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ABSTRACT

CHROMOPHORE ROTATIONAL DYNAMICS AS A PROBE OF LOCAL ORGANIZATION
IN BULK AND INTERFACIAL SYSTEMS

By

Hannah Mize

The use of chromophore rotational motion to study local organization is well established.
Under certain conditions, the same measurements can be used to evaluate the effect(s) of thermal
energy transfer from the chromophore to the bath. Such information is of central importance to
gaining a fundamental understanding of the intermolecular interactions that are ultimately
responsible for bulk system properties, and to the creation of biomimetic mono- and bilayer
structures. This thesis includes studies that address each of these areas.

The first study, focusing on understanding the molecular scale consequences of thermal
energy dissipation in bulk systems, reports on the rotational diffusion dynamics of tetracene in a
series of n-alkane solvents, where differences in those dynamics were measured for excitation to
the S1 and S2 states. These data demonstrated that for excitation to the S2 state, fast non-
radiative relaxation to the S1 state produces transient heating of the solvent surrounding the
chromophore, with the details depending on the identity of the solvent bath.

The second study aims at understanding the influence of the aqueous overlayer in contact
with a planar bilayer on molecular scale organization and phase separation. These data reveal
organization-dependent changes in the bilayer that depend on both the pH and the ionic strength
of the aqueous overlayer. These findings are of direct relevance to the use of such films in the
construction of biomimetic sensors, for example, where organization is expected to influence the

ability of the bilayer to host biomolecules in their active forms and to mediate permeability.
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CHAPTER 1

Background and Motivation
Introduction

Intermolecular interactions play a substantial, often deterministic role in the material and
functional properties of essentially all chemical systems. Consequently, it is important to
determine how dissimilar molecules interact with one another, from both steric and energetic
perspectives.  Spectroscopy is a well established means of characterizing intermolecular
interactions in both bulk and interfacial systems, and depending on the system of interest, a
probe chromophore is used for such measurements.

This thesis is concerned with the use of fluorescent probe molecules to interrogate
selected local environments. The systems chosen for study were deliberate. In the first study,
the chromophore tetracene was dissolved in bulk n-alkane solvents n-octane through n-
hexadecane, and the issues of interest were what effect solvent molecular size has on the motion
of the chromophore, and how efficiently thermal energy is dissipated in such systems. Our data
demonstrated that the dissipation of thermal energy in the n-alkanes exhibits an odd-even effect
for longer n-alkanes, a finding that implicates the terminal methyl groups of the solvent as
playing a mediating role in thermal energy dissipation.

In a second body of work, the focus was a planar supported lipid bilayer containing three
constituents; a phosphocholine, sphingomyelin and cholesterol, and the probe chromophore was
tethered to a phosphoethanolamine moiety for integration into the bilayer. In this work the

external variable of interest was not thermal energy, but the composition of the aqueous



overlayer in contact with the supported bilayer. Our data demonstrated that the local
environment experienced by the chromophore depended on overlayer pH and ionic strength, and
we can understand certain of these dependencies on ionic screening effects. In addition, imaging
data revealed that the morphology of the supported bilayer (phase separation of the
phosphocholine and cholesterol components) also depended on the pH and ionic strength of the
aqueous overlayer.

While the chemical systems chosen for study are quite different, the larger result is that
the chemical composition and organization of the environment in the immediate proximity of the
chromophore determines the properties sensed by the chromophore in a predictable manner. In
Chapters 2 and 3 of this thesis, these studies are discussed in detail.

Despite the chemical and physical differences between the systems studied, the
technology used to examine them was similar and the underlying physics that describe
chromophore molecular motion are similar. In this thesis we prioritize the chemical information
content in Chapters 2 and 3 and provide a discussion of the measurements and data interpretation
in Chapter 1, below.

Over a wide range of sample formats the most effective means of characterizing
chromophore molecular motion is through fluorescence depolarization measurements. Such
measurements can be performed either in the steady state or using time-resolved spectroscopic
techniques. The former requires assumptions about the fluorescence lifetime and the
chromophore local environment in order to interpret the data. The latter, time-resolved detection
of polarized emission transients, provides the most useful data in terms of information content
and there exists a well established theoretical framework for data interpretation. This is the

means by which the data reported in this thesis were acquired.



There are a variety of ways to acquire time-resolved data, with the ability to detect
chromophore motion in the Sy (ground state), S; (first excited singlet state) or higher excited
states. Detection of chromophore motion in the Sy ensures that no excess spectroscopic energy
that is dissipated nonradiatively contributes to local heating. Such measurements detect ground
state recovery and require a two-laser pump-probe configuration. While the sensitivity of such
measurements can be high (shot noise limited), the implementation of such a system is complex
and time-consuming. For the measurement of anisotropy decay dynamics from the chromophore
S1 or higher excited electronic states, time-resolved fluorescence detection is typically used.
While this detection method does not provide quite as high time resolution as pump-probe
measurements, it does offer much greater versatility in terms of sample format and optical
collection of the relevant signal. In this work, time-correlated single photon counting (TCSPC)
detection technology is used for the collection of all time-domain spectroscopic data.

TCSPC detection requires the use of a polarized pulse of light to excite the sample,
preferably with the duration of the excitation pulse being short relative to the timescale on which
chromophore molecular motion proceeds. The TCSPC systems in use in the Blanchard group
use synchronously pumped, cavity dumped dye lasers to produce pulses of 5 ps duration
(FWHM). At times short after excitation, the polarization-selected ensemble of excited
molecules exhibits an orientational distribution that is not random, and where most of the excited
chromophores are oriented parallel to the polarization of the excitation pulse. Monitoring of
fluorescence from this ensemble at polarizations parallel and perpendicular to the excitation
polarization shows that initially the fluorescence polarized parallel to the excitation pulse is more
intense than that polarized perpendicular to the excitation pulse (assuming the excited and

emitting transition moments re parallel. The opposite obtains if the transition moments are



perpendicular and this point is considered in detail in Chapter 2). With increasing time after
excitation, the polarized emission components become the same intensity as the initial
anisotropic population or excited chromophores re-randomizes to produce a random orientational
distribution. The timescale and functional form of this relaxation process can be quantitated and
related to the properties of the chromophore local environment.

Chuang and Eisenthal have treated this problem experimentally for a free rotor, which is
appropriate for solution phase measurements (Chapter 2). They describe the polarized emission
transients Ij(t) an 1.(t) as a function of the Cartesian components of the rotational diffusion

constant, D, and the orientations of the excited and emitting transition dipole moments, y and q.

4+ q.4,7.7,exp(-3(D.+D)1))
+%q,4.y,7.exp(-3(D, + D)t)
1(6) = P(){+#q.q.7.7,exp(-3(D, + D)t |
+%(B+a)exp(-(6D+2A)1)
+#(B-a)exp(-(6D-24)1) |
1,(6) = £ P(t)~ 1 1,(0)

[1.1]

Where P(t) is the radiative population decay of the ensemble, P(t) = exp(-t/ts) Ta = fluorescence

lifetime) and the terms in Eq. 1 are given by
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The terms a, § and D are all related to the anisotropy of the molecular motion. The polarized

fluorescence transients (schematized in Fig. 1.1) are permuted to form the anisotropy decay

function, R(t).
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Figure 1.1 Schematic depiction of the polarized emission transients parallel and perpendicular to
the polarized excitation pulse.
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While R(t) can contain up to five exponential decay components, the astute choice of

coordinate system such that the excited and emitting transition moments lie along Cartesian axes

simplifies R(t) to contain at most two decay components.
R(t) =2 (B+a)exp(~(6D +2A)t )+ (B-a)exp(—(6D—2A)t) [1.5]
The terms o and B (Egs. 1.2) are determined by the orientation(s) of the excited and emitting
transition dipole moments, with the resulting equations given in Chapter 2.
The functional form of R(t) allows for the extraction of at least some Cartesian

components of D, and it is the relationship between D and system properties that is of interest.

For the simplest and most frequently encountered case,
R(t) = 2exp(-t/7,;) [1.6]
With tor, the orientational relaxation time constant being related to system properties according

to the modified Debye-Stokes-Einstein equation,'™

L _77 [1.7]

where 1 is the solvent bulk viscosity, V is the solute (chromophore) hydrodynamic volume, f'is a
term to describe frictional intermolecular interactions, and S is a term to account for the
ellipsoidal shape of solute. It is typically held that the rotating chromophore sweeps out an
ellipsoidal volume as it rotates, and the factor that determines whether one decay component or

two is seen is the dominant rotational axis relationship to the axis or axes along which the



transition dipole moment lies. Two rotor shapes can be considered (assumes x-axis polarization
of the transition moments): oblate (D, > Dy = Dy) and prolate (D > Dy = D,) (Figure 1.6).
Under these conditions, a prolate rotor would yield a one-component exponential decay because
the transition moment axis is coincident with the dominant rotational axis, and only rotational
motion perpendicular to the polarization axis (Dy = D,) will be observable. An oblate rotor
would exhibit a two component anisotropy decay because there are two unique rotational axes

perpendicular to the transition moment axis (Dy = D,).

Figure 1.2 As a molecule rotates around the axis of rotation, it can have an oblate (left) or a
prolate (right) rotor shape.

The work described in Chapter 2 relates to a free rotor, as described above. The work
described in Chapter 3 makes use of a chromophore that is tethered to a nominally planar
interfacial bilayer structure. For such systems, the same polarized emission transients are
acquired and used to produce the induced orientational anisotropy function, R(t), (Eq. 1.3).
Interpretation of the functional form of R(t) for a tethered chromophore is described in the
context of the so-called Hindered Rotor model. The physical basis for this model is that the

chromophore is free to execute random motion as limited by its tethering bond, described by a



“wobbling” diffusion constant, Dw. It is not appropriate to describe this diffusion constant as
exactly the same as that for the free rotor because the wobbling motion of the tethered
chromophore is itself constrained by the tether. In addition to this diffusional wobbling motion,
the chromophore-tether molecule can relax into some orientational distribution that is determined
by the constraints imposed on it by the surrounding interface constituents. This limited

orientational distribution is modeled as a cone of semi-angle 0, (Fig. 1.7 ).

Because the orientational distribution of chromophores is not free to relax into all
orientations, the function R(t) may possess an infinite time component, the value of which is

related to the cone semi-angle, 0o,

1/2

1/2
6, =cos™| L S(M) +1| - [1.8]

=

R(0)

As the R(t) decays from its zero-time value (R(0), related to the angle between the absorbing and

emitting transition moments) and its infinite-time value, R(), the time constant for that decay is

given by

76;
T, = 1.9
"= 24D, [1.9]

It is the quantity Dy, that is related most directly to the chromophore local environment.®



Figure 1.3 Schematic of the confining cone described by the hindered rotor model, where 6, is
the cone semi-angle and Dy, is the diffusion constant describing motion of the chromophore
about its tethering bond.
Conclusions

The characterization of chromophore molecular motion, both in bulk and at interfaces,
can be understood within the context of well established models. Specific limiting cases of these
models will be applied to the treatment of the data presented in Chapters 2 and 3 to provide
molecular-scale insight into the local environment of the chromophores. Taken collectively,

these illustrative studies provide insight into intermolecular interactions and how they can be

examined using time-resolved spectroscopic methods.
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CHAPTER 2

State-dependent rotational diffusion of tetracene in n-alkanes. Evidence for a dominant energy
relaxation pathway

This chapter is adapted from Hannah E. Mize and G. J. Blanchard, “State-Dependent Rotational
Diffusion of Tetracene in n-Alkanes. Evidence for a Dominant Energy Relaxation Pathway,”
Journal of Physical Chemistry B, 117, 16260-16265 (2013).

Introduction

Understanding the flow of energy between molecules is the fundamental first step toward
elucidating the molecular basis for thermal conductivity. There have been a number of efforts
aimed at modeling thermal conductivity phenomenologically,'” but limited investigation of
intermolecular vibrational energy transfer.*'' Understanding and characterizing the details of
intermolecular energy transfer in fluid systems can be challenging from an experimental
standpoint because the transfer of energy between specific vibrational modes of one molecule
and the vibrational, rotational and translational degrees of freedom of the bath molecule(s)

depends on a number of physical, spectroscopic, and geometric factors.'*!

A comparatively
straightforward means of monitoring vibrational energy transfer is with an experiment that
senses the transient temperature change of a molecule’s immediate environment following the
dissipation of a pre-determined amount of energy by nonradiative means. Using this method we
have characterized the effect of transient heating on chromophores.”>** We have found that in

polar or amphiphilic systems the transient temperature change sensed by these measurements is

modest, on the order of several K.

We are interested in understanding the effects of transient heating on local organization.
In an earlier work, which focused on quantitating the transfer of vibrational energy between

specific tetracene normal modes and those of surrounding n-alkane solvents, we found evidence
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for relatively facile relaxation, and one possible explanation for these findings was that the
tetracene chromophore was acting as a template for the organization of solvent molecules in its
immediate proximity.'”” In an effort to understand these results in greater detail, we have
examined tetracene in the n-alkanes octane through hexadecane, comparing the reorientation
dynamics of this chromophore in each alkane under conditions of S; <= Sy and S, < Sy
excitation. These experiments have revealed a number of interesting points, including a
comparatively large transient heating effect and the existence of a pronounced odd-even solvent
effect that is seen in both chromophore dynamics and solvent thermal energy dissipation. These
findings support the role of tetracene in providing a structural template for the organization of

solvent molecules in close proximity.

Experimental Methods

Chemicals. Tetracene (98%) and the n-alkanes octane (99%), nonane (99%), decane
(99%), undecane (99%), dodecane (99%), tridecane (99%), tetradecane (99%), pentadecane
(99%) and hexadecane (99%) were purchased from Sigma-Aldrich and used without further

purification.

Time-resolved fluorescence measurements. Time-domain fluorescence lifetime and
anisotropy decay data were acquired using a time-correlated single photon counting instrument
that has been described in detail previously,” and we recap only its essential features here.
Briefly, the sample is excited by linearly polarized 5 ps pulses of light that are generated by a
synchronously pumped cavity dumped dye laser (Coherent 702, Gooch and Housego cavity
dumping electronics). The source laser is a passively mode locked Nd:YVO, diode pumped
laser (Spectra Physics Vanguard) that produces 13 ps pulses at 80 MHz repetition rate. The

output of this laser is 2.5 W average power at 355 nm and 2.5 W average power at 532 nm. The
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dye laser is set to 469 nm (Stilbene 430 dye, Exciton, 355 nm excitation) for S; <— Sy excitation.
For S, <= Sy excitation, 292 nm pulses are generated by Type I second harmonic generation
(KDP) of 584 nm pulses (R6G dye, Eastman, 532 nm excitation). Emission is collected from the
sample through a 40x reflecting microscope objective (Ealing) and sent through a polarizing
cube beamsplitter (Newport) to two detection channels comprised of subtractive double
monochromators (Spectral Products CMI112) and microchannel plate PMT detectors
(Hamamatsu R3809U-50). The reference channel is a photodiode (Becker & Hickl PHD-400).
Signals are processed using commercial TCSPC electronics (Becker & Hickl SPC-132) and
acquired using software written in-house using LabVIEW® code. Data reported here are the
averages and standard deviations (= 10) of at least six individual acquisitions. All

measurements were performed at 293 + 1 K.

Steady state measurements. Steady state excitation and emission spectra were acquired
using s SPEX Fluorolog 3 spectrometer. For all measurements the excitation and emission

monochromators were set to 1 nm resolution.
Results and Discussion

The focus of this work is on measuring the rotational diffusion dynamics of tetracene in
n-alkanes (Fig. 2.1) under conditions of S; <= Sy and S, < Sy excitation, and using this

information to better understand the consequences of local heating.
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For all measurements, emission from the S; state is monitored (510 nm). Tetracene in
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Figure 2.1 Structures of the alkanes n-octane through n-hexadecane, tetracene, and the
normalized absorbance and emission spectra of tetracene in n-nonane. The absorbance and
emission spectra of tetracene is essentially unchanged in the other n-alkane solvents.

solution is characterized by a fluorescence quantum yield of less than unity so some amount of
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excitation energy deposited into the S; state decays nonradiatively, but for all measurements this
is constant. According to Kasha’s rule,25 nonradiative relaxation from the S, to the S; manifold
is rapid (ca. 1 ps). For S, <= S excitation, 1.602 eV of excess energy is dissipated into the bath
surrounding the chromophore during S; <= S; relaxation. It is this excess energy that is seen as
thermal energy, dissipated primarily into the vibrational modes of the bath, initially. The result
is that the immediate environment of the chromophore experiences a temperature increase, with
subsequent dissipation of the energy into the solvent bath by means of intramolecular and
intermolecular vibrational and rotational energy transfer. By measuring the rotational motion of
the chromophore under conditions of this excess energy being present and absent, we can gauge
the transient temperature increase of the chromophore local environment that results from the

introduction of the excess energy.

Before we discuss the transient temperature changes experienced by these systems, we
need to consider several issues. First among them is the question of whether or not the two
different excitation methods (S; < Sp and S, < Sy) yield information that can be compared
directly. For both measurements, emission from the Sy <= S; transition is detected. The
anisotropy decay function, which contains the information of interest, is calculated from the
polarized emission transients according to Eq. 1.3. The functional form of R(t) contains
information about the rotational diffusion constant, D, and there is well-established body of

theoretical understanding for rotational diffusion,?*>*

and the theory developed by Chuang and
Eisenthal is well suited to the treatment of these data.’® For tetracene it is known that the N
Sy transition is polarized along the chromophore long in-plane axis, which we designate as x, and

the S, <= Sy transition is polarized along the chromophore short in-plane axis (y). Under these

conditions, if the dominant axis of rotation for tetracene is the x-axis then a single exponential
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Figure 2.2 (a) Anisotropy decay data for tetracene in n-dodecane with S; <= S, excitation and
So <= S; emission. The solid line through the data is the best fit single exponential decay
function. For this individual determination the reorientation time constant is 98 + 4 ps. (b)
Anisotropy decay data for tetracene in n-dodecane with S, < S, excitation and Sy <= S;
emission. The solid line through the data is the best fit single exponential decay function. For
this individual determination the reorientation time constant is 56 £ 3 ps.

anisotropy decay is expected, and if the dominant rotational axis is the z-axis a two component
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decay is expected. For all of the measurements we report here we observe a single component
exponential decay of R(t), consistent with tetracene rotating as a prolate rotor, with Dy > Dy = D,.
Given the different polarization of the S, < Sy transition, we must consider whether the
measured anisotropy decay for both excitation conditions can be compared directly. The
anisotropy decay equation for a prolate rotor with excitation and emission transitions polarized

along the dominant axis of rotation is

R(t) =0.4exp(-6D.t) [2.1]

And for the excitation and emission transitions polarized perpendicular to one another,

R(t) =-0.2exp(-6D.t) [2.2]

Thus, for both S; <= Sy and S, <= Sy excitation the anisotropy decay function is sensitive to the
same component, D, of the rotational diffusion constant, D. The prediction of Egs. 2.1 and 2.2,
that the anisotropy decay function will be positive for S; <= Sy excitation and negative for S, <

S excitation is verified experimentally (Fig. 2.2).

Because the functional form of the anisotropy decay function is a single exponential it is
not possible to evaluate whether or not the ratio D,/D for tetracene changes on excitation to the
S,, but the time constants we recover from the experimental data are directly comparable. We
present the reorientation time data for tetracene in the n-alkanes, for both S; and S, excitation, in
Figure 2.3. What is immediately apparent from these data is that the reorientation time constants
for S, excitation are smaller than the time constants for S; excitation for alkanes C( and longer.
This phenomenon has been observed previously and is known to occur as a result of transient

heating in solution. We will consider the information content of this result after we examine the
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dependence of the orientational relaxation time of tetracene on alkane length for the two

excitation wavelengths separately.

The modified Debye-Stokes-Einstein (DSE) model (Eq. 1.7) has been used extensively in
the treatment of molecular reorientation,””>" In this model 1 is the viscosity of the solvent, V' is
the hydrodynamic volume of the solute (209 A® for tetracene),® fis a frictional factor to account
for the interactions between solvent and solute,”® kgT is the thermal energy term and S is a shape

factor to account for the non-spheroidal shape of the solute (for tetracene S = 0.4).*° While this
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Figure 2.3 Dependence of the reorientation time constants for tetracene on the solvent alkane
chain length. Data are shown for S; (solid circles) and S, (open circles) excitation, along with
the predictions of the modified DSE model under stick (solid line) and slip (dotted line) limit
assumptions.
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model cannot account explicitly for solvent-solute molecular interactions, it has proven to be a
useful model for the prediction of molecular reorientation time constants in a variety of systems.
One of the more salient considerations is the value of the frictional term, f, for tetracene in the n-
alkanes. In polar systems, f is typically taken to be 1, representative of comparatively strong
frictional interactions between solvent and solute, and this is known as the “stick” limit. For
non-polar systems, the “slip” limit, characterized by relatively weaker interactions, is indicated
by a value of /< 1, with its precise value being related to the solute molecular dimensions and
the dominant axis of rotation. For tetracene f = 0.5 in the slip limit. We can compare the

experimental data to the modified DSE model based on these values of V, fand S.

For excitation of the S; <— Sy transition, tetracene in n-alkanes exhibits reorientation that
is intermediate between the stick and slip limits (Fig. 2.3). This finding, in and of itself, is not
surprising. While tetracene and the n-alkanes are certainly non-polar species, the m-system of
tetracene is polarizable. Thus interactions stronger than the slip limit but weaker than the stick
limit may be expected. We note that tetracene has been reported to exhibit sub-slip behavior in

several n-alcohols.*

What is of greater interest, however, is the trend in the reorientation time
for the longer n-alkanes. There emerges a clear odd-even trend in these data that depends on the

number of carbons in the solvent molecules. This finding is unexpected but provides a great deal

of insight into the intermolecular interactions that characterize the tetracene / n-alkanes systems.

For excitation of the S, <— Sy transition of tetracene, the recovered reorientation times
exhibit a fundamentally different solvent dependence. The fact that the reorientation of the
chromophore is substantially different for S, excitation compared to S; excitation is indicates

that excess thermal energy dissipated rapidly by tetracene upon excitation alters the local
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environment of the chromophore on a timescale faster than its rotational motion. For all
solvents, Tor for S; excitation is sub-slip and there is seen to be almost no solvent-dependence.
The details of the dependence of Tor on solvent for S, excitation is unexpected, and while it may
be tempting to draw larger conclusions from this nominal solvent-independence, we refrain from
doing so at this point, in favor of using this information to evaluate the transient temperature

change experienced by the solvent in closest proximity to the chromophore.

The difference in tetracene tor for S; and S, excitation in each alkane reflects the
transient temperature change experienced by the chromophore as a result of dissipating ca. 1.6
eV of energy nonradiatively. We recognize that the temperature of the chromophore local
environment is changing on the timescale of molecular rotation and, as such, we cannot obtain
quantitative information on the maximum AT or on the functional form of the dissipation of the
thermal energy in these systems. Despite these limitations we can estimate AT as a function of

solvent using a treatment we have detailed previously.”*>*

The ability to infer the transient temperature change from state-dependent reorientation
data is based on the temperature dependence of the solvent viscosity,*

N AN
AT,y =T T, = A(f)kB_S [2.3]

For the n-alkanes the temperature dependence of their bulk viscosity is well characterized®® and
the experimentally determined Ator can be used to infer An. We note that extracting
temperature-change information from our experimental data using this model requires some
assumptions to be made. Specifically, it is also possible, in principle, for the frictional

interaction factor, f, in Egs. 2.2 and 2.3 to exhibit a temperature-dependence. We assert that the
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rigid structure of the probe renders the shape factor, S, largely independent of temperature. In
the interpretation that follows we have made the assumption that f is nominally the same for a
given solvent for both excitation conditions because the fundamental nature of the physical

interactions between tetracene and the solvent molecules surrounding it remain the same.

With these limitations in mind, we estimate AT using Eq. 5. From An and known values for m

and a function of T, AT can be calculated directly. We present these data in Table 2.1 and Fig.

2.4.
Solvent | 1 (cP) | TorS1 TorS2 Ator (ps) | An (cP) AT (K)
(ps) (ps)

Cs 0.54 69 +9 75+8 6+17 0.04+0.14 |0+13
Co 0.71 75+8 62 +12 -13+£20 -0.10+0.16 | 13+25
C1o 0.92 93+8 56 £15 -37 +23 -0.29+0.19 | 29+26
Cu1 1.17 125+38 |56+8 -69 + 46 -0.55+0.36 | 46+33
C12 1.35 107 + 6 52+4 -55+10 -044 +0.08 | 27+7
C13 1.55 158+29 | 60+15 -98 + 44 -0.78 £ 0.35 | 48+27
Cis 2.18 154+48 | 73+5 -81+53 -0.64+042 | 20+17
Cis 2.81 290+39 | 68+14 -222+53 | -1.76+0.42 | 60+25
Ci6 3.34 235+42 |81+13 -154+55 |-1.22+044 |18+11

Table 2.1 Reorientation time constants, viscosity and temperature change as a function of
solvent alkane chain length

These data contain several interesting features. The first is that the magnitude of the
changes in temperature associated with the dissipation of 1.6 eV of excess energy are somewhat

higher than have been reported previously for different chromophores (Rhodamine 640 and
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Figure 2.4 Calculated transient temperature change associated with the dissipation of excess
energy as a function of solvent alkane chain length.

perylene) in both polar bulk solvent® and lipid bilayer environments.”*** 1In those bodies of
work the transient temperature changes were somewhat smaller, on the order of 10 K. In this
work we observe significantly larger temperature changes. We understand this finding for bulk
liquids in the context of the nature of solvent-solvent interactions for polar and non-polar
solvents. For polar protic solvents, hydrogen-bonding and dipole-dipole interactions give rise to
strong coupling between solvent molecules. For non-polar systems, van der Waals interactions
dominate, and these interactions are shorter range in nature. For this reason we expect solvent-
solvent coupling for non-polar solvents to be substantially weaker than it is for polar systems,
and this expectation is borne out by comparing the thermal conductivity of n-alkanes and n-

alcohols.’’
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It is also important to consider that the temperature change sensed by the reorientation
measurements is averaged over the reorientation time constant, so that shorter reorientation times
will yield observed transient temperature changes that are larger than longer reorientation times,
assuming the thermal energy relaxation time is always faster than the chromophore reorientation
time. For the n-alcohols studied using a polar chromophore, the reorientation times (S; <= Sy
excitation) were in the range of 134 ps to 3439 ps, resulting in temperature changes on the order
of 10 K or less.”? In this work, the range of reorientation times (S; < Sy excitation) are 69 to
290 ps, with commensurately larger temperature changes being inferred from these data. The

results we report here for n-alkanes are thus not surprising.

We have investigated transient temperature change effects for perylene, a non-polar
chromophore localized in the acyl chain region of phospholipid bilayers.”** In that work the
anisotropy decay functionality was biexponential, with the longest time constant being on the
order of 2500 ps. The transient temperature changes found in that work were dependent on the
extent of lipid acyl chain organization and were on the order of 10 K. While those temperature
changes appear to be much smaller than those reported here, we believe that there is no
inconsistency. In addition to the difference in the time resolution used to sense the temperature
change, the presence of an aqueous layer in close proximity to the lipid bilayer structures
suggests more efficient energy transfer than is seen in n-alkane liquids. The transient

temperature change data we report here are consistent with expectations.

Of particular significance is the odd-even effect that we observe, both in the reorientation
data for S; <= Sy excitation and in the transient temperature change data. Since the transient

temperature change data are derived from the reorientation data, the fact that we observe the
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same effect in both cases is not surprising. The perspectives offered by the two different
manifestations of this effect do, however, provide some useful insight into the phenomena that
are likely responsible for its prominence. There is long history of observing odd-even effects in
n-alkanes,”® with recent work being focused on low temperature x-ray diffraction data taken on
crystalline n-alkanes.” The origin of odd-even effects in n-alkanes is thought to be related to the
symmetry of the all-trans n-alkanes. Even n-alkanes possess a center of inversion whereas odd
n-alkanes do not. A consequence of this is that the unit cell of even n-alkanes is one molecule in
size and for odd n-alkanes it is two molecules in size, resulting in a slight density difference in
the two cases owing to the ability of the n-alkanes to pack. The orientations of the terminal
methyl groups is the key structural issue. As noted in that work, such a subtle change in crystal
structure indicates a small odd-even modulation in density, and this is not seen experimentally,
especially in room temperature liquids. The observation of a pronounced odd-even solvent effect

in room temperature liquid alkanes is surprising.

It is well established that room temperature liquid n-alkanes do not exist predominantly
in their all-trans conformation.”*** The majority of n-alkane molecules are characterized by one
or more gauche conformers, with the fraction of gauche bonds depending on the length of the n-
alkane and the temperature of the system. We have studied the ground state vibrational
relaxation behavior of tetracene in n-alkanes previously and in that work we found evidence for
comparatively efficient transfer of vibrational energy between several tetracene Sy ring distortion
modes (in the 1200 cm™ to 1500 cm™) range and the alkane bath acceptor modes, including the
1375 cm™ terminal methyl group rocking mode.'® Because of the aspect ratio of the tetracene
molecule and the dependence of the measured T, times on solvent chain length, we postulated

that tetracene may have a templating effect on the solvent in its immediate proximity. Due to
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favorable intermolecular interactions for alkane all-trans conformers with tetracene,“’45 the
chemical structure of the solute can produce a local enhancement in the fraction of solvent
molecules that are in a predominantly all-trans conformation. That assertion is consistent with
the reorientation data we present here, where an odd-even effect is seen only for alkanes that are
longer than the tetracene molecule (i.e. C;; and higher). If, in fact this templating effect is
occurring, it would be consistent with the transient temperature change data we elucidated in this
work. By analogy to the low temperature x-ray measurements, if the tetracene chromophore is
templating the solvent to be in a predominantly trans conformation, the average distance between
the chromophore and solvent terminal methyl groups will be slightly larger for the odd alkanes
than it is for the even alkanes. In this model, the higher transient temperature changes seen for
the odd alkanes is correlated with a greater distance and/or orientational mismatch, on average,
between the tetracene ring system (vibrational donor) and the alkane solvent terminal methyl
groups (vibrational acceptors). If this correlation is relevant to the phenomenon we observe, a
clear implication would be that the tetracene ring breathing and distortion modes are gateway
donor modes for the intermolecular transfer of (vibrational) energy from tetracene to the terminal
methyl group rocking modes of the bath. Owing to the persistence time of the observed heating
effect, it appears that the nature of intermolecular energy transfer between alkanes that occurs
subsequent to the initial energy transfer from tetracene to the bath must also proceed in a solvent-
dependent manner. Subtle differences between odd and even length alkanes must be responsible
for the observed effect and this finding implies a level of solvent organization that is not
typically characteristic of liquid alkanes. Such a condition is consistent with tetracene having an

influence on the organization of the solvent molecules in closest proximity.
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Conclusions

We have measured the rotational diffusion time constants of tetracene in n-alkanes Cg
through Cj6, and for excitation of the tetracene S; and S, states. Our data demonstrate several
interesting features. The first is that for S, excitation of tetracene, the reorientation time is seen to
be almost independent of solvent aliphatic chain length. This is due to transient heating
associated with the radiationless dissipation of ca. 1.6 eV of excess energy during rapid
relaxation from the tetracene S, state to the S; state. The transient heating effect is expected and
is especially pronounced in this system because of the characteristically fast dynamics of
tetracene in alkanes and the modest thermal conductivity of the alkane solvents. The second
interesting feature of these data is that for excitation of the S; state of tetracene, solvent-
dependent reorientation is seen that exhibits an odd-even effect. This is likely associated with the
relative proximity of the chromophore and the solvent terminal methyl groups. Based on our
experimental data, it appears the chromophore itself is exerting an influence on the n-alkane
solvent molecules in closest proximity, which accounts for the pronounced odd-even effects we
observe. The fact that analogous odd-even effects are not seen for other polycyclic aromatic
hydrocarbon chromophores in the same alkane solvents®® argues for the shape of the

chromophore having a templating effect on the surrounding solvent.
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CHAPTER 3

Interface-mediation of lipid bilayer organization and dynamics

This chapter is adapted from Hannah E. Mize and G. J. Blanchard, “Interface-Mediation of Lipid
Bilayer Organization and Dynamics,” Physical Chemistry Chemical Physics (PCCP), 18, 16977-
16985 (2016).

Introduction

Chemical sensing requires two distinct functions; molecular selectivity and signal
transduction. Achieving chemical selectivity is a substantial challenge that has been achieved
successfully by living biological systems, and the transduction of a chemical signal into one that
is quantifiable (e.g. photons or electrons) is comparatively well established."? The components
that perform these two functions are connected directly, with the transducer typically functioning
as the support or mount for the chemically selective component.

The use of biomolecules as selective entities is appealing based on the known chemical
selectivity of transmembrane proteins and enzymes. The ability of transmembrane proteins to
function is mediated by the composition and morphology of the plasma membrane surrounding
them, for reasons of protein folding and mobility, and the replication of such a system in the
laboratory is not a simple task. The mammalian plasma membrane is known to contain in excess
of 500 unique molecular constituents,” and there is a limited amount of detailed information
available on the fluidity or spatial heterogeneity of the plasma membrane. One approach to
developing biosensors that use transmembrane proteins is to design synthetic bilayers containing
a limited number of components,*” but a significant limitation to this approach lies in the ill-
understood relationship between bilayer composition and protein folding. We have undertaken a
series of studies of model bilayer structures with an eye toward understanding the relationship

between composition and environmental factors, and the observed phase segregated organization
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® In this work we focus on model lipid bilayer structures covered by an

of these systems.®"
aqueous overlayer and supported on a planar mica surface.

In this structural format, supported lipid bilayers exhibit phase segregation, with
cholesterol-rich regions separating from phosphocholine-rich regions. The characteristic sizes
and shapes of these cholesterol-rich domains are determined by the minimization of the sum of
interfacial energies within the system. For a simple two-component system one would expect a
single phase boundary, however this is not the case for supported bilayers. The lowest energy
structure is determined from the energies of interaction between the support and the aqueous
overlayer, with each bilayer phase and the phase boundaries in the bilayer plane.'*** We can
thus exert some control over the domain size of the cholesterol-rich regions of our supported
bilayers through changes in the composition of the aqueous overlayer (e.g. ionic strength and
pH).

Controlling model bilayer phase segregation is an important first step in establishing
control over the folding of transmembrane proteins, but it is not clear from data showing
mesoscopic phase segregation how the fluidity and local dynamics of the bilayer constituents are
influenced by changes in the bilayer morphology. Consequently, we incorporate a small amount
(ca. 1 mol%) of a tethered fluorescent probe into these bilayer structures and monitor rotational
diffusion dynamics to gauge how the local environment of the chromophore is affected by
variations in the aqueous overlayer pH and ionic strength. A rhodamine derivative that is bound
covalently to the headgroup of phosphoethanolamine is used as the chromophore. The tethered
chromophore exhibits dynamics that can be modeled in the context of a hindered rotor, a well
understood model.*'** Our data point to the dynamics of the rhodamine chromophore sensing

two distinct environments within the supported bilayer, which depend differently on the pH and
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ionic strength of the aqueous overlayer. The sub-population of the tethered chromophore that

exhibits pH and ionic strength dependencies appears to reside in an environment characterized

by stronger interactions with the chromophore compared to the sub-population in a pH and ionic

strength-independent environment. We consider the chemical basis for this behavior.
Experimental Methods

Chemicals. 1,2-Dioleoyl-sn-phosphatidylcholine (DOPC), cholesterol (ovine wool),
sphingomyelin (chicken egg) and sulforhodamine tagged 1,2-dioleyol-sn-phospatidyl-
ethanolamine (SR-DOPE), dissolved in chloroform were purchased from Avanti Polar Lipids
and used as received. Trizma® Tris buffer (Sigma Aldrich), NaOH (Spectrum, Pellets, Reagent,
ACS), CaCl, (Purified Grade, Anhydrous), HCl (ACS/Electronic Grade), NaCl (ACS Grade,
Crystals), were purchased from CCI and used without further purification. High-grade
muscovite mica used as the support was purchased from Ted Pella, Inc.

Fluorescence Anisotropy Decay Imaging (FADI). An instrument based on an inverted
microscope (Nikon Eclipse Ti-U) is used to obtain fluorescence anisotropy decay images of the
planar bilayers.'""'> Detection of time-resolved data is achieved with a polarized dual channel
confocal scanning instrument (Becker & Hickl DCS-120) attached to a microscope port and
controlled by a galvo-drive unit (Becker & Hickl GDA-120). The confocal scanner is equipped
with a polarizing beam splitter and two avalanche photodiode detectors (ID-Quantique ID100)
for the acquisition of fluorescence lifetime and anisotropy decay images. Polarized fluorescence
transients used in the generation of fluorescence lifetime and anisotropy images are acquired
using time-correlated single photon counting detection electronics (Becker & Hickl SPC-152,

PHD-400N reference diode). The time-correlated single photon counting (TCSPC) and confocal
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scanning instruments are controlled by commercial software (Becker & Hickl) run on a
windows-based PC.

The light source for this instrument is a synchronously pumped, cavity-dumped dye laser
(Coherent 702-2) excited using a passively-mode locked Nd:YVO, laser (Spectra Physics
Vanguard). The output of the excitation laser is a train of 13 ps pulses at a repetition rate of 80
MHz. The second harmonic and third harmonic outputs of this laser (532 nm, 355 nm) are used
to pump the dye lasers. In this work the dye laser was excited with the second harmonic output
(2.5 W average power) and Pyrromethene 567 (Exciton) was used as the laser dye. The dye laser
repetition rate, determined by the cavity dumping electronics, is 4 MHz (250 ns between pulses),
with 5 ps pulses at 563 nm.

Time-Resolved Fluorescence Measurements. The system used to acquire anisotropy
decay data on vesicles suspended in solution has been described elsewhere and we provide only
a brief overview here.” The light source used for this instrument is identical to that used for the
TCSPC imaging measurements (vide supra). Emission collection was accomplished using a 40x
reflecting microscope objective (Ealing). Emission polarization was selected using a polarizing
cube beamsplitter (Newport) with separate detection channels for vertical and horizontal
polarizations. Spectral selection was performed using subtractive double monochromators
(Spectral Products CM112) equipped with microchannel plate PMT detectors (Hamamatsu
R3809U-50). A photodiode (Becker & Hickl PHD-400) was the reference channel detector.
Commercial TCSPC electronics (Becker & Hickl SPC-132) were used to process the detector
signals, and the data was acquired using software written using LabVIEW®™. Data processing is

the same as described previously.”
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Bilayer Preparation. The vesicles used in these experiments were formed from a mixture
of the constituent species; 49 mol% DOPC, 40 mol% sphingomyelin, 10 mol% cholesterol, and 1
mol% SR-DOPE. After the chloroform was removed by evaporation, Milli-Q H,O was added to
make the overall lipid concentration 1 mg/mL. The vial was placed in a 50 °C water bath for 30
minutes, vortexed for 2 minutes, and sonicated for 30 minutes at 50 °C.* The resulting vesicles
were deposited onto mica, and Trizma® buffer solution (10 mM, pH 7.5,100 mM NaCl) and
CaCl; (2 mM aqueous solution) were added. After ten minutes of exposure time the bilayers
formed by vesicle fusion were rinsed with the intended aqueous overlayer: pH between 4 and 10
at ionic strength I = 0.05, or ionic strength in the range of 0.05 to 0.4 at pH 7. Suspended
vesicles used for the TCSPC measurements are the same as those used for deposition of the
planar supported bilayers. The vesicles are suspended in solutions with the same ranges of pH
and ionic strength as the planar bilayers.

FADI Data Collection. For each pH and ionic strength studied, a total of 3 planar
bilayers were prepared. Two measurements were performed on each sample, for a total of 6
measurements. A 40x objective was used data collection. For this optical configuration the
depth of focus is on the order of 1 um. The depth resolution of the measurement is limited by
the thickness of the bilayer, which is ca. 6 nm for the bilayers studied here. In-plane resolution
of the acquired image is 256 x 256 pixels, with the physical dimension subtended by each pixel
being determined by the objective used. For the 40x objective, each pixel corresponded to a 2.5
um diameter area on the sample, ca. ten times the diffraction limit. For each pixel, two TCSPC
channels of data are acquired, one for vertical polarization and one for horizontal polarization.
Each channel has 256 time resolution elements. For a time window of 10 ns, data points were

separated by 39 ps. A frame scan was used to produce an image of a defined area. These
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measurements used 60 second frame acquisition times and 30 frames were collected.

Data Analysis. Fluorescence lifetime and anisotropy decay images were obtained and
processed using commercial software (Optispec, Becker & Hickl). The anisotropy decay data
and images were prepared using Spclmage software (Becker & Hickl). From each of the six
measurements, three 25x25 pixel squares of data were extracted, for a total of 18 sets of data for
each pH and ionic strength. Transients of a given polarization in the extracted region were
summed and used to create the induced orientational anisotropy function, R(t). Regression of the
anisotropy decay data was performed using Microcal Origin® v 9.0.

Results and Discussion

The morphological changes in supported bilayers that occur with changes in overlayer pH

and ionic strength are expected based on the minimization of the overall free energy of the

system.*

While the thermodynamic treatment of bilayers provides the fundamental energetic
basis for phase segregation, such information does not generally provide molecular-scale insight
into the structural properties system, including intermolecular interactions that ultimately
determine the details of system organization. Relating changes in the observed dynamics on
molecular length scales to macroscopic system morphology remains to be achieved, and the data
presented here will hopefully provide some useful information for making that connection.

We are concerned in the long-term with how changes in the aqueous overlayer of the
lipid bilayer give rise to observed changes in the morphology and dynamics of the phase-
segregated, cholesterol-rich regions of the supported bilayer structures. These phase-segregated
regions are seen only when sphingomyelin is present in the bilayer.”'""'* It is possible, however,

that phase-segregated cholesterol-rich regions are present in the absence of sphingomyelin but

their characteristic domain size is smaller than can be resolved by optical microscopy (ca. 250
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nm). This is an issue we intend to address in future work by comparing rotational and

translational diffusion data in these systems.

Figure 3.1 Structures of the bilayer constituents used in this work. From left to right:
Cholesterol, DOPC, sphingomyelin, SR-DOPE.
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Figure 3.2 Fluorescence lifetime images for planar supported bilayers over the pH range of 4 to
10, as indicated. The scale bar in each image is 10 um
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In this work we focus on understanding the rotational diffusion dynamics of a headgroup-
tethered chromophore present in a supported lipid bilayer (Fig. 3.1) under conditions where the
aqueous overlayer pH and ionic strength are varied in a systematic manner. It is seen that the
morphology of these systems depends on these overlayer properties (Fig. 3.2). For these
measurements, the motion of the tethered rhodamine is treated in the context of the hindered
rotor model by virtue of its structure and manner of incorporation into the bilayer.”'***2° In

this model, the chromophore is considered to move with a restricted conic volume, and while

executing this precessional motion it “wobbles” about its tethering bond. We collect polarized

emission transients [(t) and I,(t) and combine them to create the induced orientational

anisotropy decay function, R(t) (Eq. 1.3, reproduced here for clarity).

Iu(t) _IJ_(t)

L) +21,(t) -

R(#) =

And R(t) is related to the motion and extent of confinement of the chromophore, (Egs. 1.8 and
1.9 reproduced here for clarity).

R(#) = R() + (R(0) - R(®)) exp(-t/ 7, )

12

1/2
cosf, =0.5|8 @ +1| -0.5 [1.8,1.9]
R(0)
76;
Tur =
24D,

Where R(0) is the zero-time anisotropy, related to the angle between the excited and emitting
transition dipole moments, R(%) is the infinite time anisotropy, which is determined by the
extent to which the chromophore motion is restricted by its local environment, 6, is the cone
semi-angle in which the chromophore is able to reorient and Dy, is the “wobbling” diffusion

constant, which describes the motion of the chromophore about its tethering bond.?’** 1In this
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model, the anisotropy decays as a single exponential. For free rotors, the anisotropy decay can
exhibit up to five exponential decay components, depending on the axes of excitation and
emission and on the shape of the volume swept out by the rotating species.*® The observation of
a multi-component decay in a homogeneous medium is not consistent with the hindered rotor
model, owing to the tethering of the chromophore precluding facile rotational motion about more
than the tethering axis. For the anisotropy decay data reported here we observe a two-component
anisotropy decay and we assert that this two-component decay reflects two distinct chromophore
populations that do not exchange population on the time scale of the measurement. For a
heterogeneous system this is feasible and we note that the heterogeneity is not resolvable
optically using our anisotropy imaging instrumentation.

While the pH and ionic strength dependencies of the tethered chromophore anisotropy
decay dynamics are different, and their functional forms are expected (vide infra). It is important
to consider that for both data sets the fast anisotropy decay component (ca. 300 ps) is consistent
with the chromophore experiencing an environment that is slightly more resistive to rotational
motion than water.”’ As would be expected if this is the case, changes in the overlayer pH and/or
ionic strength should give rise to only small changes in the fast decay time component. The slow
decay component, however, requires further consideration. The first issue is that the slow decay
time constant is consistent with an environment that is much more viscous than water. Such data
suggest that the chromophore population exhibiting a long anisotropy decay time does so
because of interactions with the polar glycerol region of the lipid bilayer structure. While the
nonpolar acyl chain region may well exhibit high local viscosity due to chain-chain interactions,
the polarity of the rhodamine chromophore precludes significant direct interaction with this

region of the bilayer.
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To interpret the anisotropy decay imaging (FADI) data, determining the confining cone
angle is essential, requiring the quantitative measurement of R(0) and R(«) (Egs. 2). The
imaging instrument used to acquire the FADI data is optimized for spatially resolved data
acquisition, but not for the quantitation of polarized emission transient absolute intensities. To
evaluate the zero- and infinite-time anisotropies for our bilayer structures, we have constructed
the same bilayer systems as an aqueous suspension of 50 - 100 nm diameter vesicles.”* In this
structural motif, we acquire anisotropy decay data using a TCSPC instrument capable of
quantitating the relative intensities of polarized emission transients.”> We extract R(0) and R()
from these experimental data and apply those results to the analysis of R(t) for the planar
supported bilayers.

From these R(0) and R(e0) data for vesicles we extract a single anisotropy decay time
constant, in contrast to the observed two component decay for planar bilayers, and calculate a
cone angle (Eq. 2) of 8y ~ 90° for all ionic strength and pH measurements. The implications of
these results are significant and can be understood as follows. For the planar bilayers, the fast
anisotropy decay data we expect the bilayer structure to exhibit a random orientational
distribution of local environments, giving rise to R(e0) ~ 0.08, and for the slow anisotropy decay
data, where the chromophore interacts strongly with the bilayer headgroup, we could reasonably
expect R(0) ~ 0, corresponding to 8y ~ 90°. For such a two-population system, we would expect
to recover a value of R(%) that is the weighted average of that for the two distributions, and
given the S/N ratio of our R(t) data, it is not likely that we could distinguish such an average
value from its component values. The R() data acquired for vesicles are thus consistent with
our observation of a two-component population distribution where population exchange between

the two components is facile (vide infra). Under the assumption that 6, for the fast decay
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component is ca. 55° and for the slow decay component 6 is 90°, we can evaluate the fractional
contribution of each component to the experimental data for the vesicles. For the planar bilayers
we extract values for the wobbling diffusion constant for each population. This information
provides insight into the local environment(s) as functions of pH (Table 3.1, Fig. 3.3a) and ionic
strength (Table 3.2, Fig. 3.4a). Using these values for Dy, we take the vesicle decay time
constant (Tables 3.3 and 3.4) as the weighted average of the time constants for each component,
and thus determine the fractional contribution of each (Fig. 3.5). We consider these results in

detail below.

pH A £1lo T £lo D, % lo A+ 1lo Tm*lo D, % lo
(ps) (MHz) (ps) (MHz)

4 0.039 £ 0.007 | 300+26 896 + 78 0.051 +£0.005 | 1603 =160 | 449 +46
(43+£9%) (57£9%)

5 0.036 £0.006 | 339+20 793 + 43 0.053+0.011 | 2022 +£123 356 +21
(40£9%) (60+£9%)

6 0.021 £0.005 | 262 +37 | 1026 £145 | 0.038 £0.010 | 2344 +202 | 308 +27
(36+11%) (64+11%)

7 0.053 £0.009 | 378 £45 711 &+ 85 0.065+0.005 | 2760+ 157 | 260=*16
(45£9%) (55£9%)

8 0.064 £0.017 | 389 +55 691 +98 0.066 +0.011 | 2836224 | 254+19
(49+15%) (51+15%)

9 0.065+0.007 | 302+38 | 890+112 | 0.081 £0.011 | 2421 +£170 | 297 +21
(45+6%) (55+6%)

10 0.036 £0.009 | 360 +37 747 + 77 0.046 +£0.012 | 2107+ 137 | 343 £21
(44+14%) (56+14%)

Table 3.1 Anisotropy decay time constant for SR-DOPE as a function of pH at constant ionic
strength (I = 0.05) in planar bilayer structures. As discussed in the text, for the fast time
constant, tj, 8p = 55° and for the slow time constant, T, 8p = 90°. Anisotropy decay data were
best fit by a two-component exponential decay, f(t) = Ajexp(-t/t)) + Aexp(-t/ty).
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Ionic Al x1lo T+ 1o Dy £ 1o Ay lo T*lo Dy £ 1o
Strength (ps) (MHz) (ps) (MHz)

0.05 0.063 £0.005 | 323 +£29 832+75 | 0.019+0.004 | 2781 164 | 260 £ 16
(77£9%) (23£9%)

0.10 0.046 £0.011 | 336 £53 | 800126 | 0.014+0.004 | 2528 =177 | 284 £ 19
(77£24%) (23+£24%)

0.20 0.040 £0.010 | 254£54 | 1058 £225 | 0.015+0.003 | 2191 £222 | 329 +£32
(73+£23%) (27£23%)

0.30 0.041£0.003 | 242+£32 | 1111 £147 | 0.019+0.004 | 1709+ 124 | 420 £ 29
(68+8%) (32+8%)

0.40 0.045£0.006 | 209 £27 | 1286+166 | 0.023 +0.007 | 1407195 | 511 £70
(66£13%) (34£13%)

Table 3.2 Anisotropy decay time constant for SR-DOPE as a function of ionic strength at
constant pH (pH = 7) in planar bilayer structures. As discussed in the text, for the fast time
constant, t;, 8p = 55° and for the slow time constant, T, 6p = 90°. Anisotropy decay data were
best fit by a two-component exponential decay, f(t) = Ajexp(-t/t)) + Aexp(-t/ty).

pH | tur £ 10 (ps) | Xeast (%) | Xsiow (%0)
4 1126 £ 114 37+£12 63+12
5 1221 £ 47 48+5 5245
6 1063 +£ 18 62+4 38+4
7 1178 + 64 664 3444
8 1306 + 68 63+5 3745
9 1242 + 49 56+5 44+5
10 1231 +£ 66 50+6 50+6

Table 3.3 Anisotropy decay time constant for SR-DOPE as a function of pH at constant ionic
strength (I = 0.05) in 50 nm diameter vesicles. Anisotropy decay data were best fit by a one-
component exponential decay, f(t) = Ajexp(-t/Tyr).
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I tar £ 10 (ps) | Xpst (%) | Xiiow (%)
0.05 1239 + 37 63+3 3743
0.1 1037 £ 47 68+4 3244
0.2 1047 + 89 59+7 41+7
0.3 1004 + 14 48+5 5245
0.4 1060 + 83 29+14 71+14

Table 3.4 Anisotropy decay time constant for SR-DOPE as a function of ionic strength at
constant pH (pH = 7) in vesicles. Anisotropy decay data were best fit by a one-component
exponential decay, f(t) = Ajexp(-t/tyr). Using (Egs. 2) the cone angle (6y) and diffusion constant
(Dyw) were calculated

It is important to note that we extracted R(c°) data from vesicles of the same

composition as those used for the creation of the supported bilayer, but with a
characteristic diameter of ca. 50 nm. For systems characterized by significant curvature, it
is reasonable to expect morphology that is similar to that seen for a planar bilayer, but
characterized by more facile exchange dynamics because of the structural freedom
available to constituents of the bilayer leaflets.32 This expectation is realized for the
system examined here. For the planar bilayer structure we are able to resolve discrete
populations of chromophore that do not exchange on the timescale of the chromophore
motion, while for vesicles we observe a single exponential decay time constant that is the
weighted average of the two time constants seen for the planar bilayer. It is useful to
compare the fraction of each chromophore population for the vesicles to the corresponding
data for the supported planar bilayer. As noted above, we use the fast and slow time

constants from the supported planar bilayer to extract the fractional contribution of each
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to the weighted average for the vesicles. The relative fraction of the fast and slow
chromophore populations depends differently on pH (Fig. 3.3b, Table 2.1) and ionic
strength (Fig. 3.4b, Table 3.2) for the planar supported bilayers and vesicles (Fig. 3.5,
Tables 3.3 and 3.4). The different dependencies provide some insight into the factors at
play in mediating bilayer organization. For the planar supported bilayers, the diffusion
constants depend on pH and ionic strength, but the fractional contributions of the two
chromophore populations do not change with either pH or ionic strength (Figs. 3.3 and
3.4), within the uncertainty of the measurements. This result stands in contrast to the data
for vesicles (Fig. 3.5), where the fractional contributions of the two chromophore

populations change with both ionic strength and pH.
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Figure 3.3 (a). Wobbling diffusion constant, Dy, as a function of pH, for the two resolved
chromophore populations in planar supported bilayers. (b) Fractional contribution of each
anisotropy decay component.
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One structural difference between planar supported bilayers and vesicles is that the
vesicle bilayer exhibits significant curvature, as noted above, which plays some role in mediating
the facile exchange between the two chromophore populations.”® Another structural difference
has to do with pH and ionic strength gradients that can exist across the bilayer for the two
structural motifs. For the planar supported bilayer, the (silica) surface on which the bilayer is
supported is negatively charged and for the vesicle, the solution contained within it is nominally
the same as that in which the vesicles reside. Thus there is not an environmental gradient across
the bilayer comprising the vesicles, whereas there is an environmental gradient for planar bilayer
layers. The (weak) adhesion to the support and the existence of a charge gradient across the
bilayer could both serve to minimize lateral mobility within the bilayer. Indeed, this situation is
not without parallel in mammalian plasma membranes, where membrane stiffness is influenced
by the cytoskeleton.*” For the vesicles, where there is neither a charge or mobility gradient
across the bilayer, there are no analogous impediments to molecular motion in the plane of the
bilayer. As such, translational diffusion within the vesicle bilayer is more facile, leading to the
observed single exponential anisotropy decay. As the bilayer headgroups are screened by
increasing ionic charge, or their extent of protonation varies, it would be reasonable to expect
changes in the fractional contribution of the fast and slow processes, as is seen experimentally.
We consider next the basis for the pH and ionic-strength dependence of the anisotropy decay

data.
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Figure 3.6 Normalized absorbance and emission spectra of SR-DOPE as a function of
solution pH. These data were acquired for solutions at the pH values indicated.

The pH-dependent data were acquired at a fixed overlayer ionic strength of I = 0.05
(Table 1). The data show that the slow anisotropy decay time constant reaches a maximum of
2.8 ns in the pH 7-8 range and then decreases to 1.6 ns at pH 4 and to 2.1 ns at pH 10. We
believe that the pH dependence is associated with changes in the bilayer headgroup local
environment rather than any change in the chromophore; no pH-dependent spectral changes are
seen for the rhodamine chromophore over this pH range (Fig. 3.6).

The three species contained in the bilayer are phosphocholine, sphingomyelin, and
cholesterol, each of which has functionalities that undergo protonation/deprotonation equilibria.

We can understand possible reasons for these effects based on the chemical structures of the
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bilayer constituents (Fig. 3.1). At low pH the phosphocholine headgroup, which is typically
depicted as zwitterionic, is expected to contain a protonated phosphate functionality and thus be
cationic. Cholesterol has a pK, > 15,*® and for our experimental conditions is not expected to
exhibit any change of protonation. Sphingomyelin contains alcohol and amide protons, with
pKas in the region of 18 and 26, respectively.'® As a consequence, these labile protons are not
expected to play a significant role in the pH dependence we observe. However, the
sphingomyelin phosphate functionality is expected to participate in acid-base equilibria
analogous to that for phosphocholine over the pH range of our experiments. For all pH values
examined here, the phosphocholine and sphingomyelin phosphate moieties thus mediate the pH-
dependent organization of the system. Near pH 7 the zwitterionic nature of the lipid headgroups
can exhibit significant intermolecular charge-based interactions, leading to changes in the ability
of the chromophore to execute rotational motion. For low pH, the phosphate head groups are
protonated, giving rise to charge repulsion between the phosphate headgroups, and consequently
greater freedom of motion for the chromophore. For high pH conditions, sufficient OH™ will be
present in solution to associate with choline headgroup moieties, leaving anionic repulsion
between the phosphate headgroup functionalities to produce a result at least somewhat analogous
to that seen for low pH conditions. We expect the change in extent of protonation in the bilayer
constituents will alter the (cholesterol) domain sizes in the supported bilayers, and this situation
is realized experimentally (Fig. 3.2). There are other factors that can and do affect the domain
structure of these films, and we consider some of them below.

The dependence of the chromophore anisotropy decay time on overlayer ionic strength is
different than the pH-dependence. The dependence on ionic strength is monotonic, with the slow

anisotropy decay time constant ranging from 2.75 ns at [ =0.05 to 1.4 ns at [ = 0.4. We attribute
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this trend to the increasing extent of charge compensation and screening in the bilayer with
increasing ionic strength, leading to a reduction in the overall energy of intermolecular
interactions between bilayer constituents and thus an environment that provides progressively
less constraint on the motional freedom of the tethered chromophore. We note that, as with the
pH-dependence, changes in ionic strength are expected to alter the organization of the bilayer
because of the effect on intermolecular interactions within the bilayer headgroup region.

The above discussion focuses on protonation/deprotonation and charge
compensation/screening of the phospholipid species in the bilayer. The rhodamine chromophore
is cationic and it is tethered to a phospholipid by means of an amino functionality, which can
participate in protonation/deprotonation equilibria. Thus the probe is potentially involved in at
least some of the changes associated with pH and ionic strength. We have found no evidence for
dissociation of the probe from its tethering phosphoethanolamine moiety, however, and as noted
above, the chromophore exhibits no spectral changes over the pH region of 4-10. Whatever roles
the chromophore charge or tethering bond play in the observed dynamics do not appear to play a
significant role in the changes we observe.

As noted above, we observe both microscopic and macroscopic changes in the
morphology of our phase-segregated supported bilayers as a function of pH and ionic strength.
For the planar supported bilayers, there are nine distinct interactions that play a role in mediating
bilayer morphology; cholesterol-mica, phosphocholine-mica, sphingomyelin-mica, cholesterol-
phosphocholine, cholesterol-sphingomyelin, phosphocholine-sphingomyelin, cholesterol-
overlayer, sphingomyelin-overlayer, and phosphocholine-overlayer. While it is not feasible to
distinguish the contributions of each interaction given the data we report here, the dominant

changes in interactions we probe for the planar supported bilayer are those between the aqueous
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overlayer and the bilayer constituents. Differences in our results for the unilamellar vesicles and
planar supported bilayers reflect the absence or presence of interactions between the bilayer
constituents and the mica support. The issue of how the change in overlayer properties (pH and
ionic strength) influences the mica support remains unresolved because the permeability of the
bilayer has not been evaluated. If the time-resolved spectroscopic results for bilayers supported
on ITO are similar to those reported here, it may be possible to gauge the permeability of the
bilayer through electrochemical studies.
Conclusions

Synthetic supported bilayer structures are important to a number of applications ranging
from the creation of biomimetic interfaces to the hosting of transmembrane proteins for chemical
sensing applications. Understanding the relationship between supported bilayer morphology and
its environment is a key issue in determining the utility of any specific system. The morphology
of such supported bilayers represents the global minimization of the interactions between the
bilayer constituents, the support and the overlayer in contact with the bilayer. While this is true
for both planar supported bilayers and for vesicles, there is a discernible difference in the
mobility and dynamics of species incorporated into these two bilayer structures because of
bilayer curvature and the inner leaflet being in contact with a liquid versus a solid. By varying
overlayer pH and ionic strength, we can exert systematic change on three of the nine interfaces in
our ternary supported planar bilayers. Using a headgroup-tethered chromophore to probe the
interface with the aqueous overlayer, we have found that its anisotropy decay dynamics are
sensitive to the overlayer properties. ~We understand these effects in the context of
protonation/deprotonation equilibria or charge screening effects, providing us with a facile

means of controlling bilayer morphology.
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CHAPTER 4

Conclusions

Time correlated single photon counting detection (TCSPC) detection is a very useful
technique which gives us the ability to extract information on intermolecular interactions and
energy transfer for free rotors in solution and for tethered chromophores in supported bilayer
structures. Studying the excitation energy-dependence of solution phase chromophores provides
insight into transient heating and energy transfer processes of tetracene in n-alkanes Cg through
Ci6. In the tetracene study, a laser system equipped with TCSPC detection was used and time-
domain anisotropy decay data were collected for the S; < Sy excitation and for S; < Sy
excitation of the chromophore. One of the first noticed things in this experiment was that
reorientation time was independent of the solvent chain length for the S, state due to rapid
relaxation from the S, state to the S; state. Secondly, for the S; < Sy excitation data the
reorientation time had an odd-even effect, due to tetracene interactions with the alkane solvent
terminal methyl groups.

Understanding the organization of these systems and how changes to the aqueous
overlayer influence the rigidity of a model cell membrane could lead to the development of
planar lipid bilayer biosensor. For the bilayer study, fluorescence anisotropy decay
imaging(FADI) equipped with TCSPC detection was utilized to study the intermolecular
interactions, organization, and dynamics of planar lipid bilayers. The purpose of this study was
to gain a better understanding of how pH and ionic strength influence the model cell membranes
on a mica substrate, for a next step of adding transmembrane proteins. In this study a rhodamine
tethered phospholipid was included in the bilayer on the substrate and the rotational dynamics

were assessed. It was found that there were two different environments, based on a two-
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component decay. A faster decay independent of pH and ionic strength, and a slower decay
dependent on both. From the slower decay, there were faster rotational constants at high and low
pH values and slower time constants near neutral pH. These data are interpreted as follows; at
neutral pH more molecular interactions are occurring so there is a more rigid environment, while
at high and low pH fewer molecular interactions were occurring, resulting in environment where
the wobbling tethered-chromophore reoriented much faster. In addition, as the ionic strength
increased, the rotational time constant decreased, which was due to screening effects. This
research has shown us that we have a means of controlling bilayer morphology based on
protonation/deprotonation equilibria or charge screening effects. Subsequently, future work on
this project would be focused on developing these systems further with the goal of creating a

biosensor.
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