are for
CTAB, see Table 3.1. This may reflect the location of the dye
molecule in the interfacial region. Because the dye and the SDS
headgroup are both anionic, we expect some Coulomb repulsion
between them. In CTAB solutions, a strong cation-n affinity
between the dye and the ammonium headgroup is possible,®? as
well as ion pairing of‘ the C343 molecule with the ammonium
headgroup through the C343 carboxylate group. These
interactions do not exist for the- SDS reverse micelles or for our
prior AOT work due to electrostatic repulsion.®® However, it is
important to consider that the alkanol cosurfactant still appears to
impact the solvation dynamics in the SDS reverse micelles. AOT
reverse micelles also possess anionic headgroups and, in those
micelles, the solvation dynamics get faster as the micelle water
content increases.'® The longest time component that we
measure in CTAB reverse micélles agrees well with the long
relaxation components of 1-pentanol.*? However, if the slow
component were entirely due to n-alkanol motion we should also
observe the 21.7 ps relaxation component of 1-pentanol.*? Yet
because the alkanols are assembled into the reverse micellar
interface, the organized surface structure may reduce or eliminate
characteristic motion of the alcohols. It is also possible that the

observed dynamics reflect the collective motion of the interface,
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which includes motion of water bound to the surfactant or to the
interface, the headgroup, and n-alkanol headgroup.

While the solvation dynamics do not display a trend with
micelle hydration, the values do vary for the differing sizes.
Several explanations could account for this. It is possible that the
solvation dynamics that we measure corresponds to fluidity of the
reverse micellar interface. Indeed, varying fluidity in reverse
micelles has been hypothesized in other studies of quaternary
reverse micelles.®® Here, researchers observed a peak in the
interfacial fluidity at an intermediate wy value where the fluidity
increased with increasing micelle size and then decreased again
as the micelles grew larger. We see a similar trend in our data.
The fastest solvation times ai’e observed for wpo=10 and 15;
dynamics in smaller wo='5 and larger wp=40 are slower. The
implications for these results are dramatic. Mixing among
micelles and surface “stickiness” are key in the creation of
nanoparticles from reverse micella_r solutions containing different
precursors. If micelles collide but db not stick, the micellar
contents will never be exchanged and nanoparticles would never
form. However, in experiments probing solvation dynamics in
highly ionic solutions, e.g., 10 M aqueous Na acetate, the
'dynamics were significantly faster than what we observe in

" reverse micelles.*?*? Thus it is unlikely that the slow dynamics
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we observe arises from a bulk-like water pool with high ionic
strength.

The effect the addition of n-alkanol has on the solvation
dynamics in CTAB and SDS micellar systems is larger than we
first anticipated. The alcohol appears key in driving the probe
into the interface where the dynamics are dominated by an
ultrafast component with a sub 75 fs time constant. The siow,
diffusive component varies between micelles but shows no trend
With hydration level. n-alkanol directly affects the water uptake in
micellar systems.®” The adsorption of n-pentanol to the interfacial
film and the conseqqent decrease of n-alkanol in the organic
phase along with the hydration of the surfactant headgroups are
responsible for the solubility of water in the oil phase going from
0.1 M to 0.037 M. Hence, after the surfactant headgroups are
solvated by water, a water pool is formed.

IV. Conclusion

Steady-state spectroscopy and time-resolved solvation dynamics
have been used to investigate CTAB and SDS reverse micelles
with an alkanol cosurfactant. Steady-state absorption and
fluorescence spectra of C343 in CTAB and SDS reverse micelles
show that the probe is not sensitive to water loading suggesting
that the probe molecule remains in the same environment as wy

increases. The steady-state absorption and fluoﬁescence
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spectroscopy of C343 in CTAB reverse micelles also indicate that
C343 is not sensitive to the alkanol chain length. However, the
steady-state absorption and fluorescence spectra of C343 is red-
shifted in SDS reverse micelles‘ from that of CTAB reverse
micelles suggesting that the surfactant headgroup affects the
location of the probe molecule. Time-resolved solvation dynamics
studies show that the solvent reorganization in quaternary micellar
systems is significantly slower than in ternary micellar systems
indicating that the probe molecule is located at the micellar
vinterface regardless of alkanol or surfactant. In addition, the
solvation dynamics of these systems have a significant inertial
component contributing to approximately 90% of the total solvent
response. These studies indicate that the addition of alkanol
affect both the steady-state spectroscopy as well as solvent

reorganization in quaternary reverse micelles.
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Chapter 4
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Abstract: A wide variety of probe molecules have been used to
characterize the environment found within reverse micelles. This
manuscript reports on results from steady-state and time-resolved
spectroscopies of the probe molecule Coumarin 343. The steady-
state spectra for the probe molecule in ternary and quaternary
systems is nearly identical. However, the time-resolved studies
clearly indicate substantial differences in the probe sensed by the
probe mole.cule. Implications of these results for the
interpretation of spectroscopy of probe molecules in confined

media are discussed.
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i. Introduction.
Reverse micelles have recently garnered significant
attention as model systems to explore the effects of confinement.
Confined environments occur naturally in many biologically
important systems as well as a range of physically interesting
materials such as porous glasses. The beauty of the reverse
micelle is that it is easily created, shows substantial stability and
- provides a well-characterized nanoscopic water pool for a range
of chemistries.

The branched double chained surfactant Aerosol OT (AOT,
sodium di(2-ethylhexyl) sulfoccinate), see Figure 4.1, has been
the surfactant of choice for creating monodisperse reverse
micelles and is therefore very well characterized.! The size of the

reverse micelles is usually given by

H,0

~Taor] (4.1)

Wo

AOT reverse micelles can be formed from wy=1 up to woe=70 in a
range of nonpolar solvents. Many studies have shown that AOT
reverse micelles formed in ternary solutions of water, AOT and
nonpolar solvent display a spherical form.>® Because the water
defines the volume while the AOT surfactant defines the surface
area, for spherical reverse micelles wy is directly proportional to
.the micellar radius.

One common method to interrogate interior of a reverse
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Figure 4.1. Structure of Aerosol-OT (AOT).



micelle is to follow the spectroscopic characteristics of a probe
molecule solubilized in the solution forming reverse micelles.’® A
solute can occupy a variety of locations in reverse micelles, for
example in the oil phase, in the water pool or near the interface of
the reverse micelle.!' Several spectroscopic studies have
investigated the microenvironment of the probe motecule.'®'?
Many studies gauge the environment of the probe by its changing
spectroscopy. For example, Correa et al. have used standard
micropalarity probe molecules to measure the polarity inside
reverse micelles.'® Gupta et al. report acidity of reverse micellar
interiors based on the various spectral signatures of the indicator
dye, acridine orange.'*

Dynamical measurements have also been used to probe the
microenvironment of solute molecules in reverse micelles .'%-%*
These studies have all found that micellar water behaves more
restricted than bulk water. The auramine O probe that Hasegawa
et al. used to measure the microviscosity‘of AOT reverse
~micelles’ allowed them to gauge viscosity changes at the inner
micellar interface. They found that the microviscosity decreased
rapidly for wp<10 and then decreased more gradually for larger
reverse micelles. Altamirano et al. investigated the fluorescence

quenching of pyrene derivatives in AOT reverse micelles.?? They

found the fluorescence quenching increased as wy increased for
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probes located in the water pool, while fluorescence quenching at
the interface was much lower than that of water. They attributed
this result to the high microviscosity of the interface. Sarker et al.
measured nanosecond components of the water solvation
motion.'® These results indicated that water in AOT reverse
micelles moves more slowly than bulk water.

Recently, we have explored ultrafast solvation dynamics of
water in AOT reverse micelles.'®'%2% Polar solvation dynamics is
the measure of the polar solvent response to an instantaneous
change of the charge distribufio.n in a probe molecule. Solvation
dynamics of a wide variety of bulk liquids have been well studied
both experimentally and theoretically.26?® These studies have
revealed two different types of solvent motion: an ultrafast time
component attributed to an inertial solvent response (<100 fs),
and a slower diffusive component (hundreds of femtoseconds to
nanoseconds) due to the diffusive solvent motion in response to
the probe’s new charge distribution. In ternary AOT reverse
micelles there is a time component on the femtosecond timescale
and another time component on the nanosecond timescale.'®

One effective method to measure solvation dynamics utilizes
time-resolved—fluorescence-upconversion spectroscopy to monitor
the time dependent emission spectrum of a fluorescent probe.

When the probe is excited, the solvent reorganizes to lower its
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free energy conforming to the change in charge distribution
Iéading to an increasing red shift of its fluorescence. Measuring
the time dependence of the emission frequency of the solute
reveals the solvent’'s motion back to equilibrium and is quantified

by the solvation response function (SRF), C(t), defined as

Fome
Voo “a

where v(0), v(t), v(x) represent the frequency of fluorescence
intensity maximum immediately after excitation, at some time ¢
after excitation, and a time sufficiently long enough to ensure the
excited solvent configuration is at equilibrium. Thus, one can
monitor the interior motion of the microemulsion over time.

In comparison with the extensive information that is
available about ternary solutions forming AOT reverse micelles,
there are relatively few studies of quaternal;y AOT micellar
systems, especially where an alcohol serves as cosurfactant.8:30-33
Bardez et al. investigated the OH stretching region of water and
found that it is quite sensitive to the polarization effects of the
polar headgroups of the micelle surface and the presence of

! Nazario et al. investigated the

alcohol to the micellar system.?
effect of nonionic cosurfactants on AOT reverse micellar interface
and micelle/micelle interactions. 832 These studies found that the

addition of alkanol to the micellar system increases the

percolation temperature, has little affect on the hydrodynamic
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radius of the micelle, and decreases the fluidity of the interface.
Finally, Plucinski et al. found that short chain alkanols accelerate
the mass transfer of phenylalanine into reverse micelles while
long chain alkanols inhibit this process.3?

In the work presented here, we have explored how adding a
cosurfactant to AOT reverse micelles impacts the location of a
probe molecule by using steady state absorption and fluorescence
spectroscopy and time-resolved fluorescence upconversion
'spectroscopy. We have measured solvation dynamics in
quaternary solutions forming AOT reverse micelles and contrést
the results with solvation studies in ternary solutions forming AOT
reverse micelles. Through these experiments, we determine the
effect the addition of a cosurfactant has on the dynamics in
reverse micelles.

Il. Experimental Methods.
lIA. Sample Preparation. To prepare reverse micellar

~ solutions, the water content of AOT (sodium bis(2-
ethylhexyl)sulfosuccinate, Aldrich) was first determined to be
0.43 water molecules per AOT headgroup with NMR. The AOT
was then added to isooctane (Acros, ACS spectrophotometric

- grade) in concentrations ranging from 0.36 M to 0.17 M to which
Water was added to achieve wy values of 5, 10, 15, and 40. 1-

heptanol (Fluka, 99% purity) was dried over molecular sieves and
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added to the solution. A ratio of 1:5 or 3:5 1-heptanol:AOT was
used to ensure th.at the reverse micelles maintained a spherical
form. Reverse micellar radii were measured using dynamic light
scattering (DLS, DynaPro, Protein Solutions). Micellar sizes
measured using DLS showed that, as wy increases, the
hydrodynamic radius also increases. This confirms that the
micellar solutions swell as water is added to the systems. Also,
radii for ternary and quaternary reverse micelles were similar for
the same water content.

The anionic dye Coumarin 343 (C343, Exciton) was used
without further purification. The dye was added in excess to each
of the samples and allowed to sit overnight. The samples were
then sonicated for a half hour and filtered to remove any excess
dye. Absorption spectra were collected using a Hewlett Packard
8452A Diode Array Spectrophotometer and fluorescence spectra
were collected using an ISA Fluorolog Fluorometer. From the
absorption spectrum and information about AOT reverse micelle

' size and surface area '® we estimate that the concentration of dye
in the sample was 75 pM, which corresponds to approximately one
dye molecule per every 100 micelles. The probability of finding
one dye molecule in one micelle is 1/100, given by the binomial
distribution; the probability of finding two dye molecules in one

micelle is 1/4950=2.0x10*.** Thus the measured spectroscopy
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and dynamics should arise from individual dye molecules rather

than from aggregates.

IIB. Time-resolved studies. Tim‘e-resolved fluorescence
Stokes shift experiments investigating solvation dynamics were
berformed via femtosecond fluorescence-upconversion. The
experimental apparatus is similar to that reported earlier;'® only
the laser used for the experiment differs. Briefly, the excitation
source is a mode-locked Ti:Sapphire laser (KM Labs) pumped by a
CW intracavity doubled Nd:VO4 laser (Verdi, Coherent) at 5 W.
The Ti:Sapphire laser produces an output pulse with a 60 fs
duration (fwhm assuming a Gaussian pulse shape) at_an 80 MHz
repetition rate. The spectrum of the pulse is centered at 805 nm.
The beam is frequency doubled in a 0.5 mm beta barium borate
(BBO) crystal. The frequency-doubled beam is separated from the
fundamental beam using a dielectric beam splitter. The frequency
doubled light traverses a half wave plate, and focuses onto a 1
mm flow cell through which the sample circulates. A small portion
of the forward fluorescence is collected and refocused onto a
second 0.5 mm BBO crystal using an ellipsoidal mirror. The
fluorescence is upconverted with the residual fundamental beam
that has been sent through a variable optical delay. All solvation
dynamics measurements are made with the excitation beam

polarization at 54.6° with respect to the gate beam to eliminate
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effects from probe molecule rotation on the dynamics. The
upconverted light is collimated, isolated from the gate and
frequency doubled beams with an iris and focused through a UV-
transmitting filter (340 nm, Opto-Sigma) into a 0.33 m single
monochromator equipped with a 2400 groove/mm grating blazed at
400 nm. The instrument response is determined from the cross
cdrrelation of the excitation and gate pulses in the 0.5 mm
‘upconversion crystal. The upconverted photons are detected
using an photomultiplier tube at ambient temperature. A personal
computer using LabVIEW collects signal from a photon counter as
a function of the optical delay between the excitation and gate
pulses. Fluorescence upconversion measurements are obtained
by counting for one second at each delay. Scans are collected
with high, medium, and low resolution in one scan, that is, 17 fs
steps for the first 2.0 ps, followed by 200 fs steps for 58 ps,
followed 2.5 ps steps for 453 ps for a total of a 512 ps scan. Data
are collected at 8-10 different wavelengths to monitor the entire
fluorescence spectrum.

We have measured fluorescence lifetimes for the C343 dye

~in all environments probed using time correlated single photon

counting.®® The lifetimes measured for the various sysfems are
all within 10% of 3 ns, very similar to each other and essentially

the same as the dye lifetime in bulk water.
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lIC. Data Analysis. The spectral reconstruction method
was used to determine the SRF’s for water in various reverse
micellar samples. This method is described in detail elsewhere.'®
The resulting time-resolved ﬂuores.cence upconversion decays
were normalized to the steady-state spectrum and fit to multi-
exponential functions. Time-resolved fluorescence spectra were
constructed from the multi-exponential fits. The resulting spectra

~were fitto a log~norrﬁal function to determine the peak maximum
v(t). The peak maximum was used to calculate the SRF as shown
in equation 4.2.

IID. Time-Resolved Fluorescence Anisotropy. Because
time-resolved fluorescence anisotropy (TRFA)is an excellent
method for tracking the degree and rate of rotation of the probe
molecule,’® we have employed this technique to gauge the
location of the dye molecule in the reverse micellar water pool.
TRFA measurements were collected utilizing the same system that
is used for time-resolved fluorescence upconversion
measurements. To determine the anisotropy of the dye molecule,
the polarization of the excitation beam is either set to be parallel
or perpendicular with respect to the gate beam. The fluorescence
is then mixed with the residual gate pulse as in our fluorescence-

upconversion experiment. The anisotropy r(t) was calculated via

_LO-LQ)
O L0 (4:9)
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Here [;(t) and /,(t) are the time-dependent intensities of the signal
from parallel and perpendicular excitation, respectively. The
rotation of the dye coupled to the micelle should yield a
substantially longer rotational correlation time than free dye.

From a simple Debye-Stokes-Einstein analysis,®’

IS

(4.4)

~
il

rot

Ky
N

where V, is the micellar volume, 1 is the viscosity of the
supporting nonpolar phase and T is the temperature, we estimate
that the rotational correlation time for a reverse micelle with wg=5
is approximately 600 ns. Because we collect r(t) data only out to
500 ps, we cannot measure the micellar rotation but we can see if
the dye rotation departs from its value in bulk solution indicating it
is hindered.
lll. Results

llI.A. Steady State Spectroscopy. We have measured the
steady-state absorption and fluorescence of C343 in a range of
environments. Figure 4.2 displays absorption an.d fluorescence
s;pectra of C343 in quaternary solutions forming AOT reverse
micelles for varying hydration level, wy. Because the steady-state
absorption spectra of C343 follow the same trends as the
fluorescence spectra, and because the time-resolved
méasureme’nts are based on fluorescence, we show only the

fluorescence spectra here. The C343 spectra shift to longer
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Figure 4.2. Steady-state absorption (a) and fluorescence (b)
spectra of Coumarin 343 in water/1-heptanol/AOT/isooctane
quaternary reverse micelles as a function of wy.
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wavelengths as wy increases, similar to our results for ternary
solutions containing AOT reverse micelles.!® However, even in the
reverse micelles with the highest water loading, wo=40, C343
spectra in the reverse micelles never overlay the spectrum in bulk
water. We have measured the C343 spectrum in a range of
environments where the dye could be found in the microemulsion
-samples, including bulk nonpolar solvent and in an
alcohol/nonpolar solvent mixture. These spectra are shown in
Fig. 4.3 along with the spectrum for C343 in quaternary reverse
micelles with wy=40 and bulk water. The spectra for C343 in the
nonpolar solvent and alcohol/nonpolar mixture clearly differ
significantly from the spectra of the dye in the reverse micelles. it
is clear from the differences in these spectra that the dye resides
in the interior of reverse micelles in the quaternary solutions
Containing reverse micelles. Figure 4.4 contrasts the spectrum of
C343 in quaternary and ternary solutions forming revérse micelles
with high water loading, wo=40, and bulk water. At this wy level,
there is a substantial the water pool formed inside the reverse
micelles. We estimat_e that there a reverse micelle of this size
should contain more than 100,000 water molecules,* which should
be Iargé enough to behave like bulk water. Steady-state infrared
spectroscopy indicate bulk like hydrogen bonding characteristics

for the water inside reverse micelles with wp, >10,3%4° put recent
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studies utilizing THz spectroscopy*® have challenged the view that
the reverse micellar water pool behaves bulk like even at very
high water loading. While they are similar, the C343 spectra in
the r}everse micelles peak at shorter wavelength compared to the
spectrum in bulk water. Also, the spectrum in the ternary system
peaks at shorter wavelength and is slightly narrower than the
quaternary system. These results indicate that the alcohol

. cosurfactant, while present in relatively small proportion compared
to the AOT surfactant, impacts the environment sensed by the
C343 probe molecule.

We have increased the relative heptanol concentration in the
sample to explore its effect on the C343 spectroscopy in reverse
micelles. Figure 4.5 shows the absorption spectra of C343 in
quaternary reverse micelles where we increased the ratio of 1-
heptanol: AOT{from 1:5 to 3:5. Plotted on the same graph, these
spectra nearly overlay the spectra collected for lower 1:5
cosurfactant:surfactant ratio. The similarity in the steady-state
spectra for C343 in both quaternary reverse micellar environments
suggests that adding more alcohol to the system does not change
the local environment sensed by the dye.

lI1.B. Time Resolved Fluorescence Anisotropy. In addition
to steady-state spectroscopy, we can gauge the local environment

sensed by the dye through its rotationat motion. Time-resolved
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Figure 4.5. Steady-state absorption spectra of C343 in 1-heptanol:AOT 3:5 reverse micelles.



fluorescence anisotropy compares the decay of the fluorescence
resulting from excitation with differing polarizations, hence can be
used to measure rotational diffusion of a probe molecule as given
in equation 4.3.3° The anisotropy decay for the C343 dye in
quaternary microemulsions is significantly slower than in bulk
‘'water, as shown in Fig. 4.6. For C343 in bulk solution, r(t) fits
well to a single exponential decay with a relaxation time 87 ps.'®
In contrast, the anisotropy decay for C343 in AOT:1-heptanol 1:5
wo=10 fits to a single exponential decay with a time constant of
430 ps plus a long time offset. Anisotropy decays we have
measured in ternary solutions forming AOT reverse micelles with
wo =7.5 display biexponential behavior;'® because the short time
component of those decays was similar to the value for the dye in
bulk water, we interpreted the results as indicative of the C343
dye residing in a range of locations from the interface to the water
pool. The core of a spherical reverse micelle with a water content
of wp=10 should present some water with bulk like
characteristics.*’**® The single 430 ps rotational correlation time
.measured for the quaternary reverse micelles here indicates that
that the dye environment is not like bulk water. As discussed in
Section 11D, the overall rotation time for the reverse micelles

should be substantially longer than what can be measured with
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these experiments. The long time offset 'displayed by the data
most likely arise from rotation of the micelle.

I1.C. Solvation Dynamics. We have used our TRFSS
measurements to create solvent response functions (SRF) from
equation 4.2. The experimentally derived SRFs and fits to
biexponential decays are shown as a function of wy in Fig. 4.7.
To demonstrate the impact that the alcohol cosurfactant has on
the solvation dynamics in the reverse micelles, we plot solvent
response functions, including the predicted inertial response from
time zero analysis,*® for both ternary and quaternary solutions
forming AOT reverse micelles in Fig. 4.7. Solvation relaxation
times from multi-exponential fits to‘ the data are given in Table 4.1
along with those for bulk water for comparison. Excluding the
data point obtained from time zero analysis, the SRF’s for
quaternary AOT micellar systems fit well to a biexponential
decays with time components of approximately 10 ps and 200 ps.
Excluding the inertial component, the solvent response functions
for ternary AOT systems require a bi-exponential decay for
adequate fitting with time components are on the 200 fs and 3 ps
timescale for all hydration levels as seen in Table 41

To explore the role of the heptanol cosurfactant on the
solvation dynamics, we measured the SRF in AOT reverse

micelles with wo=5 for differing alcohol fractions, that is, in
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systems with the AOT:alcohol ratio equal to 1:5 and 3:5. Similar
to the solvation response in the quaternary reverse micelles with
lower alcohol content, when we exclude the point from the time
zero analysis, the data fit well to a biexponential decay;
parameters for the fit are given in Table 4.1. The response seen
in this system is quite similar to the time components of the
solvent response in the quaternary AOT micellar systems with the
lower cosurfactant:surfactant molar ratio of 1:5 (see Table 4.1).
The addition of a cosurfactant to AOT micellar systems has an
enormous effect on the observed solvation dynamics. Unlike
ternary systems we have studied, the time resolved fluorescence
traces for quaternary solutions forming AOT micelles lack a decay
component occurring on the hundreds of femtosecond to ones of
picoseconds time scale.

While the transients from quaternary solutions containing
reverse micelles shown in Fig. 4.7 lack diffusive relaxation on a
sub-picosecond or picosecond time scale, we predict a large
inertial response in the quaternary reverse micelles when we
apply the time zero analysis. Thus, it appears that there is a
significant portion of the solvent response that occurs on a
timescale significantly shorter then we can measure. Reanalysis
of ternary AOT micellar systems with time zero analysis reveals

that the inertial component also comprises a significant part of the
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relaxation, approximately 90% of the total solvent response.
Thus, even though we observe solvent motion on the 2 ps time
scale in the ternary systems containing AOT micelles, we also
miss a large portion of the solvent response occurring on the sub
100 femtosecond time scale.
IV. Discussion

It is clear from the data presented above that the dynamics
recorded by the C343 probe molecule in the quaternary solutions
forming reverse micelles differ drastically from both ternary AOT
reverse micelle systems and from bulk water despite the
similarities in the steady-state spectra. Because the steady-state
spectra shift as a function of water content, wy, we expected that
the TRFSS response would be similar to our results for ternary
solutions containing reverse micelles. While we have observed
changing solvation dynamics as a function of wy for ternary
solutions forming AOT reverse micelles,'® the solvation dynamics
in the quaternary reverse micelles appear relatively insensitive to
the amount of water solubilized in the micellar interior, as shown
in Fig. 4.7. In addition, in both ternary and quaternary reverse
micellar systems we predict an enormous ultrafast response,
significantly higher than what is observed for bulk water. At the

same time, the timescale for diffusive relaxation in the quaternary
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reverse micelles is substantially slower than it is for the ternary
reverse micelles. This strongly suggests that the alcohol
cosurfactant present in the quaternary reverse micelles plays a
substantial role in determining the solvation dynamics. However,
the concentration of heptanol in the AOT micellar systems does
not appear to have a strong impact of the solvation dynamics.
Because the alcohol cosurfactant affects the observed
solvation dynamics, we considered the possibility that that the
solvation dynamics merely reflect bulk alcohol relaxation. Indeed,
longitudinal relaxation times from dielectric relaxation studies
suggest that the solvation dynamics observed in 1-heptanol
should have a characteristic relaxation time of ~150 ps.28:509-52
Previous reports in the literature show that alcohol molecules
added to solutions containing reverse micelles associate with the
self assembled structures rather than existing dispersed or as
aggregates in the supporting nonpolar solvent, especially in
systems such as the ones presented here where the overall
concentration of alcohol in the reverse micellar solutions is quite
low compared to other components, particularly the surfactant. In
addition, the steady-state fluorescence spectrum of C343 in a
mixture of heptanol dissolved in alkane solvent possesses a
distinctly different shape from the steady state spectra measured

in samples containing reverse micelles, as shown in Fig. 4.3.
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Hence, it is highly unlikely that the dynamics observed arise from
solvation by the heptanol alone.

in another possible scenario, the heptanol molecules would
aggregate in to “rafts” at the reverse micellar interface. In the
smallest reverse micelles we measure, we estimate only 15
heptanol molecules per micelle. Aggregates of heptanol
molecules in the reverse micellar interface would cause the
micellar surface curvature to change leading to ellipsoidal rather
than spherical droplets. We measure similar particle sizes and
polydispersities for reverse micelles in ternary and quaternary
solutions of a given w, value, which shows that the added
heptanol does not cause significant changes in\micelle shape.
Thus, it is unlikely that the heptanol cosurfactant present in these
reverse micelles exists aggregated in the interface. We are
confident that the long time relaxation component observed for the
reverse micelles formed in quaternary systems is not due to
solvation by bulk heptanol or by heptanol aggregates in the
micellar interface.

Because the diffusive relaxation observed does not vary
substantially and shows essentially no dependence on the water
content inside the reverse micelles, one possible way that the
addition of alcohol could influence the measured solvation

dynamics would be by facilitating the C343 dye probe to partition
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into the reverse micellar interface. This should provide a
reasonably similar environment for the dye regardless of w, value.
If the dye were embedded in the interface, the environment
experienced by the dye in the interface could be similar to. the
environment present in an ordered liquid crystal. Rau et al. report
solvation dynamics experiments performed in alkylcyanobiphenyl
liquid crystal solutions.®® They observe multiple timescales for
the solvation dynamics, ranging from tens of ps to ns. They
attribute the dynamics occurring on the tens of ps timescale as
characteristic of the liquid crystalline interactions. Saielli et al.
measured solvation dynamics in a nematic liquid crystal mixture.%*
Their results suggest that the local environment rather than long
range order dominates the observed dynamics. The results
presented here do not resemble results of either liquid crystal
work suggesting that the environment sensed by the C343 dye
probe is not like a liquid crystal. In addition, while the solvation
dynamics show no dependence on wy, the steady state spectra do
reflect water content in the reverse micelles. Thus, it seems
unlikely that the dye resides intercalated into the micellar
interface. Addition of an alkanol such as heptanol to AOT reverse
micelles has been shown to increase the rigidity of the interface.
833 Researchers hypothesize that this results from the alcohol

partitioning into the alkyl chain region increasing the curvature of
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the interface. Increased interfacial rigidity should reduce the
propensity for the dye to intercalate into the interfacial region.
However, it is possible that increasing rigidity of the interface
induces the interfacial water to move significantly differently from
bulk water.

Interfacial microviscosity can be estimated from time
resolved fluorescence anisotropy. Our results from time-resolved
fluorescence anisotropy of C343.in water/AOT/heptanol/isooctane
reverse micellar systems yield a single rotational correlation time
with a time constant significantly longer than what we measure in
bulk aqueous solution.'® Our previous measurements of time-
resolved fluorescence anisotropy in ternary solutions forming AOT
reverse micelles showed a bimodal response for the dye, with one
component similar in time scale to the dye in bulk solution and
one that was much slower. We interpreted these data as
suggesting the dye resided in a range of locations within the
reverse micelles, sometimes at the inner interface (but not
embedded) and sometimes diving into the micellar core."® In
contrast, the anisotropy decay we observe in the quaternary
solutions forming AOT reverse micelles displays only a single,
long time component and a baseline offset. Furthermore, the
decay time matches neither the rotation time for C343 in water nor

the rotation time of the reverse micelle. This suggests that the
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rotation of the dye molecule is hindered. Comparing the results
for the rotation of C343 in bulk water and using the Debye-Stokes-
Einstein treatment, equation 4.4, we predict that the local
viscosity sensed by the dye is nearly 5 times that of bulk water.
Andrade et al. suggest that microviscosity inside the reverse
micelles is six to nine times lower than in bulk water.®®

Various solvation dynamics studies have considered the
relation of solvent viscosity .and solvation dynamics or dielectric
friction. Recently, researchers measuring polar solvation
dynamics in ionic liquid solutions have found a direct connection.

%6-61 |n particular,

between viscosity and the observed dynamics.
Maroncelli and coworkers observe a slower component of the
solvation dynamics relaxing on the 100s of picoseconds time
scale, that tracks the viscosity of the ionic solution and a very fast
component, shorter than 5 ps, that is too fast for them to
resolve.’®°7 They interpret the slow component of the observed
relaxation as due to translational motion of molecules in the ionic
liquid and the fast, unresolvable motion as due to small local
fluctuations that effectively relax the local environment. The slow
response we observe in our reverse micelles that is
interdependent of micelle water content could reflect increased

solvent viscosity at the micellar interface. Abuin et al. measured

the impact of adding alcohol cosurfactants to AOT reverse
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micelles through the spectroscopy of several molecular probes. %2
They observed decreasing fluorescence lifetimes for fluorescent
probe molecules solubilized in. AOT when alcohol cosurfactants,
such as hexanol, were added to the reverse micelles.
Comparisons of micropolarity and fluorescence lifetime data led
Abuin et al. to suggest that the interfacial microviscosity
increases upon alcohol cosurfactant addition to the AOT reverse

" micelles.®? The similarity of the dynamics observed in ionic
liquids to what we observe for solvation dynamics in the
quaternary solutions containing reverse micelles, evidence of
increased interfacial viscosity from other experiments on reverse
micelles, and our own time-resolved fluorescence anisotropy
experiments leads us to hypothesize that the solvation dynamics
reported by the C343 probe molecule reflects a viscous
environment that has characteristics similar to ionic liquids.
Given the high concentration of ion pairs expected at the
interface, it is not surprising that the interfacial region resembles
an ionic liquid. At the same time, it is interesting that adding
heptanol to the interfacial region appears to impact the interfacial
viscosity and also causes the probe molecule to reside in this
region of increased viscosity. Garcia-Rio et al. report that
addition of alkanol to the interface causes the interface to become

more hydrophobic as alkanol molecules replace water molecules
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at the interface.®® For our solvation dynamics experiments, this
should create a more favorable environment for C343.

In the measurements reported here, we miss a large portion
of the solvation dynamics because our apparatus cannot resolve
dynamics on a time scale shorter than 100 fs. We predict a
substantial portion of the relaxation occurs on this time scale.
Ultrafast relaxation at lipid interfaces has been observed in other
systems. Most specifically, Bursing et al. observed a substantial
9 fs component to the relaxation in three pulse photon echo
spectroscopy measurements at the surface of phospholipids
vesicles.®® Apparently, small amplitude, very fast fluctuations
present at the interface are sufficient to relax the nonequilibrium
milieu created when the probe molecule is promoted to the excited
state.

Finally, these studies indicate the importance of multiple
measurements to characterize a system. In order to assess the
environment of a probe molecule in a heterogeneous system,
coupling steady-state experiments with dynamical studies can
help to fully understand the local environment of a probe
molecule. A perusal of our steady-state spectroscopy data alone
might cause one to conclude that the dye molecule migrates into
the free water pool as the hydration level increases. This

hypothesis is further supported by the IR spectroscopic results by
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Bardez et al. that shows three distinct types of water in
quaternary solutions forming AOT reverse micelles for which the
probe molecule to reside.®! In addition, our steady-state
spectroscopy results suggest that there is a change in
micropolarity of the dye molecule as a function of wy in direct
opposition to the dynamical results that show that the
micropolarity as well as the microviscosity of the dye environment
does not change with water lolading.

V. Conclusion.

These experiments reported here show how the addition of
heptanol to AOT reverse micelles significantly slows solvent
reorganization in the reverse micelles suggesting that the probe
molecule, C343, is located in a highly viscous environmentat the
reverse micellar interface regardless of wy. In addition, the
solvation dynamics in these quaternary systems exhibit no bulk
like water diffusive relaxation as previously observed in the
ternary systems.'® While steady-state absorption and fluorescence
spectra of C343 in the quaternary solutions forming AOT reverse
micelles show similar red shifts as a function of increasing wy as
do the steady-state spectra of C343 in the ternary solutions
forming AOT reverse micelles, dynamical measurements clearly
show that the dye molecule samples significantly different

environments in the related microemulsion systems. Hence,
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steady-state spectroscopy alone may not be sufficient when using

a molecule to probe properties in these heterogeneous systems.
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Chapter 5

Conclusion

The bveréll goal of this work was to investigate solvent
motion ih quaternary réverée micélles. Specific.ally, we first
investigated the éffects cationic versus anionic surfactants have
on solvent motion in reverse micelles. We then investigated the
effects different alkanol chain lengths have on solvent motion in
CTAB reverse micelles. In these studies, we discovered that the
motion was significantly reduced in quaternary reverse micelles
relative to both ternary reverse micelles and bulk water. The
solvent responses of these systems had a significant inertial
portion that was much larger than that found in bulk water but
similar to that in ternary AOT reverse micelles. Also in all of the
systems studied we observed a diffusive component, which is an
order of magnitude slower than in ternary reverse micelles.’

These experiments are the first experiments that explore
solvent motion in quaternary reverse micelies. Originally, we
anticipated that solvent motion in quaternary micellar systems
would be similar to ternary reverse micelles. Contrary to
expectation, we found that as the hydration of the reverse micelle
increased there was no change in the probe environment in CTAB
reverse micelles. We also discovered that increasing the alkanol

chain length in CTAB/cyclohexane micellar systems has no
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change in the probe environment. The solvent response in these
systems found to be independent of wy as well as alkanol chain
length. We then explored how changing the surfactant affects the
solvent response in quaternary reverse micelles. The solvent
response in SDS reverse micelles was slightly faster then that
observed in CTAB reverse micelles. Still, the solvent response
was much slower than that obs‘erv’ed in ternary reverse micelles.
From all of these studies, we concluded that the probe is located
near the interface and fhus collective motion of the interface is
responsible for the solvent response.

Upon the startling discovery that the solvent response is
indep‘enden‘t of hydrafion, alkanol chain length, and surfactant, we
explored solvent motioh in AOT reverse micelles. AOT was
chosen 'beéause this sUrfactant can form both ternary and
quaternary reverse micellés. Steady-state spectroscopy for
ternéry and quaternary AOT micellar systems revealed the
migration of the probe molecule into the free water pool as
hydration increased. Howé\(er, _time-resolved fluorescence
spectroscopy studies indicated ’that the solvent motion in
quaternary reverse mibellesi was drastically different from ternary
micellar systems. In both of the systems studied, we observed an
enormous inertial componénf that is much faster than we are |

cabable of observing. In quatern‘ary AOT micellar systems, we
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observed a diffusive response that was on the order of several
hundred picoseconds. This time component was also observed in
both CTAB and SDS reverse micelles indicating that the dye
molecule is probing the interfacial region in all of the micellar
systems explored.

Surprisingly, we observe similar relaxation components for
all the quaternary reverse micelles we examined. In general, we
found a large femtosecond component due to inertial solvation
dynamics and a several hundred picosecond diffusive component.
These components vary to some extent between systems.
However, the greatest variation arises from the relative
amplitudes associated with each component. We also attribute
some variation in solvent response from anionic and cationic
surfactants. These results are surprising because they suggest
that in general the solvent response is independent of hydration
level, chain length, and surfactant. Hence, we conclude that we
are observing the solvent response due to collective motion of the
interface. We were unable to conclude if alkanol was solely
responsible for the solvent response because there was no
change in the solvent motion in when we increased the alkanol
concentration in AOT micellar systems. We were also unable to
attribute the solvent response to frozen or partially bound water

because the solvent response was independent of hydration.
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'From.the results of this study, we suggest a number of
possible research directions. First of all, due to the limitations of
our experimental setup, the observed dynamics were limited to
approximately 150 fs, which was the instrumental response. As
we have shown with time zero analysis, we are missin.g
approximately 80% to 90% of the solvent response. Three photon
echo experiments provide a different way to explore the solvent
response. Secondly, it would be interesting to explore secondary
and tertiary alkanols in. quaternary reverse micelles. This is
because the tails of the alkanols could spread out similar to AOT
and create a more fluid interface. Thus we would expect much
faster solvation dynamics at the interface..

Finally, the solvation dynamics at the interface of these
quaternary reverse micellar systems should be investigated using
a probe molecule that has been covalently bonded to the
surfactant headgroup. These experiments would potentially reveal
if the solvent motion is from collective motion of the interface or if
the solvation dynamics is due to frozen or partially bound water
molecules. As a result, these proposed studies will lead to a

better understanding of the fluidity of the interface.
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Appendix 1

Data Analysis

This section describes how to analyze single wavelength
fluorescence transients to generate the solvent response function,
C(t). The data analysis involves first fitting the time resolved
fluorescence transients to an exponential decay convolved with a
Gaussian. We then normalize the time resolved fluorescence
transients to the steady-state fluorescence spectrum. After this,
we reconstruct the time resolved fluorescence transients and from
this we are able to construct the time evolving fluorescence
spectrum. The data analysis process involves many different
processes. Fitting the time resolved fluorescence transients is
most easily done in RFGraph (Fayer Group), but it can also be
done in Igor (WaveMetrics), or in Origin (OriginLab). Most of the
mathematical manipulation is easily done in a data base
management program such as Excel (Microsoft) or Origin
(OriginLab). Finally, the other fitting processes that are required
for data analysis can be done in KaleidaGraph (Synergy), lgor

(Wavemetrics), or Origin (OriginLab).
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1. Set the baseline of a time resolved fluorescence transient to
the signal before the fluorescence appears:

I=1 -1 (A.1)
where |; is the fluorescence intensity at time, t, and Inin is
the minimum fluorescence intensity (before the fluorescence
appears) for the fluorescence transient.

2. Normalize the fluorescence transient using the following
equation:

IL=I1, (A.2)
where |, is the norrnalized fluorescence transient, | is the
fluorescence intensity from step 1 and Inax is the maximum
fluorescence intensity, after background subtraction, f.or a
given fluorescence transient.

3. After normalizing the ﬂuorescence transient, fit the
fluorescence transient to an exponential decay convolved
with a Gaus”sian}:
y=exp(-x’/25*)® a, exp(—x/‘tn) (A.3)
where a, is the amplitode for the exponential fit, t, is the
time component for the elxponential fit, and s is the width of
the Gaussian. The first 3 steps can easily be done in
RFGraph (Fayer Group).

4. Repeat this procedure for all of the fluorescence transients
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5. Reconstruct the time resolved fluorescence transients by
imputing values for x in the exponential fit obtained in step 3
(ignore the Gaussian portion of this fit). Use time
components, x, ranging from 33 fs to the longest time
component of the time resolved fluorescence transient. This
procedure is shown in Table A.1.

6. Normalize the steady-state fluorescence spectrum and fit the
spectrum to a lognormal function:

F(v) = hexp(~In(2) + (In(1+ 2y (v—v,)/ A)/ 7)*) (A.4)
where h is the height of the fluorescence spectrum, y is the
asymmetry parameter, v¢is the peak frequency and A is the
width parameter. This can be done in any fitting program -
such as KaleidaGraph (Synergy), igor (WaveMetrics), or
Origin (OriginLab).

7. Set the intensity for the longest time component of a
fluorescence transient for a given wavelength equal to the
intensity of the steady-state fluorescence spectrum for that

wavelength as shown below

I
¢ = . . (A.5)

A

where ¢, is a constant for a given wavelength, I, is the
fluorescence intensity of the Ilongest time component at a

given wavelength, and ilss is the fluorescence intensity of
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Wavelength {(nm)
440
450
460
470
480
490
500
510
520
530

0.033
0.99
1.19
1.50
0.99
0.89
0.81
0.89
0.88
0.65
0.44

0.067 -
0.99 -

1.19
1.50

1 0.99

0.89
0.81
0.89
0.88

065

0.44

0.1
0.99

1.18
- 1.50

0.99
0.89
0.81
0.89
0.88
0.65
0.44

1
0.99
1.16
1.49
0.99
0.89
0.81
0.89
0.87
0.65
0.44

2
0.98

114

1.48
0.99
0.89
0.81
0.89
0.87
0.65
0.45

3
0.98
1.11
147
0.99
0.89

0.81

0.89
0.87
0.65
0.45

4
0.97
1.09
1.46
0.99
0.89
0.81
0.89
0.87
0.65
0.45

5

0.96.

1.07
1.46
0.99
0.89
0.81
0.89

0.87

0.66
0.46

10

0.93
0.99

142

0.98
0.88

-0.81

0.89

0.87

0.66
047

50
0.75
0.76

1.17

0.93
0.86
0.80
0.89
0.86
0.70

0.59 .

Table A.1. Reconstruction of the time resolved fluorescence

transients.
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- 400

0.35
0.37
0.60
0.62

1 0.68
.0.71

0.78
0.73

.0.85.

0.80

500
0.32
0.33
0.55
0.56
0.63
0.68

0.74

0.69
0.85
0.80



the steady-state fluorescence spectrum at a given
wavelength. This step is illustrated in Fig. A.1.

8. Repeat step 7 for all of the fluorescence transients. Hence,
you should have a c, for every wavelen‘gth for which a
fluorescence transient was c\ollected.

9. Multiply c, obtained from step 7 by the reconstructed
fluorescence transients obtained in step 5.

10. The time evolving fluorescence spectrum can now be
calculated as shown in Table A.2 and Fig. A.2.

11. Fit the time resolved fluorescence spectra to a
lognormal function.

12. The solvent response function, C(t), is calculated via

the following equation

RO C)
() = pm—Y (A.6)

where v(t) is the peak frequency obtained from step 11 for a
given time, v(0) is obtained from time zero analysis as
described in chapter 2, and v(x») is the peak frequency of the

steady-state fluorescence spectrum obtained in step 6.

13. Fit the solvent response function to an exponential as
shown:
y=D.a,exp(-x/t,) (A.7)

An example solvent response is shown in Fig A.3
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Figure A.1. (a). 450 nm time resolved fluorescence transient.
(b) steady-state fluorescence spectrum.
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|

Wavelength (nm)
440
450
460
470
480
490
500
510

- 520
530

0.033
2.08
1.1
1.80
1.61
1.38
0.98
0.78
0.59
0.26
0.14

0.067
2.07
1.11
1.80
1.61
1.38
0.98
0.78
0.59
0.26
0.14

0.1
2.05
1.1
1.80
1.61
1.38
0.98
0.78
0.59
0.26

0.14

1

1.67

1.10
1.79
1.60
1.37
0.98
0.78
0.59
0.26
0.14

2
1.35
1.10
1.78
1.60
1.37
0.98
0.78
0.59
0.26
0.15

3
1.12
1.09
1.77
1.60
1.37
0.98

0.79 -

0.59
0.26
0.15

4
0.94
1.08
1.76
1.60
137
0.98
0.79
0.59

1 0.26

0.15

5
0.80
1.08
1.75
1.59
1.37
0.98
0.79
0.59
0.26
0.15

10
0.49
1.0
1.70
1.58
1.36
0.98
0.79
0.59
0.26
0.15

50
0.34
0.90
1.45
1.49
1.29
1.00
0.80
0.60
0.27
0.15

100
0.27
0.79
1.22
1.39
1.24
0.98
0.79
0.59
0.28
0.18

Table A.2. Numerical values for spectral reconstruction.
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500
0.14
0.39
0.68
0.90

0.95

0.85
0.67
0.48
0.32
0.21

cM
0.45
1.8
1.24
1.60
1.50
1.24
0.90
0.70
0.38
0.26

laas
0.14
0.39
0.68
0.90
0.95
0.85
0.67
0.48
0.32
0.21
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‘Figure A.2. Time resolved _S'pé-'ctfa for CT‘AB/1-:hepta‘no"/,?ka"}Ohfe?.(ta_ﬁef"/ﬁa;fef‘W.Ab‘:»" "
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