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Chapter 1: Introduction

1.1 Introduction

Viscosity, a fluid’s internal resistance to flow and resist molecular diffusion, is a
fundamental property of fluid media. Determining the bulk viscosity of a fluid has been
easy to relatively simple to accomplish for many years, yet in the recent decade there
has been a focus on techniques to measure a fluid’s microviscosity. Microviscosity
differs from bulk viscosity such that microviscosity is the friction experienced by a
single particle interacting with its micron-sized local environment. Macroscopic
methods to evaluate the viscosity are well established, but methods to determine

viscosity on the microscale level remains unclear.

Understanding microviscosity is important because it one of the main properties of
any fluid and thus has an effect on any diffusion related processes. A variety of mass
and signal transport phenomena as well as intermolecular interactions are often
governed by viscosity. 2% As such, it is important to be able to measure/estimate
viscosity and detect the changes in viscosity upon exposure to a stimulus. In view of
synthetic accessibility, molecular viscometers are attractive probes for sensing the
viscosity of various environments.*® Therefore, evaluating the viscosity in various
microenvironments using molecular probes is an attractive area of modern research

with numerous applications in chemistry, biology and drug discovery.



Measuring microviscosity is typically accomplished using some form of a flow
tracer. Deciding beforehand which type to use and their reliability is clearly the most
important aspect of the measurement. Various methods have been used, but we want to
determine a simple, reliable method to measure microviscosity. Radiological tracers can
be used, but efforts using light are safer and offers increased sensitivity. Diffusing-wave
spectroscopy from dynamic light scattering can be used, but that is typically used in
systems which are completely transparent at high concentrations and depends on the
size, shape and morphology of the tracer particles along with the refractive index of the
medium. An easier method and more reliable method also using light-fluorescence
anisotropy or depolarization, was originally used extensively to determine the
rotational correlation time of fluorescent molecules. However, fluorescence anisotropy
has a small dynamic range (-0.2 to 0.4) and depends greatly on the polarization effects
of the optical set-up being utilized, thus making polarization-based measurements
subject to scrutiny to alignment and correction factors. However, anisotropy is not the

only fluorescence based technique which can utilized to measure microviscosity.

Molecular rotors offer a simple and reliable method to measure microviscosity.
They are fluorescent probes with different fluorescence moieties which can used as a
micoviscometer. They are reliable because their fluorescence intensities and lifetimes are
linearly related to its surrounding microviscosity and it does not involve any further

polarization measurements. They have been used in numerous applications in



ratiometric sensing of analytes, cascade-type energy transfer events and chemical these
transformations.”!* Arguably, due to the high sensitivity of fluorescence, as well as the
potential for high-throughput screening and imaging, the use of fluorescent probes as

microviscometers, provide ample opportunities and advances as to our goal: develop a simple,

reliable microviscometer.

Ionic liquids (ILs) are materials which can be designed to have specific
microviscosity. Thus, using ILs which were created to cover a broad range of
microviscosities measurement of our fluorophores in these media should give reliable
results across a wide range of viscosities not available by traditional molecular organic
media (ethanol, glycerol, etc). Ionic Liquids are comprised exclusively of ions, and have

phase-transition temperatures at or below room temperature.'!

Studies on viscosity of ILs using fluorescent dyes has been a subject of
interest,”? and the use of fluorescent probes for understanding the structure of ILs,
in general, has been recently reviewed.? ILs have found numerous and ever-
expanding applications in various areas of science and engineering.!''” Virtually
unlimited structural variations of ILs, which can be obtained via well-developed
synthetic routes, are likely to give rise to distinct physicochemical properties such as
phase transitions, density, viscosity, polarity, hydrogen bonding abilities, etc.!8
Arguably, these physical properties could have an impact on solutes, and therefore, the

ILs can be designed to control the outcome of a given process by simply varying the
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structure of cationic and anionic components. This has led to the idea of ILs as
designer solvents. The designer solvent ability has been defined as the manipulation of
a structure and thus physical property of the IL which can predictably alter the outcome
of a given process.’ % As such, this paradigm has been illustrated through several
synthetic transformations.’ However, applications demonstrating the designer solvent
ability of ILs outside of their use as milieu for synthetic organic transformations appear
to be limited. Notably, it was demonstrated that structural changes within either the
cation or anion could be used to modulate the conformational flexibility of a small
molecule.? 2 Possibilities for using neat ILs to control intermolecular interactions have

been suggested primarily for cyanine dye self-assemblies.?

Fluorescence is one of the most sensitive detection methods available. The
phenomenon was first observed hundreds of years ago, developed as a scientific
endeavor in the past 100 years, but in the past three decades it has come to be used
extremely widely in the biomedical and diagnostics fields. In simple terms, fluorescence
occurs when a molecule absorbs a photon, this energy then promotes the molecule an
excited state, which then is released as another photon in order to return the molecule
to its ground state. This is typically best explained by a Jablonski-Perrin diagram (Fig.

1.1).
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Figure 1.1) Jablonski-Perrin Diagram illustrates the fluorescence process

If a photon of sufficient energy is incident on a molecule, the molecule has a
probability to absorb that photon and promote its electronic energy level from the
ground state to an excited state, the blue line in Fig. 1.1. Once in its excited state, the
energy can be released back in the form of a photon, typically of less energy, through
fluorescence (the orange line in Fig. 1.1). The energy can be dissipated non-radiatively
(yellow lines in Fig. 1.1) in a variety of ways, most commonly through collisions with
other molecules and molecular vibrations. The time it spends in its excited state is

known as its fluorescence lifetime.

The spectroscopic properties of the fluorophores, including extinction coefficients,
apparent brightness and Stokes shifts, could be tuned via structural and functional

modification of the fluorophores. Since many biochemical applications are hindered by



the lack of suitable structurally diverse fluorophores, the access to fluorophores, which
rely on facile and modular synthetic approaches allowing for the formation of both
homodimeric and heterodimeric systems, might provide a viable solution. Three
different molecular rotors were used in this work. The goal of increasing both the synthesis
simplicity and measurement sensitivity of the molecular rotor was one of the main motivations

throughout their subsequent development.

1.4 Porphyrin Dimer

planar l T

twisted

Figure 1.2) Chemical structure (A) and two conformational extremes (B) of PD

It was shown that the viscosity of molecular organic media could control the
conformation transition of a conjugated porphyrin dimer (PD), resulting in an array of
conformations with two distinct extremes: a planar and a twisted conformation (Fig.

1.1).»% This characteristic is unique for this particular probe, as many



fluorescent molecular rotors used for viscosity studies report on viscosity
rimarily through an emission enhancement® or lifetime change,* rather than a
y
distinct change in emission wavelength. A linear dependence was observed between

the conformational transition preferences of PD and viscosity of the media.*

The PD is a molecular rotor of the type which undergoes TICT and releases
this energy radiatively. Importantly, planar and twisted conformations exhibited
distinct emission maxima: 720 nm for twisted and 780 nm for planar, which
allowed for a facile and straightforward evaluation of the conformational
preference of PD. Specifically, in non-viscous media, e.g., methanol, the planar
conformer was shown to predominate, while in more viscous methanol-glycerol
mixtures, the twisted conformation was observed.* Thus, PD was proposed to be

a suitable probe for an investigation of the media’s viscosity.

Conversely, viscosity of the media might be viewed as a physical property that
could control the conformation transition of PD. Because the viscosity of ILs can easily
be tuned by varying the structure of the cationic and anionic counterparts,18 we
investigated whether the conformational preference of PD would be altered as a
consequence of changes in the viscosity due to variances in the IL structure. As
such, this could also be used as a corroboration of the designer solvent ability of ILs, %
as well as a demonstration of the distinct nature of ILs as compared to the molecular

solvents.



However, the synthesis of PD utilizes a time and material consuming 14 step
process, leaving us to desire to obtain a molecular rotor which we can create and use
for a large variety of measurements. BODIPY dyads and triads molecular rotors were
designed and used because they can be synthesized in two and three steps,

respectively.

1.5 BODIPY Rotors

BODIPY (boron-dipyrromethene) dyes are versatile fluorophores that have
received a significant amount of attention after its first synthesis in 1968
due to their wide-spread applications in chemical, biological, and materials
sciences, for example as pH sensor, peptide conjugates and as a laser dye.
Importantly, the photophysical properties of these dyes can be tuned via
structural modifications of the boron-dipyrromethene scaffold.*3 As such,
BODIPY dyes offer a number of advantages over other types of fluorescent dyes,
owing to the relatively facile synthetic manipulations that allow for the
incorporation of various moieties in a fairly straightforward and modular

manner, although it is not always very efficient and/or economical.

Several BODIPY-based viscometers have been recently reported, as shown
in Fig. 1.3 A,B, and D. % Typically, the rotor-moiety is attached at the meso-position

of the BODIPY scaffold which allows for a rotation around the single C-C bond in the



meso position. In general, an increase in viscosity should suppress the rotation of the
substituents around the BODIPY core in the exited state, and as a result suppress the
non-radiative decay, which will lead to an increase in emission intensity, quantum
yield, and lifetime.* 3742 It could be assumed that the photophysical properties of
BODIPY dyes, lifetimes in particular, are insensitive to variations in the polarity and
pH of the media, thus making these dyes viable for monitoring viscosity changes
within different types of media. Specifically, the lifetimes of BODIPY viscometers
(typically in the ns range) showed a linear correlation with the viscosity in the 15-1000
mPa s range. The main application of these rotors has been the evaluation of viscosity
of molecular solvents as well as cellular environments.* % 44 Several examples for
using BODIPY-based rotors as fluorescent pressure sensors have also been

reported.+347

Figure 1.3) Some representative examples of BODIPY based viscometers;
A) ref 38; B) ref 48 C) ref 49 D) ref 50



Additionally, temperature-dependent changes in the microviscosity of poly(N-
isopropylacrylamide-4-chloromethylstyrene) polymers were recorded by covalently
attaching a BODIPY fluorophore to the polymer’s side chain.” Also, an effect of the
so-called remote substituents, i.e., aromatic (phenyl and tolyl) moieties in the 3- and
5-positions of the BODIPY motif (Fig. 1.2 B) on the ability to respond to changes in the
media's viscosity was evaluated in a series of homologous, straight chain alcohols

with increasing viscosity (ca. 0.5-10 mPa s).#

Only a few examples of BODIPY dyads as molecular viscometers have been
reported. Specifically, the fluorescence intensity as well as quantum yield of a chimeric
viscometer, featuring a BODIPY—ferrocene motif (Fig. 1 C), exhibited a linear

correlation with the viscosity of THF-ethylene glycol mixtures.®

Concurrently, the fluorescence lifetimes increased from 2.3 ns to 3.7 ns as the
concentration of ethylene glycol increased from 10 to 90%. Furthermore, a
triphenylphosphonium-containing coumarin-BODIPY viscometer (Fig. 1 D) was shown
to report changes in viscosity within mitochondria.®? Recently, a chimeric BODIPY-Nile
Red probe that is capable of reporting on both polarity and viscosity of the specific

media was also developed.*

BODIPY dyes are versatile fluorophores whose spectral properties can be tuned

via a range of structural modifications.> % As a result, BODIPY dyes have been explored
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in a variety of applications, including molecular, ionic and biological sensing.>¢
Importantly, BODIPY-based rotors have been shown to be suitable for sensing viscosity,
including the viscosity of intracellular environments. Specifically, BODIPY dyes with
the modification in the para-position of the phenyl substituent and in the meso- position
of the BODIPY scaffold were shown to be viable sensors of intracellular viscosity as their
fluorescent lifetime showed a good correlation with viscosity.* 4 % ¢! [t should be noted
that the so-called “distorted-BODIPY” fluorescent viscometer with the
carboxyaldehyde-moiety in the meso-position of the BODIPY- scaffold was shown not
only to map the viscosity of the cell, but also to detect viscosity changes associated with
the early stages of apoptosis in a breast cancer cell line MCF-7.4¢ With regard to the
BODIPY-based dyads for measuring intracellular viscosity, the coumarin-BODIPY dyad
was demonstrated to detect viscosity in mitochondria.®> In view of the significant linear
correlation of both fluorescence intensity and fluorescence lifetimes with viscosity, the
aforementioned sensor was shown to be applicable for monitoring viscosity changes
that occurred during mitochondrial apoptosis events. Overall, it could be argued that
tairly long fluorescence lifetimes (on the order of several ns) along with synthetic
accessibility make BODIPY-containing systems a viable platform for the development of
fluorescence lifetime based molecular viscometers. It should be pointed out that
multistep synthetic protocols that are employed for the preparation of the dyads,

BODIPY- based* as well as porphyrin-based, which have proven to be very potent in

11



mapping cellular viscosity® should be taken into consideration and they often might be

viewed as a draw-back.

In order to overcome this drawback, we decided to explore homodimeric
BODIPY dyes, which could be prepared in a few steps from readily available starting
materials. Towards this end, we recently assessed the potential of a BODIPY dimer (BD)
to act as a viscometer for molecular and ionic solvents (Fig. 1.3).¢2 Here, we expand on
the application of BD and report on its ability to act as a microviscosity sensor in various

cellular and membrane-mimicking environments.*

Y _
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Figure 1.4) Structure of BODIPY dimer (BD)
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Due to the success of the BODIPY dyad, a BODIPY triad was then synthesized
and evaluated. They are composed of a triazine core attached with three BODIPY units,
as seen for the rotor in Fig. 1.5. It was synthesized through a three step process, and
had an extremely high extinction coefficient, in the 100,000 — 200,000 M! cm™ range
depending on the solvent. The extinction coefficient is a measure of a fluorophore’s
ability to absorb light, thus relating directly to its sensitivity, one can use twice less of the

BODIPY triad than that of the BODIPY dyad to in a measurement.

12



Figure 1.5) Structure of trimeric BODIPY rotor T1
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Chapter 2. Theory

2.1 Electronic Transitions

Using a one-dimensional harmonic operator of mass m and charge e as an
approximation to generalize vibrational transitions of molecules which contain electric
dipoles, we can explain the process of absorption and subsequently fluorescence.* The
charged particle will have the potential V=1/2 k x? in its lowest vibrational state
described by the wavefunction Wo(where k is the spring constant and x is the distance
displaced). We need to find a probability that the transition Wo» Wi can be stimulated

by light. The total wave function is:

Y(x, t) = coWolx,t) + ;W1 (x, t) (2.1)

Where the coefficients cois 1 and ci= 0 at time zero, thus the oscillator is in its ground
state v=0 at time zero. Applying a one-dimensional, oscillating electric field, €, will

produce a force:

F = ee (2.2)

and potential:

V = eex (2.3)

14



This can then be entered into the time-dependent Schrodinger equation as:

h? 92 6‘IJ(x t)

(%ﬁ +>kx? + eex) Y(x,t) = o (2.4)
Assuming a solution of the form:
W = oWy + ;W = copppeEot/h 4 cap e Eat/R (2.5)

Where Eoand E: are the energies of the two states and coand ci1 are functions of time if
the oscillator is to change vibrational states. Inserting (2.5) into the right hand side of

(2.4) gives:
9 —iEgt/h —iEyt/h dco dey
ih Y (cotl)oe ot/ + cipeTt ) ih (‘PO + ¥ ” ) + coWoEy + 1 W1 Eq (2.6)

While putting (2.5) into the left hand side of (2.4) gives:

hz 62 1

%a— + = kX + eex (Colpo + Cllpl)
—h? 9?2

B <_7+ ke )0:0% + ¢ + eex(coWo + c1'Py)

= coWoEy + c; W1 E; + eex(cyWy + ¢, W) (2.7)
Combining and simplifying (2.6) and (2.7) results in:

eEX(COLIJO + Cllpl) = lh (LIJO % + l.IJl Liictl) (28)

15



If we multiply (2.8) by ¥; and integrate over all of space, one gets:

dCl

€ 7 ex(coWiWo + o, WiWdx = i (52 [ wiwydx + 52 (7 Wiy dx)  (29)

However, the integral f_oooo YW, dx is zero because they are orthogonal wavefunctions,
then f_oooo WYIW; dx is equal to unity because the wavefunctions are normalized. Thus we

are left with the integral of (9) to be:
€ f_ ex(co¥iWo + ¢, Wi¥y) dx = ih—= dcl (2.10)

This gives the coefficient for time dependence of the excited state. We can determine
how it changes with time when at t=0 when we introduce the electric field. At t=0, ci=0
and co=1, so one can get rid of terms containing c1 on the left hand side of (2.10). We will

use an electric field of
€ = € cos 2mvt = (1/2)€y(e?™Vt + e~2m0t) (2.11)

For ¥, and ¥; we will use the form from (2.5) and insert these into (2.10) to get:

1 . wey [ ; i dc
560(62”“” + e_2nwt)f expy e~ 1t/ Pypge~tFot/h dx = lhd_l
dCl ( 2mivt + e—ZTL'l‘Ut)(el(El Eo)t/h)f ex¢1¢0 dX

dt ~ 2ih

ﬂ_ l(E Eo+hv)t/h i(E;—Ey—hv)t/h *
— 2lh( 1=Fo + eiF1=Fo- )7 expip, dx (2.12)
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This integral, f_oooo exP1, dx, is the dipole transition moment integral for the transition
from the state v=0 to v=1 and can be denoted as poi. We can integrate (2.12) from t=0 to t

to find:

1_ei(E1—E0+h17)t/fl 1_ei(E1—E0—h‘U)t/fl:|

€9
& =g |
1= S Hot E1—Eo+hv E1—Eo—hv

(2.13)

We are interested in the case where the energy of the incoming light, hv,* approaches
Ei-Eo, as this is the requirement for absorption (AE=hv). In that case, the 2"¢ term of
(2.13) in brackets approaches zero and thus dominates the 1% term, so we will drop the
tirst term. We are interested in c1 * ¢, as the probability of being in the excited state goes

as such. Thus we will multiply (13) by ci"to get:

2 _pi(E1—Eg—hv)t/h_ ,—i(E1—Eg—hv)t/h
__ € 2 [2-e e ]
x0p = —— :
c1xer = o | G (2.14)
: , 1 ; 2 o
One can substitute sin® 6 = - (2 — 20 — ¢729) which yields:
€02 1o12 Sin?[Ey—Eg—hvt/2h

C1 % C1 — 0~ Ho1 [ 1 0 / ] (2.15)

(Ey~Eq—hv)?

We need c; * cyvalid for all values of incident light (recognizing that only values near

the resonance frequency v will give magnitude to c; * ¢;). Thus one can integrate (2.15)

sin? x

from v=0 to * by setting x = (hv — E1+ Eo)t\ 2A and using fjooo dx = m, so

x2

2x

2 2 i 2 2
€ t oo sin € t
0 Fo1 dx =2 ru - (2.16)

Gi*6 = 4mh2 J—oo x2 4h2
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And thus we arrive that:

d(c1xc1)

= €0°to1” (2.17)

This is a fundamental relationship. At time zero, or the initial rate, at which the excited
state is populated is proportional to the square of the amplitude of the electromagnetic

radiation, €y, and the square of the dipole transition moment integral, 1.
For an electronic transition, the transition moment integral is:®
u= [y aypdr (2.18)

in which * stands for the excited state and the dipole moment operator, 4, is then
divided into two components:®” i, which only depends on the nuclear coordinates, and

fi,which only depends on the electron coordinates. We will define the wavefunction as

Y = Y5y, then:
U= [Py Uy + W) esPpdt (2.19)
= j Versr YorllnPesPpdt + f Versr YorlleWeshydt

u= fl»b;rsrwes dTes f Yoty Y dty, + f¢$ﬂ/)vdfn f Yeorsi UeesdTes (2.20)

The integral [ 13,5 es dT.s is zero because the electronic wavefunctions ¥, and 1,
are orthogonal. The third term, [ y;,¥,dt, , is the vibrational term, also known as the

Franck-Condon factor. Unlike the first term of the electronic wavefunction going to
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zero, the Franck-Condon factor can be non-zero because it is a transition between

different electronic states. Furthermore, (2.20) can be written more fully because i, does

not act on the spin coordinate as:

u= f¢$r¢vdfn flp;r Ueedr, flp;r Ysdg (2.21)

The square of this formulation gives the probability of a vibrational transition (1% term),
electronic orbital transition (2" term) or a spin transition (3*¢ term). Thus if any of these
are zero, the transition is forbidden, but otherwise gives us a basis for the electronic
selection rules in molecules. The Franck-Condon factor essentially gives us the overlap

integral of the vibrational wavefunctions in the ground and excited electronic states.

Once a molecule has absorbed this energy, there are a variety of competing
processes in which it can it be dissipated and the molecule returned to its ground state.

These processes are qualitatively explained in a Jablonski-Perrin Diagram (Fig. 2.1).
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Figure 2.1) Jablonski-Perrin Diagram for possible pathways of the energy absorbed by a
molecule. Straight lines involve a photon, wiggly lines do not.

<

Two different forms are possible, radiative (photon-involved) and non-radiative
(photon-less,). We can describe each quantitatively by the rates at which they occur:® T

(radiative) and k,, (non-radiative). The quantum yield of a molecule can be defined as

number of photons emitted r
/P = (2.22)

Qv =

number of photons absorped - I'+kns

And is typically thought of how effective a molecule is at emitting absorbed light. The
ability to emit a photon is governed by the same selection rules discussed above.
However, once a molecule has absorbed a photon, the radiative and non-radiative

process begin to compete for the energy.

The radiative routes are through fluorescence and phosphorescence (straight

lines in Fig. 2.1). In each cause, a photon is released carrying the energy required to
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decay to the ground state. Fluorescence occurs when there is no change in spin
multiplicity (S1 to So). This is an allowed transition from the 3™ term of (2.21). The time
scale for fluorescence is short, on the order of 10 seconds (nanoseconds).
Phosphorescence occurs when there is a change in the spin multiplicity (T:to So). As this

is a spin-forbidden process, the rate is quite slow, on the order of 10 to 10? seconds.

Non-radiative routes in which energy can be dissipated are through collisions
with surrounding molecules (heat), internal conversion (IC) and intersystem crossing
(ITC). Internal conversion is the radiationless process of relaxation through vibrational
energy levels only with no change in the spin multiplicity. Intersystem crossing is the
radiationless transition between electronic states with a change in spin multiplicity. This
process is more common in heavy-atom molecules (typically lanthanides) due to their
ability to have spin-orbit coupling facilitating the change in spin multiplicity. There are
a few other advanced processes, such as Forster energy transfer (FRET) and
photochemical reactions, but these are ignored for simplicity here. There is also a non-
radiative pathway by intramolecular rotation, or twisting, during the excited state
which is associated with a charge transfer, thus a “twisted intramolecular charge
transfer” (TICT). This will be discussed further in detail as it is the basis of molecular

rotors.

When a photon is emitted, it has lost some amount of energy due to heat

dissipation, molecular vibrations, IC or ITC. This energy loss is manifested as the
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Stoke’s shift, the emitted photon is of less energy than the absorbed photon, as shown
for a fluorescein molecule in Fig. 2.2. The absorption transition band is not sharp as one
might expect, but somewhat broad as a consequence of the closely spaced vibration
energy levels and rotational motion of many (in this case 6 uM fluorescein dye, or 10"

molecules) which allows a range of photons to match various transitions.

1 2L - - -Absorption
Emission Stoke's Shift

(a») —
oo o
I T T

-~

Intensity (a.u.)

|
0.4+ ) \
L / |
/ L}
0.2 - / \
- s 1
[ o ~ -~ P -~ \
0.0 F S - T—
300 400 500 600

Wavelength (nm)

Figure 2.2) Absorption (dotted blue) and emission (solid green) spectra of 6 uM
fluorescein

Although absorption can promote the molecule to higher excited electronic states
(52, Ss, etc.) emission occurs in appreciable amounts only from its lowest excited state of
a given multiplicity. This is known as Kasha’s Rule, but is a result of the Franck-Condon

factor for vibronic transitions. In equation (2.21), we only considered pure electronic
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transitions in which ,,,and 1, were completely symmetric, or 0-0 transitions. In

practice, this is not the case, and the electronic and vibrational transitions are coupled

and we can rearrange (2.21) as:

u = [Yebpleebdty [ 5 Psdrs (2.23)

In this case, ¥,,and 1, do not have to be completely symmetric for a transition. Thus,
radiative transitions could occur from a number of excited electronic energy levels, thus
giving off a wide variety of energy photons. However, in the higher excited electronic
states, the vibrational energy levels lie much closer to one another. As the greatest
overlap integral will occur between vibrationless (v=0) energy levels, these transitions
(i.e. S3>S2), which are actually IC, are coupled greatly and the molecule will reach its
lowest excited state (S1,T1) much sooner than the coupling of higher excited states and
the ground state (i.e. S3=>So). Thus most fluorescence occurs from the first excited
electronic state, but there are exceptions. Due to the fact that, typically, the same
transitions are involved in both absorption and emission, this leads to the mirror image
rule in which the absorption and emission spectra are generally mirror images of each

other.

The fluorescence lifetime, or the time spent in the excited state, is the average

measurement of all these competing processes:®

T= (2.24)

T T+kpy
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If we assume that an initial amount of molecules No* are in the excited state, one can
model the amount of molecules in the excited state as a function of time by the first

order rate equation:
AN*(t)

2 = kNG (8) (2.25)

Where k is all decay rates (radiative and non-radiative). One can then integrate with

respect to time:

N*(t) = Nje~kt (2.26)
We can also define the lifetime 7 = 1/k so we are left with

N*(t) = Nje /" (2.27)

Thus the average fluorescence lifetime of a single species is 1/slope for a single

component exponential decay, as experimentally shown in Fig. 2.3 for the same 6 uM

fluorescein as in Fig. 2.2.
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Time (ns)
Figure 2.3) Fluorescence intensity decay of 6 uM fluorescein.

This average lifetime is, in general, independent of excitation wavelength,
excitation power or concentration. Each species has its own average lifetime, so
multiple species can be more easily identified if the lifetime is measured than through
steady state methods (absorption, emission, etc). The fact that many typical organic
fluorescent molecules have a lifetime in the range of 1-5 ns gives fluorescence
spectroscopy an almost unparalled advantage in detection of biological systems because
this time range is the time frame in which many biological processes occur. This can
also allow the molecule to interact with its environment during the time spent in its

excited state.
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2.2 Fluorescence Anisotropy

Anisotropy is another tool in which fluorescence can exhibit excellent precision
in a wide-range of biomedical studies due to the polarized nature of light. Light travels
as an electromagnetic wave. The electric vector can be defined by the plane it travels in,
or it’s “polarization”. Typically, an experiment is run using vertically polarized light to
excite the sample, then a polarizer is set on the detection system to measure the
intensity of the light parallel (I;) or perpendicular (/,) to the excitation light. The

difference in these intensities can be used to measure the fluorescence anisotropy:

_ -l (2.28)

T on+2I

This difference in emission polarization intensities is due to the fact that a
fluorophore’s absorption is photosensitive to the polarization of the incoming electric
wave. They preferentially absorb photons which their electric vectors are parallel with
molecule’s transition moment. If the fluorophore emits a photon, it does so along a fixed
axis in the molecule, acting as a radiating dipole. If one assumes the excitation and
emission transition moments are parallel and with z-axis symmetry (dipole oriented
along the z-axis), and no molecular rotation, one can calculate the observed anisotropy

for a spherical molecule. First, the electric field created by the molecule is:%

sinf »

E6,¢) =k

(2.29)

r
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Where k is a constant, r is the distance to the molecule, O is the polar angle and ¢ is the
azimuthal angle. The intensity of the emitted light is proportional to the square of the

electric field:

sin%6 ,
r

1(6,9) = k?

(2.30)

r2

where 7 is a unit vector in the direction of propagation. The projection of the electric
tield in the z direction is proportional to cos 8 while along the x-axis it is proportional to

sin 8 sin ¢. Thus the intensities parallel and perpendicular are:
1,(6,¢) = cos? 0 (2.31)
1,(6,¢) = sin? §sin? ¢ (2.32)

Next, we must consider randomly oriented fluorophores were excited with the

polarized light. For excitation polarized along the z-axis, all molecules at an angle ¢

from the y-axis have equal probability to be excite, or rather put, the fluorophores are
symmetrically distributed about the z-axis. The molecules are oriented with values of ¢

from 0 to 27t with equal probability, thus one can drop the ¢ dependence in (2.32).
The average value of sin? @ from 0 to 27t is ¥, so one gets:
1,(6,¢) = cos? 0 (2.33)

1,(8,¢) = 5sin?0 (2.34)
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One can assume we observe fluorophores oriented relative to the z-axis at some

probability £ (6). The fluorescence intensity for these molecules is thus:
— (T2 2 — 2
Iy=J,"" f(6) cos?* 8 d6 = (cos” 6) (2.35)
I, =2 [ £(6) sin> 6 6 = > (sin? §) (2.36)

Where £(0) d0 is the probability a fluorophore is oriented between 6 and 0+d6. One can

plug (2.33) and (2.34) into (2.28) and reduce to find:

3(cos?6)-1
r= ( . )

(2.37)

Thus, the anisotropy is determined by the average value of cos?0, where 0 is the angle
between the emission dipole and the z-axis, assuming the fluorophore is symmetric
about the z axis. To better understand (2.37), one can see that at 6=0 (co-linear
transitions), it gives a value of 1. According to (2.28), this means the measured
intensities of the parallel and perpendicular components of emitted light are equal.
However, this perfectly oriented system is not possible in a homogenous solution, and
the largest value is in fact 0.4.% At a value of 54.7°, this results in » = 0. This is called the
Magic Angle. Thus, one typically measures fluorescence experiments with a vertical
polarizer on excitation and one at 54.7° on emission to ensure there is no anisotropy

introduced in the measurements.
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2.3 Molecular Rotors

Molecular rotors are a subclass of intramolecular charge transfer fluorophores

which form a lower energy twisted state.

_|_
D D D

a) A b) A C) 0

Scheme 2.1) Molecular rotors undergo an intramolecular charge transfer and twist

Typically, an electron donating subunit (D in Scheme 2.1) and an electron acceptor
subunit (A in Scheme 2.1) are planar. They are spatially separated, thus limiting, but not
eliminating, electron orbital overlap. If the planarity is compromised by even a few
degrees, no conjugation is observed. If linked by a single bond, the donor and acceptor
subsytems have a limited degree of freedom about the bond. When the moiety absorbs
a photon, either the donor or acceptor subunits can be excited (Scheme 2.2, a and b). In
both cases, this results in the same charge separated species, A"....D*. However, these

electrostatic forces now induce a non-planar, twisted, and energetically lower excited
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state (Scheme 2.1 c). This process is known as Twisted Intramolecular Charge Transfer
(TICT). Occurring in the excited state, these electron transfer reactions are fast, on

typically on the order of picoseconds.®

Once excited, there are deactivation routes which the excited fluorophore can
undergo: radiative” and non-radiative.” In the case of a radiative decay, the energy is
released in the form of a photon and is seen as a shifted band in the emission structure.
In this study, this is the case for the porphyrin dimer, PD, as seen in Scheme 2.2 c. The
twisted state can be formed such that the energy gap is much smaller than the original,

planar orientation. In this case, a non-radiative IC process occurs, relaxing the molecule

a) C) b)

I — I —
. —— - .
— . ey —

BD 2\PD
T1 .
° . o0

o o HEmmm _—. . —

— o o mmmm —

[ N — [ N

[ BN | e o N

— —

-+
A.......D"— A.....D «—A*....D

Scheme 2.2) Scheme of photoinduced charge transfer. If either A or D is excited, the
same charge state is formed. Energy is released (c) either through a photon (red line, as
seen in PD) or non-radiative, vibrational decay (green wiggly line, as the case for BD
and T1).

through vibrational means and without a second emission band. This is the case for the

BODIPY dyes in this study, BD and T1 in Scheme 2.2 c. They typically display very low
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quantum yield in non-viscous solutions, as an increase in viscosity increases the energy
barrier to form the TICT state. Solvent polarity can affect some dyes, as ordering
charged solutes around the twisting molecule can take energy as well. Thus, the TICT
state formation results in a fluorophore which reacts significantly with its surrounding

microenvironment.

The fluorescence characteristics of the probe depends on freedom of
conformational change. For system where intramolecular conformational change
depends on viscosity of the local environment in the proximity of the molecule a
linear dependence of the quantum yield and/or fluorescence lifetime as a function
of viscosity should be observed. This viscosity dependence of lifetime can be

expressed using Forster -Hoffman theory according to the following equation:”2

logt=C+xlogn (2.38)

where 1) is the viscosity, C is the y axis intercept and x is the slope of the line, which is
0.6 for the perfect rotor as predicted by the Forster-Hoffman theory and t is the
fluorescence lifetime of the probe. This equation holds true for the emission quantum
yield as well. However, fluorescence lifetime is a much more reliable property than the

quantum yield due to its insensitivity to local dye concentration.
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Chapter 3. Methodology

3.1 Porphyrin Dimer

All reagents and solvents were from commercial sources (Sigma-Aldrich, Acros,
Alfa Aesar) and were used as received. Ionic liquids were synthesized and purified
according to literature procedures described below. PD was prepared according to
literature procedure; the structure and purity were confirmed by MALDI-TOF
spectroscopy and HPLC, respectively. A 1 mM concentration stock solution of PD in
DMSO was prepared fresh prior to experiments, used within 48 h for all spectroscopic
measurements, and protected from direct light exposure during storage. All solutions of
PD in ILs were prepared by addition of the DMSO stock solution to the ionic liquid

followed by vortexing at 3,000 rpm for 10-30 seconds.

Absorption spectra were acquired on an Agilent 8453 UV-vis instrument using
1.0 cm quartz cells. The absorption maxima of the Soret band in molecular solvents and

their mixtures was centered about 470 nm while for ionic liquids at 475 nm.

Fluorescence measurements were performed using a Shimadzu RF-5301PC as
follows: for all molecular solvents and molecular solvent mixtures excitation
wavelength was 470 nm; for all ionic liquids excitation wavelength was 475 nm;
emission spectra were collected from 600 to 900 nm; excitation and emission slit widths

were 3 nm in 1.0 cm quartz cells. All spectra were background subtracted using
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appropriate blanks, and subsequently smoothed using manufacturer provided
software. Temperature dependent measurements were performed using a Agilent-Cary
spectrophotometer with a Peltier temperature controller as follows: Aexc was 470 nm;
emission spectra were collected from 600-900 nm using five scans; excitation and
emission slits were 10 nm in a 1.0 cm quartz cell. The samples were equilibrated for 5
min. at a given temperature before the emission spectra were measured. All spectra

were background subtracted using the appropriate blanks.

Percent of twisted PD conformation (twisted PD / %) was calculated as follows:

tWiSted PD / % = (Fmaxtwisted) / (Fmaxtwisted + Fmaxplanar) *100 %

where Fm®isted is the maximum fluorescence intensity of the twisted conformation;
FmaXpianar is the maximum fluorescence intensity of the planar conformation. The maxima

were recorded after 5 minutes of allowing the temperature to equilibrate.

Water content of ILs was measured using Aquamax KF coulometric titrator from
GRS Scientific according to manufacturer protocols using 0.4 or 0.5 ml of sample.
Viscosity and density of ILs were measured using Anton-Paar Lovis 4500M
microviscometer. Fluorescence measurements were performed concurrently with the

water content measurements.
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3.2 Ionic Liquids

All ionic liquids were prepared according to the literature procedures following
the general sequences described below.! All ionic liquids were purified as follows:
ionic liquids were dissolved in CH:Cly, followed by filtration to get rid of inorganic
impurities. Next, ionic liquids were repeatedly treated with charcoal in EtOH at
elevated temperatures followed by filtration and removal of EtOH in vacuo (for an
azeotropic removal of residual water). Finally, the ionic liquids were dried under
vacuum for 8-12 hours. All sample preparations and spectroscopic measurements were
conducted immediately after removing the ionic liquids from the vacuum with care to

minimize the exposure to moisture.

3.3 Spectroscopic Measurements

UV-Vis absorption and fluorescence spectra were obtained using a Cary 50 bio
UV-visible Spectrophotometer (Varian Inc.) and Cary Eclipse Spectrofluorometer
(Varian Inc.), respectively. All the measurements were done in 0.4mm x lcm cuvettes
with optical density below 0.05, unless mentioned otherwise. In order to measure the
quantum yield, absorption spectra of BD was collected followed by measuring
the integrated fluorescence intensity of the sample. A solution of fluorescein in 0.1M
NaOH was used as a reference (quantum yield: 0.90).” Fluorescence lifetime was

measured on a FluoTime 300 fluorometer (PicoQuant, Inc.) using a 470 nm diode
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laser. The fluorometer was equipped with an ultrafast microchannel plate detector
(MCP) from Hamamatsu, Inc. The TCSPC was done through a TimeHarp 260
(Picoquant, GmbH) module. The fluorescence lifetimes were measured in the
magic angle condition, and appropriate G factors were used to correct for
polarization effects. Lifetime data were analyzed using FluoFit4 program from

PicoQuant, Inc (Germany) using multi-exponential fitting model:
1) = Siae” /i (3.1)

where, ai is the fractional amplitude of the intensity decay of the ith component at time
tand ti is the lifetime of the ith component. The intensity and amplitude weighted

average lifetimes (<t>mi, and <t>amp) were calculated using the following equations:

< T >pme= i fiTi (3:2)
ZiaiTi

< T Spmp= szd: (3.3)

e o

Where fi represents the fractional intensities for each fluorescence lifetime component.
Radiative and non-radiative rates were calculated using experimentally

measured quantum yield and fluorescence lifetimes using the following equations:

& = (3.5)

T kptkny
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and:

T= (3.66)
The (normalized or reduced) )(2 is the optimization parameter for least
squares fitting analysis defined as:
1 1i-1(t)]?
Xt == [T] 3.7)

Where 71 is the number of data points, p is the number of freely varying parameters,
oj is the standard deviation, I; is the measured intensity at time tj and I(;) is the

titted theoretical value for the fitted intensity decay function at time tj.”*

3.4 Fluorescence Lifetime Imaging Microscopy (FLIM)

Laser excitation was provided by a pulsed laser diode (PDL-470) emitting a 470
nm light and driven by a PDL 828 ““Sepia II"” driver (Picoquant, GmBH). This driver
was operated at 80 MHz. Measurements were performed using a MicroTime 200 time-
resolved, confocal microscope from PicoQuant. The excitation and emission light was
focused using a 60x 1.2 NA Olympus objective in an Olympus IX71 microscope, and
the emission light was filtered using a 488 nm long wave pass filter before passing
through a 50 um pinhole. Detection was made using a hybrid photo- multiplier
assembly. The resolution of the time correlated single photon counting (TCSPC)

module was set to 4 ps per bin in order to facilitate the detection at the highest possible
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resolution. All data analyses were performed using the SymPhoTime software, version
5.3.2. All experimental equipment and the SymPhoTime software were provided by
PicoQuant, GmbH, as part of the MicroTime 200 system.
3.5 Cells and Lipids

The SKOV3 (ovarian carcinoma cell), Calu 3 (human epithelial lung cancer) and
DU145 (human epithelial prostate cancer) cell lines were obtained from American Type
Culture Collection (ATCC), Manassas, VA (USA), and grown to 70% confluence in
RPMI supplemented with 10% FBS and 1% Pen-Strep. Cells were trypsinized using
0.25% Trypsin EDTA and seeded on 20 mm round glass-bottom petri dishes. After 24
hours, cells were stained with 500 nM of BD/T1 for 20 min at 37 °C. Next, the media
was washed 3 times using PBS and fresh PBS was added followed by FLIM imaging on

Olympus IX7 microscope.

Four different lipid unilamellar vesicles were prepared using DPPC (1,2-
dihexadecanoyl-sn-glycero-3-phosphocholine), POPC (1-hexadecanoyl-2-(9Z-
octadecenoyl)-sn-glycero-3-phosphocholine), POPC + cholesterol and DMPC (1,2-
dimyristoyl-sn-glycero-3-phosphocholine). Appropriate amounts of each lipid and
BD/T1were dissolved in chloroform (the lipid : dye ratio was 800 : 1) in glass bottles.
The solvent was evaporated under oxygen free nitrogen stream and left overnight to
remove any traces of organic solvents. Next, PBS (phosphate buffer saline) was added

followed by strong sonication at about 40 °C to get giant multilamellar vesicles.
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Moreover, in order to obtain unilamellar vesicles, mutlilamellar vesicles were passed
through 100 pm and 0.02 pum membrane syringe filters. As obtained lipid vesicles were

used for fluorescence lifetime measurements.
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Chapter Four: Results

4.1 Porphyrin Dimer Molecular Rotor

First, the fluorescence spectra of PD were measured in ethanol, glycerol and

their respective mixtures (Fig. 4.1 A).

A EtOH : glycerol (v/v) n,mPa s

1 ; 1
§ g 12 Eé solvent n, mPa s
808 s i § 0.8 ethanol 1.2
2 70 :30 7.6 o
5 5 decanol 15
206 o ed % a8 ethylene glycol 21
°
.g 0.4 _g 0.4 tetraethylene glycol 59
= 20:80 241 =
£ £ glycerol 1457
S 0.2 ! 6 0.2
= 0:100 1457 =

0 d 0 r - >
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Figure 4.1) Emission spectra of PD in A) ethanol/glycerol mixtures; B) various single

component solvents

Next, in order to evaluate the scope of single component molecular solvents,
the physical properties of more viscous decanol, ethylene glycol and

tetraethylene glycol were also measured (Fig. 4.1B).

In order to examine the correlation between the conformational
preference of PD and the viscosity of ILs, we employed ILsbased on one of the most
commonly used cationic components, i.e., 1-alkyl-3-methylimidazolium, [Cn-mim].
It is well known that the viscosity of this type of ILs can be altered by varying the

length of the alkyl chain as well as the identity of the anion.”>* Hence, we prepared
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several sets of [Cn-mim]-based ILs (Scheme 4.1) in order to investigate the effect of

viscosity on PD conformation and potential cation and/or anion effects.

S
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Scheme 4.1) Synthesis and abbreviations of ILs

ILs were chosen to cover a wide range of viscosities.”>® In general, for 1-alkyl-
3-methylimidazolium-containing ILs, increase of the alkyl chain length leads to more
viscous ILs. It is also known that NTf,-based ILs are among the least viscous
imidazolium-type ILs, while viscosity of PFs-containing ILs spans over a fairly wide
range. In addition, NOs-containing ILs, which are generally much more hydrophilic
than the corresponding NTf,- and PF¢-containing congeners, were chosen due to
similarities in viscosity with the PFg-containing set of ILs.® 8 Collectively, this set of
ILs would aid in identifying possible anion and cation effects on the PD

conformation.
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Entry | lonic Liquid | Viscosity, mPa+s | Density, g/cm’ | Water content, ppm

1 [Ca-mim]NO4 262 1.15545 4140
2 [Co-mim]NO3 791 1.05085 5473

[C4-mim]PFg 381 1.37045 347
4 [Ce-mim]PFs 1324 1.21513 290
5 [Co-mim]NTH: 38 1.51923 590
6 [Co-mim]NTH, 60 1.43579 469
7 [Co-mim]NTH: 116 1.29499 628
8 [Ciz-mim]NTF; 202 1.24681 223

a — viscosity and density measurements performed at 20°C.

Table 4.1) Properties of ionic liquids?

Furthermore, the viscosity of ILs is known to be greatly affected by the
presence of water.”” 8 Therefore, the water content of all ILs was measured after the
viscosity and spectroscopic measurements were performed (Table 4.1). It could be
argued that in order for the ILs to be viable from the practical standpoint,
all manipulations involving the ILs must be conducted on a bench top. Assuch, no
attempts to reduce the amount of residual water in ILs, beyond commonly applied

azeotropic water removal and vacuum drying were taken.

Concurrent with water content measurements, we examined the
conformational preference of PD in ILs using fluorescence spectroscopy (Fig. 4.2).
It should be noted that ILs are intrinsically fluorescent, and the origin of the
fluorescence has been debated in the literature.8® However, a number of

experimental and theoretical accounts from various groups have suggested that it is
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likely to be related to the microstructuring within ILs.®> Here, for all fluorescence

experiments that feature PD, the fluorescence spectra of ILs were subtracted.

A

1 B c
8 g 1 & A
& [C-mimNT 38 2 8
308 [C-mimNT}, 60 % 08 ] [CmimNO,
S 06 Co-mimINT 6 - [C-mim]PF, £ 06 [C,-mim]NO,
é G mimINTY 202 ev [Co-mim]PF, 1324 A

8 ?

Soa o4 £oa
E £ g
s 0.2 g 0.2 é 0.2

0+ 0+ 0+

650 700 750 800 850 900 650 700 750 800 850 900 650 700 750 800 850 900

wavelength / nm wavelength / nm wavelength / nm

Fig. 4.2 Fluorescence spectra of PD in A) [Co-mim]NTf2ILs; B) [Co-mim]PFsILs; C)
[Co-mim]NOsILs.

4.2 BODIPY Dimer Molecular Rotor

Here, we present a structurally simple and easily accessible symmetric
BODIPY-BODIPY dye suitable for probing a wide range of viscosities of both
molecular and ionic solvents. Both BODIPY (1) and alkyne-BODIPY (2) were
prepared according to either a conventional synthesis® or by a recently
developed mechanochemical procedure,® and the subsequent dimerization of
dye 2 was accomplished under Glaiser-type conditions®> % to furnish BDin a

moderate yield (Scheme 4.2).
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i)
0

TFA

ii) p-chloranil
iii) Et;N, BF 3-OEta
one-pot, grinding, Smin

ii) p-chloranil
iii) Et3N, BF ;-OEt;
one-pot, grinding, 5min

Scheme 4.2) Synthesis of BODIPY based viscometers used in this work: dye 1, dye 2 and
BD.

The fluorescence spectra of dyes 1, 2, and BD in ethanol, propylene glycol,
and glycerol revealed that the position of neither the absorption nor the

emission maxima (Table 4.2) were greatly affected by the viscosity of the media

DYE SOLVENT hoabs I IM hex I MM | <T>int /NS | <T>amp/ NS o]
1 ethanol 510 523 1.390 1.250 0.19
propylene glycol 511 524 2870 2.500 0.35
glyceral 513 525 4610 4 610 0.80
2 ethanol 512 529 0.550 0.290 0.04
propylene glycol 515 k30 0870 0.810 013
glyceral 515 525 3.060 2.820 0.48
BD ethanol 512 532 0.326 0.223 0.04
propylene glycol 513 532 1.463 1.344 0.19
glyceral 516 533 4 500 4155 0.48

Table 4.2) Photophysical properties of dyes 1, 2 and BD in molecular solvents at
20° C.
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SOLVENT T/i°C Viscosity | mPass

ethanol 5 1.8
(1985 ppm)® 20 14
35 1.0

50 08

propylene glycol 5 198
(1100 ppm)* 20 70
35 a0
50 15

glycerol 5 ND®

(970 ppm)® 20 1475
35 506

50 181

a — water content as determined by KF titration at room temperature;
b — not determined; m_p. of glycerol 17 8°C.

Table 4.3) Effect of temperature on the viscosity of molecular solvents.

On the other hand, the lifetime of dyes 2 and BD appeared to change notably
(Table 4.2). Specifically, the fluorescence intensity decay times for dye 2 increased
from <t>me= 0.550 ns in ethanol (] =1.2 mPa s) to <t>me= 3.060 ns in glycerol (=
1457 mPa s). In the case of BD, the change was even more pronounced with
<t>me= (0.326 ns in ethanol as compared to <t>mt= 4.500 ns in glycerol.
Although dye 1 showed only a marginal (ca. 3-fold) increase in the fluorescent
lifetime within the given viscosity range (Table 4.3), this change is worth noting,
primarily in view of a very simple structure of 1, where the rotor was realized
by a simple rotation of the phenyl group in the meso-position. Owing to the
large change in fluorescence lifetime over the given viscosity range (1.2 to

1457 mPa s), i.e., 13.8-fold for BD as compared to 5.6-fold for 2, and 3.3-fold for 1,
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we chose to further explore the possibility of using BD as a potential molecular

viscometer.

sity / au

inten

BD in ethanol
BD in propylene glycol

BD in glycerol

Figure 4.3) Fluorescence intensity decays of BD in molecular solvents at

20 °C
SOLVENT T/°C nl/ns ©/ns ulns ay s a3 <Tint <Camp f
EtOH 5 2.481 0.500 0.210 0.0022 | 0.1523 [ 0.8455 | 0.343 | 0.262 0.95
20 3796 0470 0.190 0.0012 | 0.1083 [ 0.8905 | 0.326 | 0.223 0.97
35 4.096 0410 0.155 0.0012 | 0.0748 [ 09240 | 0.303 | 0.178 0.95
50 3993 0433 0.134 0.0012 | 0.0316 [ 09672 | 0.287 | 0.148 0.99
Propylene glycol 5 3514 2087 - 0.1717 | 0.8283 - 2456 | 2332 0.95
20 2224 1.163 - 0.1714 | 0.8286 - 1463 | 1.344 0.96
35 1.759 0719 - 0.0751 | 0.9249 - 0.891 | 0.797 1.03
50 2.156 0476 - 0.0160 | 0.9840 - 0.591 | 0503 0.97
Glycerol 5 5238 2031 - 0.8366 | 0.1634 - 5059 | 4764 0.99
20 4701 1573 - 0.8282 | 01718 - 4500 | 4155 0.99
35 4.049 2.00 - 0.6439 | 0.3561 - 3610 | 3321 1.04
50 4.045 1.848 - 02343 | 0.7657 - 2729 | 2363 1.02

Table 4.4) Effect of temperature of fluorescence lifetime of BD in molecular solvents.
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Next, in order to explore other types of environments, we decided to
probe the potential of BD as a molecular viscometer in ionic media, i.e.,, room-
temperature ILs, and 1,3-dialkylmidazolium ILs are among the most widely used
and studied ILs." These solvents have found numerous applications, and they
could be viewed as customizable materials since their physical properties,
including viscosity, can be tuned via structural modifications of the cationic
and anionic counterparts.! 878 The viscosity of the 1-alkyl-3-methylimidazolium
ILs can be modulated over a wide range by simply adjusting the length of the

alkyl chains, as well as the identity of the anion.” 90-%

© © ©
N NTf, \ NTf, N PFg

NN\ NN
@”W_\ @”‘\_\

[C4-mim]NTF, [C4-mim]PFg

[Cyz-mim]PFg

Figure 4.4) Structures of Ils used in this work.

Importantly, on the structural level, neat ILs could be viewed as
heterogeneous, supramolecular polymer-like assemblies (or nanostructured
domains) as opposed to molecular solvents that are homogeneous fluids.®> 9498
This heterogeneity was also demonstrated to be crucial in controlling the

outcome of several organic reactions performed in ILs.% 1%
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Here, we investigated the behavior of BD in several ILs, namely [C4-

mim]PF,, [C4-mim]NTf,, and [C12-mim]NTf, (Fig. 4.4). These ILs were chosen based

on (i) their broad viscosity range (78 to 435 mPa s at 20 ° C, see Table 4.5), which

complements that of the molecular solvents (Table 4.3), and (ii) their largely non-

hygroscopicnature (as compared to more hydrophilic ILs, such as NO;- and

BF,-containing ILs). This was expected to facilitate the handling and

manipulation of the ILs during the measurements.

[ONIC LIGUID Temperature § °C Viscosity f mPas=s
[Ca-mim]PFg 5 1307
(1720 ppm)® 10 880

20 435
30 234
35 179
40 139
50 89
G0 61
[Ca-mim]NTHz 5 169
{707 ppm)? 10 129
20 78
30 LY |
35 44
40 36
50 27
&0 21
[Caz-mim]MNTf2 5 729
{430 ppm)? 10 516
20 248
30 144
35 116
40 a7
50 66
G0 47

a —water content as determined by KF fitration at room temperature.

Table 4.5) Effect of temperature on viscosity of ionic liquids.
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DYE SOLVENT hape (MM | kg /M | ST/ NS | <T>app /NS i)

BD [C4-mim]PFe 514 533 2244 2.101 0.29
[Co-mim]NTT: 514 h33 1.384 1.260 0.22
[Ciz-mim]NTTz 516 536 2276 1.906 0.48

Table 4.6) Photophysical properties of BD in ionic liquids at 20 ° C

Similar to molecular solvents the absorption and emission spectra of BD
were virtually unchanged in all three ILs (Table 4.6), while the fluorescent lifetimes
of BD increased as the viscosity of the ILs increased (Fig. 4.5 and Table 4.6). In
addition, multi-exponential fluorescence decays were noted for BD as well (Table

4.4).

BD in [C,-mim]NTf,
BD in .L m H‘}NT.’:
BD in [C,-mim|NTf,

Figure 4.5) Fluorescent intensity decays for BD in ionic liquids at 20 ° C
4.3 BODIPY Dimer Application

Our goal was to establish whether a simple BODIPY homodimer could act as a
molecular rotor, with its fluorescence emission and the fluorescence lifetime being sensitive
to the ambient viscosity. It appeared that changing the viscosity of the media (by using ethanol:

glycerol mixtures'®!) did not significantly affect the shape and peak emission wavelength (Fig.
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4.6). A small shift of the emission maximum (~7 nm) was observed when viscosity changed from

that of ethanol to that of glycerol and this could be ascribed to slight changes in the media

polarity.

1
4x10°F Ethanol:Glycerol Mix
Viscosity (cP)

. 3x10* —1.2
) —24
S —76
2 2x10° =
w
[ =
2
£

1x10°

500 525 550 575 600 625 650
Wavelength (nm)

Figure 4.6) Emission spectra of the BD in different visocisy mixtures of ethanol:glycerol

Additionally, increasing the viscosity of the media increased the emission intensity

and fluorescence quantum yield, whichis consistent with Equation (2.38).

[ A Ethanol:Glycero!l Mix 1.2
Viscosity (cP) 24

Intensity (a.u)

25 30 35 40 45 50
Time (ns)

Figure 4.7) Fluorescence intensity decays of BD in different viscosity mixtures of

ethanol: glycerol
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Fluorescence intensity decays at increasing viscosity in ethanol: glycerol mixtures were

measured (Fig. 47) and the fluorescence lifetime changed distinctly as a function of viscosity.

Prior to the cellular studies, we envisioned that investigations using simple lipid
vesicles would be advantageous for further understanding of the cellular observations.
Thus, encapsulation of the BD into vesicles, which were made from different lipid
components and physical states, could give an idea about the possible position of the dye
molecules in lipid bilayers and their surrounding microviscosity from fluorescence
lifetime measurements. Thus, the lifetime data of BD in DPPC, POPC, and POPC +

cholesterol were evaluated (Table 4.7).

Lipid Vesicles Tame / NS Tt / NS Viscosity /cP
DPPC 1.30 1.93 200
POPC 1.54 2.07 220

POPC+cholesterol 1.62 2.20 260

Table 4.7) Average fluorescence lifetimes of BD obtained in different lipid vesicles and
the corresponding viscosities calculated.

We envisioned that using the fluorescence lifetime versus viscosity calibration plots
obtained in ethanol: glycerol mixtures (Fig. 5.8) would allow us to determine the viscosity
distribution in cells via FLIM. Even though the fluorescence lifetime of a fluorophore
could be influenced by several environmental parameters apart from viscosity, such as
refractive index, polarity, pH, or chemical and physical quenching processes, it was shown
that BODIPY dyes were insensitive to changes in such environmental parameters and can be

unambiguously used to probe the intracellular viscosity.t! 102
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The BD wasreadily taken up by the SKOV3 cells. A bright punctate distribution of the
dye was observed throughout the cells. Moreover, very low intensity regions in cytosols were also
present. We expected the BD to target the hydrophobic membrane regions owing to its
hydrophobic nature as seen from the lipid vesicle experiments. Punctate distribution appeared to
be due to the accumulation of the dye in certain cell organelle membranes (Fig. 4.8 A). This
distribution pattern was found to be similar to the one observed by Levitt et al.! the
difference being less intense cytosolic fluorescence in our case. The lifetime distribution of the dye
was examined after 20 min. of incubation time. Furthermore, with longer dye incubation time (1 h),
no significant differences in distribution of the BD inside cells was observed. It is possible that
the dye uptake mechanism might be a passive diffusion since the endocytotic uptake is energy

dependent, yet the exact dye uptake mechanism remains to be clarified.

1150 ;45%
H 5 0.5ns

Figure 4.8) A) Confocal intensity image (80x80 um) of SKOV3 cells treated with BD B) FLIM image of
SKOV3 cells treated with BD
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Following the calibration of fluorescence lifetimes of the BD as a function of
viscosity, we performed FLIM analysis to generate a spatial map of viscosity in SKOV3 cells

incubated with the BD (Fig. 4.8 B).

The initial observation of the dye distribution indicated that these organelles could be
either mitochondria or lysosomes. Thus we decided to carry out the co-localization

experiment using respective fluorescent markers and the BD (Fig. 4.9).

JIPY homodimer

0DIPY homodimer

Figure 4.9) SKOV3 cells treated with BD and Lysotracker (top) and Mitotracker (bottom)
4.3 BODIPY Trimer Molecular Rotor

Here, we report on a novel, easily accessible fluorescent trimeric BODIPY dyes

T1 and T2 (Scheme 4.3) with extinction coefficients in the range of 200,000 M! cm
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(Table 4.8). Dye T1 can act as a small molecule viscometer for molecular solvents as well
as cellular and membrane-like environments. Dye T2 has methyl substitutions at the 1
and 7 positions that hinder the molecular rotation limiting the conformational change.
In effect, the fluorescence signal change is small and can be interpreted as simple

solvent effects.

4
= TFA
R2
N\ NH ii) p-chloranil
iii) EtaN, BF 3-OEt,

one-pot, grinding, 5min

Cul, DMAP
CH4CN
,17h

1: Ry = Et, R=Rs=H
BODIPY-triad rotor

2: R1=R3=Me, R2 = Et
BODIPY-triad non-rotor

Scheme 4.3) Synthesis of BODIPY trimers T1 (rotor) and T2 (non-rotor)
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SOLVENT e/ M-'cm-!
T T2

ethanol 206000 235000

glycerol 99000 99000
ethanol/glycerol — 90/10 (viv) 189000 232000
ethanol/glycerol — 30/30 (viv) 193000 325000
ethanoliglycerol — 10/90 (viv) 92000 75000
1.2-dichloroethane 174000 242000
dimethylsulfoxide 150000 216000

PBS buffer, pH 7.4 62000 99000

Table 4.8) Extinction coefficient of dyes T1 and T2 in various solvents

In this study, we took advantage of the three reactive chlorines of the triazine to
assemble three BODIPY dyes to synthesize BODIPY trimers (Scheme 4.3). Specifically,
alkyene-containing BODIPY dyes were prepared according to published procedures®?,
and subsequent cross-coupling reactions furnished the BODIPY trimers T1 (rotor) and

T2 (non-rotor) in just two steps from commercially available starting materials.

Excitation and emission spectra of rotor and non-rotor dyes (in ethanol 1: Aex=
516 nm, Aems = 535 nm; 2 = Aexc = 528 nm, Aems = 540 nm) indicated that there is a small

redshift, arguably attributed to the alkyl substitutions on the BODIPY core (Figure 4.10).
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Figure 4.10) Excitation and Emission spectra of T1 and T2.

The methyl groups in the positions 1 and 7 on the BODIPY backbone prevent the
rotation about the phenyl group during excitation, thus making it insensitive to its
surrounding viscosity changes. However, when these methyl groups are absent (in the
case of dye T1), this rotation is possible. This then suppresses the non-radiative decay
pathways, thus making the molecule sensitive to its surrounding viscosity. Dye T2 can
be used to correct the emission intensity or lifetimes measured of dye T1 in order to

eliminate the changes due to other factors (e.g. polarity) than viscosity.

Furthermore, we examined how the emission of T1 and T2 depended on the
viscosity of the media (Fig. 4.11). Samples of different viscosities were prepared by
mixing the appropriate amounts of ethanol and glycerol'®!. Emission intensity increased
ca. 12 times as viscosity increased from 1.2 cP (ethanol) to 1457 cP (glycerol) in a linear

manner, as expected for any molecular rotor based on the Forster -Hoffman theory. In
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addition, quantum yield changed by ca. 12 fold (Fig. 4.11 inset). A less than a two-fold
change in emission intensity was observed for non-rotor T2 in the same range of

viscosity, while the quantum yield (0.60) remained unchanged.

T0k

—_—d
T
— 30
—108
—_— 1
— G
1457

Viscosity (¢P)

525 550 o795 Goo 625
Wavelength (nm)

Figure 4.11) Emission spectra of T1 in ethanol: glycerol mixtures, insert shows quantum
yield vs. viscosity.

Moreover, steady state emission anisotropy was also evaluated as a function of
viscosity for both T1 and T2 (Fig. 4.12). Emission anisotropy of T1 in ethanol was found
to be around 0.1 and in glycerol it increased to 0.25. On the other hand, the anisotropy
of T2, i.e., the non-rotor dye, in ethanol was found to be close to zero, yet in in glycerol,
the anisotropy was found to be ca. 0.25, i.e., similar to that observed for the rotor T1 at

high viscosity.
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Figure 4.12) Emission Anisotropy of T1 and T2 vs. log viscosity in various ethanol:

glycerol mixtures.

Absorption and emission spectra of T1 (Fig. 4.13 top) and T2 (Fig. 4.13 bottom)

were also recorded in solvents with varying polarities.
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Figure 4.13) Normalized absorption and emission spectra of T1 (top) and T2 (bottom)

in various polarity solvents.
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As previously mentioned, quantum yield and intensity are not reliable

parameters for measuring viscosity due to their dependence on the local dye

concentration, for example. Thus, we examined the fluorescence lifetimes of the T1 in

different viscosities (Fig. 4.14). As expected, the fluorescence intensity decays of T2

were virtually independent of viscosity (Fig. 4.14- only 3 traces are shown due to strong

overlap of the intermediate decays).

10 Viscosity
—1.2
—24
—7.86
— 39

—108
—241
—E64
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Intensity (Counts)

10°
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—— 1457

10 20 30 40 50 G0
Time (ns)

Figure 4.14) Fluorescence intensity decays of T1 (left) and T2 (right) in various ethanol:

glycerol mixtures.

Next, we encapsulated T1 and T2 in DMPC lipid vesicles and measured their

fluorescence lifetimes (Fig. 4.15) at various temperatures (15, 23 and 30 °C).
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Figure 4.15) Fluorescence intensity decays of T1 (A) and T2 (B) in DMPC vesicles at
various temperatures.

Further, we investigated the cellular distribution of T1 with the aim of measuring
the intracellular viscosity. Towards this end, the behavior of rotor T1 was tested in two
different cancer cell lines (Fig. 4.16): Calu 3 (adenocarcinoma of the lung) and DU 145 (a

prostate cancer) through FLIM.
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. A Calu-3Cells DU145 Cells

0Ons

Figure 4.16) (A) 80x80 um intensity images of Calu3 (left) and DU145 cells (right)
treated with 500 nM of T1 (B) 80x80 um FLIM images of Calu 3 (left) and DU 145 (right)
cells treated with 500 nM T1.
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Chapter 5: Discussion

5.1 Porphyrin Dimer

Qualitatively our results were in complete agreement with the published
data:* the planar conformer of PD dominated in less viscous media, whereas the
twisted conformation started to dominate in more viscous media. Specifically,
the switch from the planar to the twisted conformation of PD took place at a
molecular solvent viscosity of ca. 39 mPa s. Notably, a good linear correlation between the

viscosity and a conformational preference of PD was found (Fig. 5.1). This is indicative of a

molecular rotor with TICT and a radiative decay route.

100 1
y = 7.8798x + 20.213
R2 = 0.97139

L o)
o
2 40
L
=

20 16

0 T

0 2 4 ] 8
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Figure 5.1) Effect of media’s viscosity on % of twisted PD: black diamonds — EtOH-glycerol
mixtures, grey diamonds- single component solvents.

Viscosities of common imidazolium-based ILs are known to be orders of
magnitude higher than those of many common molecular solvents, and as

such the twisted conformation of PD was expected to be seen for all ILs with a
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viscosity of ca. 40 mPa s. However, in contrast to molecular solvents (Fig. 4.1 A,B), IL
[C,- mim][NTf,, with n =38 mPa s significantly promoted the planar conformer of
PD (Fig. 4.2 A). As the viscosity of the NTf,-containing ILs increased as a function of
the alkyl chain length, the preference for the twisted conformation of PD increased
as well. A similar effect was observed for the PF¢s- and NO;-containing ILs (Fig. 4.2 B and
4.2 C, respectively). Thus, the cation of the ILs might have a significant role in the

conformational bias of PD.

Furthermore, when the viscosity was plotted as a function of the twisted
conformation of PD, an apparent correlation was observed (Fig. 5.2), albeit the
linearity was found to be somewhat poorer from that observed in the case of the

molecular solvents (Fig. 5.1).

100 1
80 y=6.0577x + 15.434
R?=0.72396
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E 60 L]
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3 40 ;
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Figure 5.2) Effect of IL's viscosity on % of twisted PD: [Co-mim]NTf. —black symbols; [Cn-
mim]PFs — purple symbols; [Co-mim]NOs— grey symbols.
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In addition, since the slope in the case of ILs is smaller than that compared
to molecular solvents, i.e., 6.0577 versus 7.8798, respectively, a significantly higher
viscosity would be required for ILs to induce the twisted conformation when
compared to the molecular solvents. Overall, within each set of ILs with a common

anion, the percentage of the planar conformation of PD appeared to decrease as
the viscosity of the IL increased (Fig. 4.2). For example, in all [C4-mim]-containing
ILs (Fig. 3), despite ca. 6-fold viscosity range (60 for [C,-mim]NTf, to 262 for [Cs-
mim]NO; to 381 mPa s for [C,-mim]PF), the planar conformation of PD was observed

(although a linear correlation with viscosity was noted). This was reminiscent of the

correlation with viscosity observed in the molecular solvents (Fig. 5.1).

However, upon closer examination of the aforementioned trend (Fig. 5.2), it is
evident that the viscosity of the ILs might not be a dominant factor in controlling the
conformational bias of PD. Specifically, when comparing the viscosities of [C;,-
mim]NTf,, [C- mim]NO; and [C;-mim]PF,, which progressively increased in viscosity
from 202 to 262 to 381 mPa s, no correlation in regard to the PD conformation was
observed. An inverse correlation was evident for [Co-mim]NO; and [Co-mim]PF, ILs
(Fig. 5.2) with increasing viscosity of IL, the planar conformation started to

dominate.
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It is plausible that in ILs specific solvent—solute interactions (as well as the
structure of ILs) could control the conformation of a small molecule, rather than the
viscosity of the media. Unlike molecular solvents, which interact with solutes via
dipole—dipole interactions and hydrogen bonding, ILs have the added ability to
interact via ion—, and ion—ion interactions, i.e., via electrostatic interactions. It was
also suggested that a significant amount of solute stabilization by ILs comes from the

cation,® which might explain the apparent cation effect observed here.

To gain further support for the notion that viscosity of ILs might not be the
dominant factor in controlling PD’s conformation in ILs, we examined the
relationship between viscosity and conformational bias of PD as a function of
temperature. Arguably, if the viscosity were the main factor that modulated the
conformation of PD, then changing the temperature (and as a result changing the
viscosity of the solvent) should result in a linear correlation between the viscosity and
the percent of the twisted conformation of PD. Also, the slope should be similar to
that observed for solvents of various viscosities at a fixed temperature. Conversely, if
the slope of the viscosity (obtained at different temperatures) as a function of PD
conformation would be different from the slope obtained for solvents of various
viscosities at a fixed temperature, some specific interactions between the solvents and

PD might be present.
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To test this hypothesis, we examined the conformation of PD in several
molecular solvents and ILs at various temperatures and consequently viscosities (Fig.
5.3). The slope of viscosity as a function of the twisted PD in EtOH-glycerol (2: 8 v/v)
mixture as well as tetraethylene glycol (Fig. 5.3 A). Arguably, this indicated that the

viscosity of molecular solvents was the major factor that controlled the conformational

bias of PD.
EtOH - glycerol (20/80 v ; [C-mim]PF, [Cs-mim]PF,
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Figure 5.3) Effect of solvent (A: molecular solvents; B: ILs) viscosity on % twisted PD
measured at 20-60 ° C to control the viscosity from 0.8 to 1475 cP.

On the contrary, in ILs no apparent correlation among several different ILs

was observed (Fig. 5.3 B). Although for PFs-containing ILs ([C,-mim]PFs and [Co-
mim]PFs) somewhat similar slopes were obtained, the two data sets were off-set.
When the ILs with the same cation were compared ([C,-mim]NO; and [C;-mim]PFy),

the corresponding slopes were found be distinctly different. Therefore, it is plausible

that in ILs, solute—solvent specific interactions are playing a significantly more
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prominent role than viscosity. This is in contrast to the observation noted for the

molecular solvents.

Finally, we decided to investigate the effect of water in [C;- mim]NO; ILs on the
viscosity of the IL as well as the conformational preference of PD. Following the
aforementioned rationale on the effect of temperature on viscosity and the
conformation of PD, we reasoned that the presence of water should alter the
PD-[{C,-mim]NO; interactions, which should produce a distinct correlation
between IL viscosity and PD conformation from that observed upon variation of
temperature (Fig. 5.3 B) as well as the structure of ILs (Fig. 5.2). It is worth pointing
out that in water alone, PD was found to be non-fluorescent.!®* Consistent with this
assumption, we observed a linear correlation between the viscosity of [C,mim]NO,
with various amounts of water and the conformation of PD (Fig. 5.4). However,
the slope was found to be drastically different, ie., 7.7892 as compared to
51156, from that found for the temperature effect of the PD emission in [Cy-

mim]NO; (Fig. 5.3 B), for example.
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Figure 5.4) Emission spectra of PD in [C+-mim]NOsas a function of the water content.
Insert: effect of [Cs-mim]NOsviscosity (red symbol-10% of H20, blue symbol- 1.7% of
H2O and green- 0.5% of H20) as a function of PD conformation.

Overall, the structure of ILs appeared to have an effect on the
conformation of PD. ILs promoted the opposite conformation as molecular solvents
with similar viscosities, i.e. planar vs. twisted, respectively, and an order of
magnitude larger viscosity of ILs was required to promote a similar amount of
twisted PD. Specifically, the viscosity range at which twisted conformation
becomes dominant is shifted from ca. 40 (in molecular solvents) to 400 (in ILs) mPa s
range. There appeared to be linear correlations between PD’s conformation and the
viscosity in ILs, molecular solvent mixtures and single component molecular

solvents.

However, the cation effect (in all ILs with a common cation a similar
conformation of PD was present, regardless of viscosity) seemed to indicate that
the structure of IL could control the conformation of PD. In this light, it is important

to distinguish between properties of ILs that correlate with a given process and those
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that actually control the process. Hence, in ILs with short alkyl chain lengths i.e. [C;-
mim] and [C-mim], the solvent—solute interactions promoted the planar
conformation, regardless of viscosity. Similarly, ILs with longer alkyl chains, i.e., [Co-
mim] and [C;,-mim], seemed to promote the twisted conformation, which
happened to correlate with the increased viscosity of the solvent. However, it was
apparent that the structure of ILs plays a more important role in the control of the PD
conformation and the correlation between the ILs’ viscosity, and PD conformation might be
coincidental. It should be noted that a microheterogenous nature of the ILs could

be playing a role as well.104 1%

While the exact nature of the observed phenomena remains to be elucidated,
this report highlighted the designer solvent ability of ILs in that ILs of different
structures gave rise to different PD conformations. Notably, an order of
magnitude higher viscosity was required in ILs to induce a similar
conformation of PD, potentially emphasizing specific interactions between the ILs

and PD.

5.2 BODIPY Dimer Molecular Rotor

Furthermore, the effect of media’s temperature on the fluorescence
lifetime of BD was studied in ethanol, propylene glycol, and glycerol (Table

4.2 and Table 4.3) and showed an apparent linear correlation between the viscosity
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of the solvents and the fluorescence lifetime of BD (Fig. 5.5). This observed

correlation between the fluorescent lifetimes and the viscosity of the media (which

is changed by both altering the nature of the media and/or altering the

temperature of the media) should be indicative of the fact that viscosity is

indeed the main factor that modulates the conformation preference of BD. This is

indicative of a molecular rotor which undergoes TICT with a non-radiative decay route.

It should also be pointed out that the fluorescence intensity decays exhibited a

multi-exponential behavior as a function of the identity of the solvent as well as

temperature (Table 4.2). Collectively, these results suggested that BD could potentially be

used as a simple, minimalistic dyad to monitor viscosity of the molecular media.
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Figure 5.5) Effect of media’s viscosity on the lifetime of BD in ethanol, propylene glycol
and glycerol in a 5-50 ° C (AT =15 ° C) temperature range.

69



However, when the fluorescence lifetimes of BD in ILs were plotted as a
function of ILs’ viscosity, a dramatically different relationship from that observed
in molecular solvents (Fig 5.5) was observed (Fig. 5.6). Specifically, for the two ILs
with the same cation, i.e.,, [Ci-mim]PF, and [C,-mim]NTf,, the slopes were 0.498 and
0.696, respectively, whereas for the ILs with the same anion, ie., [C,-mim]NTf, and
[Cio-mim]NTf, the slopes were 0.696 and 0.249, respectively (Fig. 5.6). It could be
argued that a different slope in the viscosity versus lifetime dependence is attributed to a

unique solute—solvent interaction.
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R*=0.995
ns - [C4-mim]PF P
= y=0.498x - 2.348
N -~
e R2=0.985
v
£
-0.5 1 [Cy-mim]NTT,
y = 0.249x - 0.560
-1 R*=0.982
-1.5 T
0 2 4 6 8

Inn

Figure 5.6) Effect of media’s viscosity on the lifetime of BD in ionic liquids in a
5-60 ° C (AT =10 ° C) temperature range.

Alternatively, it could also be proposed that unique behavior of BD in each
IL might be due to distinct nanostructured assemblies of these ILs. Considering

that in molecular solvents i.e., ethanol, propylene glycol, and glycerol, withina
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similar temperature range (5-60 ° C), a linear correlation for all solvents was
observed (Fig. 5.5), which could indicate that no specific interactions between
the solvent and BD exist and/or no heterogeneous domains exist in these

solvents.

It is also worth noting that the spectroscopic behavior of an ionic
porphyrin-based viscometer in molecular solvents was quite different from that in
ILs.10t Although these results suggested that generalizations regarding the
viscosity of ILs using molecular viscometers should be carried out with
caution, due to the unique nature of this type of media, it might be possible,
in principle, to use such molecules to probe the nature of heterogeneous
IL domains and/or assess how different the IL domains could be (in terms of the

heterogeneity).

The assessment of the viscosity of ILs using BD was less straightforward
than in molecular solvents, most likely due to specific solvent interactions

and/or the unique aggregation state (or heterogeneity) of specific ILs. 1%
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5.3 BODIPY Dimer Application

The value of @y, as a function of viscosity in ethanol: glycerol mixtures, is shown in Fig.

5.7.Linear dependence of viscosity with regard to the ®r of the BODIPY dimer was observed for

viscosities above 20 cP.
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Figure 5.7) log-log plot of BD quantum yield and viscosity.

The fluorescence lifetime dependence was similar to quantum yield, a linear
dependence was observed for media’s viscosity above 20 cP (Fig. 5.8). Specifically, the

fluorescence lifetime in ethanol (1.2 cP) was 340 ps, while in glycerol (1457 cP) the

lifetime increased to 4.3 ns.
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Figure 5.8) Average fluorescence lifetimes as a function of viscosity.

The fluorescence lifetimes at viscosities between 1.2 and 1457 cP were all above
300 ps. This is important, since the lower limit for lifetime resolution of our TSCPC
(most of time-resolved systems available today) is significantly below 300 ps.
Considering Equation (2.38), it was expected that the plot should have produced a
linear dependence between the lifetime and log-viscosity. Indeed, this was confirmed at
viscosities above 20 cP, giving a slope of 0.46. This value compared well with the value of
2/3 predicted by Forster and Hoffmann’?. Typical slope values range from 0.2 to 1.4 for
different rotors!””. We found that below 20 cP, the fluorescence lifetime and quantum
yield were minimally variant. Arguably, the viscosity dependent rotational resistance

for BODIPY units in the dimer became insignificant at lower viscosities.

The rate constants, Krand Kr:, were calculated from the experimentally measured

quantum yields and the fluorescence lifetime using Equations 2.22 and 2.24. In ethanol, quantum
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yield was 0.02 and it increased significantly as the viscosity of the solution increased, as expected

based on Equation (2.38).
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Figure 5.9) Radiative and non-radiative rates of BD in ethanol: glycerol mixtures as a function of

viscosity.

Moreover, the value of K: remained steady as a function of the viscosity, however, the value
of Knr decreased sharply with increasing viscosity up to 375 cP (Fig. 5.9). This suggested that an
increase in quantum yield with increasing viscosity was due to the suppression of non-radiative
processes. Although the exact orientation of phenyl rings in relation to the plane of the
BODIPY core remains to be clarified, it is arguable that the viscous environment prevented
access to the non-emissive state by restricting the rotation of the BODIPY units around the
diyne moiety. The complete viscosity dependence was further confirmed by the linear dependence

of log quantum yield versus log lifetime (Fig. 5.10).
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Figure 5.10) log-log plot of the average fluorescence lifetime and quantum yield of BD obtained from different
ethanol: glycerol mixtures

Evaluating the lifetime of BD in the various lipids it appeared thataverage lifetimes
did not vary significantly, except that POPC + cholesterol was found to be longer owing to a
comparatively rigid membrane structure (Fig. 5.11). Moreover, examining the lifetime
distributions, DPPC indicated the presence of a more ordered lipid structure (as evident
from a narrow lifetime distribution) whereby molecules were oriented in a certain
(well-ordered) way compared to the other two lipid vesicles. POPC showed a wider
lifetime distribution attributed to different micro-viscosities experienced by the BODIPY
dimer in vesicles due toless ordered lipid molecules in those vesicles.
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Figure 5.11) Lifetime distrubtion of BD from lipid vesicles
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Figure 5.12) Lifetime distribution of SKOV3 cells treated with BD

In the SKOV3 cells FLIM image, similar to higher viscosity mixtures (ethanol:
glycerol), the fluorescence decay in each pixel could be fitted with a bi-exponential
distribution model. We obtained a histogram (Fig. 5.12) of fluorescence lifetimes across the
whole image by graphing the lifetime distribution extracted from the Fig. 4.8B. The histogram
showed the bi-modal distribution of the dye. By using two Gaussian fits, individual
contributions to the histogram were 2.2 ns and 2.6 ns. Such lifetime distributions might
indicate two distinctly different dye populations associated with different properties of
the environments. A major part (ca. 90%) was contributed by 2.2 ns with a narrow
FWHM, which was associated with the bright punctate distribution and appears to be
located in the vesicular structures. The wider distribution of the lifetime (2.6 ns peak) is
due to the random distribution of BD inside the cytoplasm and other organelles
(distribution of viscosities). The measured fluorescence lifetime inside cells lied within
the linear range of the viscosity calibration plot. According to the calibration curve, the

2.2 ns lifetime appeared to the viscosity of ca. 260 cP.
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Figure 5.13) Co-localization analysis of BD and Mitotracker (left) and Lysotracker (right).

The two individual channels for the BD and Mitotracker along with co-localization
analysis showed a partial overlap among them (Fig. 5.13 left). Similar results were obtained
using Lysotracker and the BD (Fig. 5.13 right). These observations suggested that the BD
also accumulated in organelles other than mitochondria and lysosomes and thus exhibited

non-specific cell targeting.

In conclusion, we have reported on a novel, easily accessible homodimeric
BODIPY as a steady-state and time-resolved viscosity sensitive molecular rotor-which
allowed mapping of the viscosity by non-specifically staining the intracellular organelle.
Arguably, structural modifications of the rotor (for example, by incorporating long-alkyl chains
onto the BODIPY scaffold) might allow for specific targeting of the cell organelle as well.
Considering that the local microviscosity of the plasma membrane/cell organelle is altered in
response to external stimuli (oxidants, pore forming agents and signaling events), these

molecular viscometers could be suitable for diagnostic applications.
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5.4 BODIPY Trimer Molecular Rotor

The large difference in steady-state anisotropy in ethanol for both dyes was due
to the difference in their respective fluorescence lifetimes. In ethanol, the lifetime of T1
(rotor) was short (ca. 180 ps), which provided less time for the molecules in the excited
state to depolarize the emission via Brownian rotation, thus leading to a relatively
higher anisotropy. While in the case of T2 (non-rotor), the lifetime in ethanol was long
(ca. 3.4 ns); within this time frame, the fluorescence emission was completely isotropic,
which resulted in a low (close to zero) anisotropy. Steady state anisotropy can be used
in cellular imaging of viscosity by splitting the emission signal in two different
detectors equipped with orthogonal polarizers and thus detecting the respective vertical
and perpendicular emission polarization components. This information can be used to

calculate the steady state anisotropy across the intensity image.
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Figure 5.14) log-log plot of T1's average lifetimes vs. viscosity
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Based on the fluorescence intensity decays of T1 in solutions of different
viscosities (Fig. 4.13), an obvious change in the slope of decays with an increase in
viscosities was noted. Evaluating the fluorescence lifetime as a function of viscosity (Figure
5.14), suggested that the lifetime of the rotor T1 changed ca. 18-fold (from 180 ps to 3,245 ps) as
the viscosity of media changed from 1.2 cP to 1457 cP. The slope of the linear fit to the rotor data
in Fig. 5.14 is 0.43. This is in good comparison to that of the BODIPY dyad of 0.46.
Moreover, it is important to note that the radiative rate, K, barely changed (Fig.5.15),
while non-radiative rate, Kn,, changed by ca. 21 times as media’s viscosity changed from
1.2 cP to 1457 cP. The fluorescence lifetime only changed by 1.5 times (from 3.44 ns to

4.97 ns) over the same range of viscosities.
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Figure 5.15) Calculated radiative and non-radiative rates of T1 as a function of viscosity.
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[sobents [0 |2 Jo Ja_JeJa Jo.it foave ]
1-4 0.22 0.52 2.10 0.88 0.11

0.004 0.35 0.27 0.82
Dioxane
2 propanol 0.19 0.58 1.82 0.93 0.06 0.01 0.38 0.24 0.80
Chloroform  0.24 0.51 2.23 0.88 0.11 0.01 0.35 0.27 0.80
Ethanol 0.16 0.62 1.92 0.95 0.04 0.01 0.31 0.19 0.80
Toluene 0.26 0.58 2.16 0.89 0.10 0.01 0.38 0.30 0.80
DCM 0.18 0.45 25 0.90 0.097 0.003 0.30 0.21 0.78
Acetone 0.12 0.48 2.4 0.965 0.03 0.005 0.23 0.14 0.80
DMSO 0.18 0.50 17 0.876 0.11 0.004 0.34 0.23 0.81

Table 5.1) T1 lifetime parameters in various polarity solvents

I S S N S P P
1-4 0.24 S5 4.0 0.04 0.28 0.68 3.8 3.7 0.96

Dioxane

2 propanol  0.25 2.0 3.7 0.05 0.11 0.84 3.6 3.4 0.95
Chloroform  0.19 24 3.8 0.03 0.12 0.85 3.7 2 0.88
Ethanol 0.26 2.1 3.9 0.06 0.10 0.84 3.8 23 1.0
Toluene 0.20 3.1 3.7 0.03 0.44 0.53 3.5 212 0.99
DCM 0.29 24 3.8 0.05 0.17 0.78 3.6 3.4 0.97
Acetone 0.20 255 3.5 0.06 (835 0.59 3.2 2105 1.0
DMSO 0.30 2.5 3.7 0.07 0.25 0.68 3.4 3.2 0.97

Table 5.2) T2 lifetime parameters in various polarity solvents

Further, it is important to consider if polarity of the environment will affect the
behavior of the molecular rotor. We tested this by using organic solvents of different
polarity and saw minimal change in absorption, fluorescence emission spectra and most
importantly- lifetime.(Fig. 4.15 and Tables 5.1 and 5.2). In fact, the lifetime of neither the
rotor nor non-rotor displayed any relationship to the dielectric constant. As expected,
the rotor’s lifetime showed linear agreement (r? = 0.95) in these solvents. The non-rotor’s
lifetime also showed marginal linear relation (r2 = 0.73), indicating minimal dependence

on viscosity unsurprisingly. This makes us confident that the rotor lifetime
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measurement for viscosity determinations will be free from any possible contributions
from polarity changes.
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Figure 5.16) Log of T1 and T2 lifetime vs. log dielectric constant (left) and log viscosity
(right).

5.5 BODIPY Trimer Applications

In the lipids, it is expected that at 15 ° C a gel state would be the dominant form,
where the lipid molecules are rigidly packed.!® Thus, the lateral diffusion of lipid
molecules as well as the bond rotations should be suppressed. On the contrary, at 30 ° C
a less viscous liquid state would be achieved, where the hydrocarbon chains are
expected to be loosely arranged and the bond rotations should be allowed. Based on our
data a 1.2 fold change in fluorescence lifetime in case of T2 could be ascribed to the
temperature effect, since the non-rotor molecule is insensitive to viscosity changes that
could be induced by temperature. However, the change in case of the rotor molecule T1
was almost twice owing to changes in the surrounding viscosity along with

temperature effect. The measured viscosities of the DMPC vesicles using T1 were 270,
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98 and 60 cP at 15, 23 and 30 ° C, respectively. Arguably, the viscosity measurements

(Fig. 4.14) might slightly underestimate the viscosity in lipid bilayer as temperature,

which could be viewed as an additional non-radiative channel, would lower the lifetime

values as compared to those expected from the viscosity effect alone. Nonetheless, it is
plausible that T1 could be used as molecular viscometer to estimate the viscosity in

membrane mimicking vesicles and plasma membranes of various cells.

In the FLIM images (Fig. 4.16), it appeared that the distribution was bimodal in

both cancer cell lines: diffuse fluorescence in cytoplasm and bright punctate

distribution. Based on FLIM images the fluorescence lifetime appeared to be long in both areas.
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Figure 5.17) Amplitude average lifetime recovered from FLIM images from respective
cell lines (n=6 images)

Arguably, this to be attributed to the probe accumulation in membranes of
vesicle-like structures (mitochondria, lysosomes, endoplasmic reticulum and Golgi
apparatus etc.). A long lifetime and bright fluorescence in these punctate areas are

expected due to hydrophobic nature of the dyes as well as due to the high viscosity
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surrounding the dye compared to the cytoplasm/aqueous compartment. However, the
long lifetime (which is comparable to that observed in the punctate area) in cytoplasm
or throughout cells is unusual. As such, an analysis of the lifetime through both the

cytoplasm and punctate area was performed for both the Calu 3 (Fig. 5.16) and DU 145

(Fig. 5.17) cell lines.
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Figure 5.18: FLIM image of Calu 3 cells along with lifetime profile along the red line
drawn in the FLIM image. Red line was drawn such that it will pass through cytoplasm
and punctate area as well. Lifetime shown on the right is intensity weighted lifetime.
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Figure 5.19: FLIM image of DU 145 cells along with lifetime profile along the red line
drawn in the FLIM image. Red line was drawn such that it will pass through cytoplasm
and punctate area as well. Lifetime shown on the right is intensity weighted lifetime.

Potentially, it could be explained by the binding/physical adsorption of T1 to the
cytoplasmic proteins or other cell components distributed throughout cytoplasm, which
would increase the intensity and fluorescence lifetime of the probe by hindering the
rotation around the central bond. Cellular cytoplasm has high a concentration of
cellular proteins and it provides hydrophobic pockets for dye binding. This hypothesis
was tested by studying the binding of rotor to several proteins in vitro. Based on the
changes of fluorescence lifetime, we found that rotor molecule was adsorbed onto
bigger proteins such as bovine serum albumin and human serum albumin but not onto
lysozyme. This information could be crucial in designing viscosity experiments in cellular or

biological media.
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Figure 5.20) Fluorescence intensity decays of T1 in presence of different proteins.

In summary, we have shown that the triazine-based BODIPY trimer is a high

extinction molecular rotor, T1, which is able to sense viscosity changes in various

environments, including molecular solvents, lipid vesicles and several cancer cell lines.

However, analysis of the data in cellular environments should be done with care, since
the changes in the fluorescence lifetimes (and subsequently the viscosity estimations)

could be affected by binding to various proteins. This problem can be solved by

designing targeted fluorophore which will specifically bind to a certain cell organelle or

a compartment.

In addition, the fluorescence properties of trimer T2, while designed on purpose

to not be a molecular rotor, indicated that this dye is potentially a good fluorophore in

green region with a high extinction (200,000 M! cm™) and high quantum yield (0.60)
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with comparable lifetime to rhodamine dyes (~ 4 ns). This suggests that triazine could

be a valuable scaffold for assembling multichromophoric systems.
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Viscosity, a fluid’s internal resistance to flow and resist molecular diffusion, is a
fundamental property of fluid media. Determining the bulk viscosity of a fluid has
been easy to relatively simple to accomplish for many years, yet in the recent decade
there has been a focus on techniques to measure a fluid’s microviscosity. Microviscosity
differs from bulk viscosity such that microviscosity is the friction experienced by a
single particle interacting with its micron-sized local environment. Macroscopic

methods to evaluate the viscosity are well established, but methods to

determine viscosity on the microscale level remains unclear.



This work determines the viability of three molecular rotors designed as probes for
microviscosity in organic media, ionic liquids, and in the cellular microenvironment.
Understanding microviscosity is important because it one of the main properties of any
fluid and thus has an effect on any diffusion related processes. A variety of mass and
signal transport phenomena as well as intermolecular interactions are often governed by

viscosity.

Molecular rotors are a subclass of intramolecular charge transfer fluorophores
which form a lower energy twisted state. This results in a charge separated species
which is highly sensitive to its surrounding microenviroment’s viscosity as high
viscosity limits its ability to form this twisted state. Once excited, there are deactivation
routes which the excited fluorophore can undergo: radiative and non-radiative. Both

were studied in this work.

In the case of a radiative decay, as seen in porphyrin dimer, the energy is
released in the form of a photon and is seen as a shifted band in the emission structure.
The conformation of the porphyrin dimer was found to be influenced differently by ionic
liquids as compared to molecular solvents, indicating the microheterogenous nature of ionic

liquids play a role in the conformation.

For non-radiative decays, BODIPY dyads and triads were investigated. The triad

has an extinction coefficient in the range of 200,000 M cm, making it an extremely



useful and sensitive fluorescent molecular rotor. Their fluorescent lifetimes were proven
to correlate linearly with viscosity. Thus they were both encapsulated into lipds to

determine their viability for cellular studies.

The dyes were readily uptaken into three cancer cell lines, SKOV3, Calu 3 and
Du 145. The lifetimes were then recorded using FLIM to map the viscosity of the
cellular cytoplasm, mitochondria, lysosomes and other various organelles. A longer
than expected lifetime in the cytoplasm was observed. This could be due to binding
onto cytoplasmic proteins distributed throughout the cytoplasm, not due to viscosity as

the theory of molecular rotors predicts.



