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ABSTRACT
WAVE-PACKET CONTROL IN CYANINE DYES
By

Maryann Laboe

Cyanine Dyes have a broad range of application because of their dual fluorescent
properties. Still, there is much that is unknown regarding the excited state dynamics of these
dyes, and even less known about their molecular dynamics in upper excited states. Chirp-
manipulation, steady-state measurements, time-correlated single photon counting, kinetics
modeling and theoretical calculations all aided in the understanding of differentiated linear and
non-linear activated excited state relaxation pathways that led to altered S2/S1 dual fluorescence
for both IR144 and IR140. Non-linear excitation takes place in response to the dual action of a
high viscous environment and high photon density with decreased second order dispersion. This
non-linear excitation is best understood as two-photon excitation. By altering viscosity and pulse
chirp, linear and non-linear processes within the excited states of these molecules can be
selectively controlled. It is observed that two-photon excitation elicits increased S2/Si1 dual
fluorescence ratios in both cyanine dyes and that this increase is maximized further in higher
viscosity solvents. It is important to conclude that there is not only an increase in the S2/Si
fluorescence ratio with higher viscosity solvents, but there is a multiplicative effect, as chirp is

manipulated.
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INTRODUCTION

Molecular fluorescence is often used to describe the time-dependent dynamics that
govern molecular relaxation from the initial excited state to the ground state. Before excitation,
most molecules, in their ground state, have a singlet electron configuration. According to the
selection rules within quantum mechanics, linear excitation of non-centrosymmetric molecules
will result in a gerade transition, a singlet to singlet transition. Here, we focus on two non-
centrosymmetric molecules. To excite a molecule, the energy of light used must equal the energy
gap between the ground and excited state. Each molecule has a vibrational wave-function
associated with each vibrational level within each excited energy state and its ground state. The
transition moment integral calculates the probability of a transition by incorporating the
wavefunctions of the two corresponding states as well as the transition dipole moment. The most
probable state for the molecule to arrive at after excitation with a specific wavelength value is
called the Frank Condon (FC) region. Upon excitation, the molecule reaches the FC region,
while maintaining its ground state geometry. Relaxation from the FC region can be analyzed, and
the relaxation pathways involved can appropriately be categorized as the molecule’s wavepacket
dynamics. More specifically, a wavepacket is a linear superposition of vibrational states in the
excited state. After excitation, the wavepacket formed, far from equilibrium, flows down the

multidimensional potential energy surfaces.

Upon excitation to the FC region, a molecule’s wavepacket dynamics are regulated by
competing relaxation rates associated with each location on the potential energy surface.
Intersecting potential energy surfaces decrease the likelihood of fluorescence from the higher
energy surface associated. These intersections are called conical intersections (CI). According to

Kasha’s rule, molecules excited to upper excited states will relax to the first excited state before
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a considerable amount of fluorescence is observed.! Within the first excited state, as the non-
radiative rates go up, the probability of fluorescence from the corresponding state goes down and
vice versa. Internal conversion (IC) occurs as the molecule’s wavepacket travels through a CI
from one excited state to a lower excited state or to the ground state. This transition must occur

between energy levels of the same multiplicity.

If the radiative rates are competitive with the non-radiative rates within a specific excited
state, fluorescence is observed. As the radiative rate to non-radiative rate ratio increases,
increased fluorescence can be observed. Increased solvent viscosity decreases the IC rate and
thus increases fluorescence yield.>** This is further analyzed with chirped pulse spectroscopic

experiments on two cyanine dyes; IR144 and IR140.

Cyanine dyes are unique in that they emit fluorescence in measurable amounts from two
excited states, exhibiting dual fluorescence, but the majority of their fluorescence yield is
collected from their first excited state (S1). Understanding the effects of the solvent and laser
pulse shape on the optical excitation process leads to increased knowledge about wavepacket
dynamics in cyanine dyes. The IC rate and excitation method play a large role in IR144 and

IR 140 wave-packet dynamics and relaxation pathway selection.

Dual fluorescence, more plainly articulated, is fluorescence from two different excited
states after excitation to one excited state. This type of behavior violates Kasha’s rule that, as
stated above, molecules only fluoresce in considerable amounts from their lowest excited state.
Beyond that, we show that the dual fluorescence ratio S2/S1 for IR144 and IR140 can be
controlled by linear and non-linear excitation pathways and by varying solvent viscosity. Here,
increasing solvent and viscosity and non-linear excitation increases the S2/S1 ratio, considerably.

This work i1s important and instructive because it illustrates the effects that the paired process of
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pulse chirp and viscosity have on molecular wavepacket dynamics in cyanine dyes. The ability to
control the S2/S1 fluorescence ratios in these dyes could be applied to other cyanine dyes and
even other fluorescent dyes. This is a valuable tool in processes aiming towards higher energy

utilization, conserving energy or identifying and exploiting molecular environment.



CHAPTER 1: Background
Introduction

Cyanine dyes were first discovered in 1856 by Greville Williams.> They are versatile in
application and thus an important molecule to study. They are characterized by an odd numbered
conjugated m chain connecting two nitrogen rings, with a range of different types of side chain
structures. Longer « chain systems between the two nitrogen rings require lower energy light to
excite the molecule to Si1. Short chains, with only three to five carbons require ultraviolet (UV)
or visible light to reach the first excited state, while dyes with seven carbons are considered
infrared (IR) dyes. IR dyes have many medicinal applications because they use IR light for

excitation, which falls within the therapeutic window.

In the case of biomolecular labeling, the side chains attached to each nitrogen can alter a
cyanine dye’s binding affinity. Charged side chains increase binding probability, while other side
chain characteristics can alter its specificity for different types of molecules within a cell.® Side
chain length has been shown to be of importance in cell permeability in other fluorescent
molecules.” In addition, some cyanine dyes have substituents attached to the central carbon of
their conjugated m chain. These substituents have been shown to play a role in ground state

molecular conformation as well as molecular rotations in the excited state.®

Another important characteristic of cyanine dyes is that they emit phosphorescence,
which is involved in triplet state radiative relaxation. Many cyanine dyes possess singlet excited
states with CI’s to triplet excited states. If a molecule moves through this intersection, it is called
intersystem crossing (ISC). Since triplet states are usually lower in energy, the CI creates a likely

avenue for the wave-packet to take as it relaxes to the ground state. Molecules with triplet



excited state yields can be referred to as photosensitizers (PS)’s. Molecules in their triplet state
can react with molecular oxygen, resulting in free radical production. In vivo in cancer cells,
molecular excitation of accumulated PS’s results in cell death due to high levels of reactive

oxygen species within the cell.”!°

Heptamethine Dyes

Since cyanine dyes are characterized by the number of methine carbons between their
nitrogen atoms, those with seven conjugated n carbons are called heptamethine cyanine dyes.
These dyes all fit within the therapeutic window, yet indocyanine green (ICG) is the only FDA

approved heptamethine dye.!!

Figure 1.1: IR144 ground state conformations.

Several cyanine dyes have substituents attached to the central carbon of their

conjugated system. These substituents range from small alkyl groups to large ring structures.



Still others have the substituents attached by an amine group. This paper focuses on two

heptamethine dyes in particular; IR144 and IR140, that differ mainly in their amine substituent.

IR144

IR144 is a heptamethine cyanine dye with a meso-amine substituent that is characterized
by piperazine with ethyl acetate branching from its second nitrogen. It is a charged molecule
with a dipole between the two charged groups. It has two conformations shown in the figure
below that represent cyanine-like and bis-dipolar conformations for IR144 and IR144°,
respectively. The cyanine-like conformation has more flexibility around its amine substituent
branch. Whereas the bis-dipolar conformation has less flexibility because it is attached to the
heptamethine chain by a w bond. IR144 has a somewhat bulky amine substituent because of that
may be more likely to have the cyanine-like conformation to allow rotation. The bis-dipolar
conformation forms a parallel structure in which the amine substituent is in the same plane as the

heptamethine chain.

IR140

IR140 @L /@ cio,
N

Figure 1.2: IR140’s ground state conformation.

IR 140 is a heptamethine dye with a bulky diphenylamino substituent. Its nitrogen atoms

connecting the conjugated © system are part of a two-ring structure containing sulfur embedded,



with chlorine and an ethyl group branching from the nitrogen. Unlike IR144, IR140 only has one
charge associate which gives it an overall positive charge. The associated perchlorate molecule
together with IR140 create an overall neutral charge. IR140 has a cyanine-like configuration, but

its bulky substituent creates steric hindrance causing less flexibility of its amine substituent.



CHAPTER 2: Experimental Methods

Introduction

To better understand IR144 and IR 140 molecular dynamics in the excited state,
the following experiments were conducted. Steady-state measurements in different viscosity
solvents were performed to analyze the linear fluorescence and absorption spectrums and
understand solvent effects. Time-correlated single photon counting (TSCPC) experiments were
done to analyze the fluorescence lifetimes of S2 and S1 when the molecule is excited to the Sz
state. Solvent viscosity was varied within the TCSPC experiments to understand viscosity’s
effect on the time-component of these two excited states. MIIPS was utilized to introduce chirp
to pulses on the femtosecond timescale. Fluorescence measured during these experiments offered
information about the effect pulse duration has on the S2/S: fluorescence ratio. In conjunction,
power experiments were also conducted to further understand the influence photon density has

on non-linear absorption.

Steady-State Spectroscopy

Serial dilutions of 50uM IR144 and IR140 were performed in methanol to find the
optimal concentration. Here, the optimal concentration would be determined based off two
competing effects: self-absorption and absorbance strength at the excitation wavelength. If the
concentration is too high, self-absorption can shift peak fluorescence. On the other hand, if the

concentration is too low, the absorption strength will go down.



For all the experiments, an excitation wavelength of 522 nm was used, and the
corresponding fluorescence was collected. 522 nm excitation accesses the Sz absorption band for
both [R144 and IR140. Fig. 2.1 illustrates dual fluorescence from both the Sz and S excited
states following Sz excitation. The S1 absorption band is also shown to have a peak around 740
nm for [R144 in glycerol (in Fig 2.1). For data analysis, the fluorescence underneath each curve
was integrated with respect to wavenumber. A more detailed explanation of these calculations is

located in the “MIIPS Chirp Experiment” section.
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Figure 2.1: 50uM IR 144 in glycerol absorbance (thin line) and fluorescence (thick line) spectra
with respect to wavelength. Dual fluorescence is displayed from Sz and Si excited states,
following 522 nm excitation.



IR144 and IR140 were placed in quartz cuvettes so that UV light would have access to

the sample. Absorption spectra were taken at each of these concentrations (50, 25, 16.7, 12.5,
6.25, 3.125 & 1.56uM) with identical spectra. S1 peaks were around 0.3 at 16.7uM for both
IR144 and IR140, but Sz peaks only reached 3% of the Si1 maxima, therefore at 16.7uM, the
absorbance values for S2 were around 0.009. After excitation, fluorescence was measured at
50uM and at subsequent serial dilutions from 50uM (25, 12.5, 6.25, 3.125 & 1.56uM). It was
found that S fluorescence maximums shifted hypso-chromatically, to higher frequency values,
as the concentration was decreased. This is indicative of self-absorbance and was confirmed by

overlaying the fluorescence and absorption spectra.

This experiment focused on Sz excitation, therefore although self-absorbance should be
kept at a minimum, the molecule needs to be at a concentration conducive to absorbance at the
excitation wavelength. Si fluorescence peak shifts came to a halt between 3.125 and 1.56uM, but
this concentration range proved to be too low for exciting a measurable amount of molecules to
be analyzed during our experiments. Taking into account both low Sz absorbance and self-
absorption, we concluded that there is not an optimal concentration for these experiments. Due to
the high importance in determining fluorescence fluctuations in response to chirp, we deduced

that a stable consistent signal was important, therefore S0uM was selected for each molecule.

50uM solutions of IR144 and IR140 were prepared in methanol, ethanol, n-propanol,
ethylene glycol and glycerol. All solvents were purchased with spectrophotometric grade purity.
Methanol, ethanol and n-propanol were kept in an airtight container and withdrawn using argon
gas. Solutions were kept for a maximum of one week and were not used in experiments beyond

that timeframe.
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Absorption and fluorescence spectra were collected and recorded for each of the 10
samples. The transition dipole moment representation was implemented for both spectra. The
absorption dipole strength is the absorption value divided by its wavenumber A(v)/v and the
fluorescence dipole strength was calculated by dividing the fluorescence values by their

wavenumber cubed F(v)/v°.

Excitation-emission matrix (EEM) spectra were also collected and recorded for IR144
and IR140 in methanol, n-propanol and glycerol. N-propanol is plotted in the results chapter.
This experiment was conducted in our Horiba spectrometer. Excitation ranged from 250 to 900
nm in increments of 5 nm, while emission was collected at 1 nm resolution from 400 to 1100 nm.
The EEM method excites the sample at a specific wavelength and probes for fluorescence at

specific wavelength values, it then repeats this process for each selected excitation wavelength.

TCSPC Experiments

Time-correlated single photon counting was conducted for both IR144 and IR140 in
methanol, ethylene glycol and glycerol. The samples were all excited with 531 nm light to the Sz
state by picosecond laser with a high repetition rate at 80 MHz. Sz and S1 decay were both
collected at a 12.5 nm bandwidth with a central wavelength at their maximum values. With
picosecond resolution, fluorescence decay times were collected for Sz for both cyanine dyes in
these three solvents. A filter was used to select for different wavelengths, so that the
photomultiplier (PMT) that collected the signal would only detect signal from the selected

wavelength range. Following the Sz experiment, a new filter system was used to select for the Si
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maximum. Since the molecule was being excited to Sz, a rise and decay was observed for Si

fluorescence as the S1 excited state became populated from the S2 state.

MIIPS Chirp Experiments

The multi-photon intrapulse interference phase scan (MIIPS) program!%13:14

was
implemented to generate ultra-short transform limited (TL) pulses from a femtosecond laser
beam. The MIIPS pulse shaper has gratings that reflect each wavelength value in such a way that
the phase of each frequency can be shifted. Different iterations of phase masks are placed on the
pulses and the pulse duration, fidelity, time bandwidth product and central wavelength are
recorded. The pulses were compressed to 19 fs with a central wavelength of 522 nm. The fidelity
is a measure of comparison from pulse to pulse, we want to get as close to 1.0 as possible to
ensure pulse precision.'* The TBP measures the temporal and spatial components of the pulse
and is important because it indicates how close a pulse is to TL. The TBP for a TL laser pulse is

equal to the full width half max (FWHM) of a gaussian shaped pulse, around 0.44. We aimed to

get as close as possible to that value.

To carry out this experiment, S0uM of IR144 and IR 140 in methanol, ethanol, n-
propanol, ethylene glycol and glycerol were prepared and placed in quartz cuvettes. The
preparation specifics are identical to those indicated in the steady-state experimental methods
above. The quartz walls were gently cleaned with methanol on all sides before being placed into

the set-up.

Within the set-up, following the biophotonic solutions femoJock P pulse shaper, was a

series of mirrors, followed by an internal attenuator inside the pulse shaper as well as an external
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attenuator near the end of the beam path before the sample. The femtoJock P pulse shaper has
one 128 pixel spatial light modulator (SLM), which limited the range of chirp that could be
applied to the pulses. A focusing lens was placed in front of the sample and a cuvette holder held
the quartz cuvette in place. The beam focused on the front corner of the inside of the cuvette to
keep non-linearities at a minimum and allow for accurate collection of fluorescence
perpendicular to the excitation beam. A very basic outline of the set-up is shown in figure 2.2

below.

- - ! e
T

[‘E attenuator

sample

lens l
beam . - N ;
blocker I ) ) A / FIBEEE

Figure 2.2: Experimental set-up for laser chirp experiments.

Before placing the samples in the beam path, an SHG crystal was put in place of the
sample to measure SHG at differing chirp values. This was done to verify that the excitation
pulse is hitting the sample with the correct phases applied. The MIIPS program corrects the pulse
to TL using an SHG crystal and measuring the SHG of the laser beam. SHG is dependent upon
photon density with no dependence on intra-pulse frequency ordering, meaning a symmetrical

chirp scan would be produced with no differences between positive and negative chirp. MIIPS
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determines which frequencies need to be phase-shifted to generate a TL pulse by measuring the
outcoming photon intensity and spectrum. A quartz slide with a thickness equal to the cuvette

wall was placed in the beam path to correct for dispersion introduced by the cuvette wall.

Once the MIIPS program compresses the pulses to TL, experimentation can begin. Chirp
(second order dispersion) was applied to the pulses by way of chirp scans. Chirp values ranging
from -15,000 fs? to +15,000 fs*> were applied to the pulses with 300 fs? step sizes. At each chirp
value, the resulting fluorescence spectrum was measured and averaged. At least three to five

scans were done for each sample.

During these experiments it was observed that IR144 and IR140 have a high sensitivity to
different laser power values. As power intensity increased, not only did the overall fluorescence
yield go up, but the S2/S: ratio went up. Therefore, power dependent experiments were conducted
to further understand this phenomenon. These experiments are explained in the “power-

dependence” section.
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Figure 2.3: Laser light with a central wavelength of around 261 nm was collected after 522 nm
laser light was focused on an SHG crystal. (a) SHG generation as a function of chirp and (b) the
inverse of normalized SHG as a function of chirp are plotted.

SHG and laser scans were collected at the chirp range used for our experiment. The SHG
scan is shown in figure 2.3a and 1/SHG is in figure 2.3b. Before plotting 1/SHG, the SHG graph
was normalized to a maximum value of 1. The magnitude of the slope of 1/SHG is indicative of

the TL pulse duration before chirp is applied and should not change throughout the chirp scans.

15



In figure 2.3, beyond +/- 5,000 fs%, chirp is no longer being applied in a linear fashion. Therefore,
only values from +/- 5,000 fs? are included in the final experimental data. Within the data, each
value along the 1/SHG line was used to calculate the actual chirp applied to the pulse at the
specific point. The data was corrected using this method and the equations below. Equation 1

relates the TL pulse duration 7, to the new pulse duration 7, as different chirp values ¢, are

out

applied to the pulse. f'is a constant used for Gaussian pulses, 4*In(2).

Tout:Tin”l-i_fz(Z_D_zz)z (1)

Equation 2 explains the inverse relationship between SHG and pulse duration as a function of

chirp. This is intuitive since SHG is dependent on photon density.

SHGoc T o 1 2)

T, 2
SN ERAGE

., changes with respect to ¢, and the slope is (1/7,,). Taking a constant input pulse of 20 and a

chirp range of +15,000 fs? to -15,000 fs?, a 1/SHG graph is simulated below in figure 2.4.
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Figure 2.4: An inverse SHG simulation with respect to chirp.

Figure 2.4 illustrates that the slope is linear. From this slope, the expected ¢, value can

be calculated, shown in equation 3. This equation was applied to the experimental data to

determine the actual chirp value at each data point.

2
T T

¢2=f (?:’) -1 3)

Once the data was corrected and within the proper range, the zero-chirp value (TL) was more
closely analyzed. For each chirp value, a fluorescence spectrum was collected. Each spectrum
was transformed from fluorescence intensity with respect to wavelength to its transition dipole

moment representation after being corrected for wavenumber. This transformation is shown in

equation 4 and 5.
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F(V)=F(ﬂ,)><ﬂ,2—>¥ 4)

F(v) /v’ represents the fluorescent dipole strength. These values were then integrated with
respect to wavenumber for the Sz and Si spectral peaks. Integrated fluorescence values for both
S2 and S1 were used as a reference and the changes were reported for each chirp value. The
resulting values were calculated using equation 5.

(I_ITL)
1

TL

)

This was completed for each of the two energy states Sz and Si1. I represents the

integrated fluorescence dipole strength and 7, represents the integrated fluorescence dipole

strength at TL.

A graphical representation of this with respect to chirp was generated. We discovered that
the TL pulses were mis-aligned by a chirp value of less than 300 fs?. Since data points were only
collected for every 300 fs?, interpolated data points needed to be generated for an accurate shift.
The curves in the graph represented a Lorentzian line-shape. Interestingly enough, the inverse of
equation one, similar to equation 2 can be used to represent the Sz line-shape. Once the curves
were fitted, new data points could be both interpolated and extrapolated for accurate peak

smoothing and representation of TL. Equation 6 below was used to fit the curves.

y=br—" ©)

1+ (%)

c

b, h and r_stand for baseline value, peak height and r

in?

respectively. 7, is directly related to

curve width and a width comparison was recorded for different solvents.
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Power-Dependence Experiments

Due to an observed sensitivity of these cyanine dyes to laser power, a chirp experiment
was run with IR144 and IR140 in methanol at different laser power values. Fluorescence spectra
were collected at 300 fs? increments from -15,000 fs* to +15,000 fs>. SHG experiments were also

conducted and averaged in order to represent the chirp data accurately.

In addition, the Sz spectra were more closely analyzed for positive chirp, TL and negative
chirp values. Figure 1 illustrates that past +/- 5,000 fs?, the SHG intensity is equal to chirp values
ranging from +/- 4,000 — 5,000 fs?>. These values were used in addition to the actual +/- 4,000 —
5,000 fs? and averaged to report the average spectra for positive and negative chirp, respectively.
All spectra were converted to their transition dipole moment representation before being

presented graphically.

Power-dependent experiments were also conducted for IR144 and IR140 in ethanol, n-
propanol, ethylene glycol and glycerol. The observed S2/Si1 increase occurred at TL for high
powers in lower viscosity solvents, but as viscosity increased high powers resulted in saturation.
The S2/S1 increase was characterized by an increase in Sz with a simultaneous decrease in Si.
This ratio was measured by integrating the fluorescence spectrum at each chirp value. Glycerol
and ethylene glycol required powers at least 10-fold lower than the other solvents. The effects
were only noticed within a small power range of around 0.25 mW. This is due to slow molecular

movement out of the FC region in viscous solvents, which causes the samples to easily saturate.
Summary

The above experiments; steady state absorption, fluorescence and 2D EEM, TCSPC,

chirp experiments, and power dependence experiments, along with theoretical and kinetic
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calculations together were utilized to draw conclusions about the excited state dynamics of both
IR144 and IR140. Steady-state data was utilized to understand the effects of solvent viscosity on
linear absorption. TCSPC measurements verified solvent effects on fluorescence lifetimes for
both Sz and Si. Chirp experiments brought a variety of information, from photon density to
frequency dependence, to an ultrafast time-sensitive understanding of the excited state molecular
dynamics. Power-dependence experiments aided the chirp experiments in further analyzing the
importance of photon density. Finally, theory and kinetic calculations were carried out to make

sense of our observations.
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CHAPTER 3: Linear and Nonlinear Optical Processes Controlling S2 and S1 Dual

Fluorescence in Cyanine Dyes
Introduction
Research Goal/Abstract

We report on the changes in the dual fluorescence of two cyanine dyes IR144 and IR140
as a function of viscosity and probe their internal conversion dynamics from S2 to S1 via their
dependence on femtosecond laser pulse chirp.'® Steady state and time-resolved measurements
were performed in methanol, ethanol, propanol, ethylene glycol and glycerol solutions.
Electronic structure calculations identified three low-lying excited states responsible for the
experimental observations, S1, S1.5, and S2 State S1.5 was found to relax to the S1 minimum
but the previously identified S2 state was found to relax to wo differently twisted minima. Chirp
dependence measurements, aided by numerical simulations, provided dynamic clues regarding
the internal conversion dynamics from S2 to S1 and its dependence on solvent viscosity and
pulse duration. By controlling solvent viscosity, and pulse duration, we were able to control the
S2/S1 population ratio of a factor of 86 and 55 for IR144 and IR 140, respectively. The increase
in the S2/S1 ratio is explained by a two-photon transition from S2 to an even higher excited state.
The ability to maximize the population of higher excited states prior to non-radiative relaxation

may lead to increased efficiency of photochemical processes.
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Introduction

Fluorescence from high lying excited states is uncommon for organic molecules in
solution because of the fast internal conversion (IC) to the lowest excited state of the same parity
that gives rise to Kasha’s rule.1 Here, we revisit the dual fluorescence observed in cyanine
dyes,2,3,4 in particular, the enhanced S2 emission observed in studies using chirped femtosecond
laser pulses.5 Here, we endeavor to understand what leads to the unusual enhancement by
restricting molecular motion via changes in solvent viscosity and shaping the laser pulses. The
motivation of our work is to learn how to enable new applications of cyanine dyes through

increasing the lifetime of high lying excited states.

IR144 O °

Figure 3.1: IR144 and IR 144’ represent two commonly understood conformations of IR144.
IR 140 mainly forms a cyanine-like conformation.
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Cyanine dyes encompass a large category of fluorescence molecules with an odd
numbered conjugated m-bonding system connecting two nitrogen atoms that branch off into a

range of different substituents. Cyanine dyes are used in a wide range of applications, including

16,17,18,19,20 8,21,22

bioimaging, solar energy conversion, photodynamic cancer therapy,?+** and
textiles.? Their spectroscopic properties are easily tuned making them useful model
compounds.?® Here we focus on heptamethine cyanine dyes IR144 and IR 140, shown in Figure
1, which differ in their amine substituent located in the center of their polymethine chain. IR144
has a piperazine substituent, while IR140 has a bulky diphenylamino group. The bulky
substituent gives IR140 a higher degree of steric hindrance than IR144. Notice the two
configurations for IR144 and IR144’ represent the bis-polar conformation of IR144, while IR140

represented in the cyanine-like conformation.?!

Here we use femtosecond chirped pulses to not only control photon density, but also to
understand the time-correlated wave-packet motion that leads to IC. When an otherwise
transform limited (TL) pulse is chirped, its pulse duration broadens. Therefore, chirp can be used
to control the peak intensity of the pulses. More importantly, the instantaneous frequency sweeps
from higher to lower frequencies in a pulse with positive chirp or from lower to higher
frequencies in a pulse with negative chirp. The fast sweep in frequency can be thought of as
using a pair of pulses with different frequencies separated by a time delay that is proportional to
the chirp magnitude, and this makes chirp pulses useful for following molecular

27,28,29.30.31.32 The “chirp effect’ following Si excitation consists of a decreased

dynamics.
fluorescence yield observed for negatively chirped pulses compared to positively chirped pulses.

This difference occurs because negatively chirped pulses are able to stimulate emission from the

excited state, resulting in lower fluorescence intensity.?’-*33%3% Recent work from our group on
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IR144 and IR806 showed an unusual chirp dependence when exciting the Sz state. We observed
increased Sz emission when using transform limited pulses, whereas chirped pulses, regardless of
sign, led to increased S2 emission.** Here we combine chirp control and the dependence of the
rate of IC on solvent viscosity,*>3% 37 to explore, in greater detail, the role of intramolecular
structural changes required in cyanine dyes to enable IC. The goal of our experiments is to
achieve the largest effect on the steady-state S2/Si ratio to enable novel photochemistry, solar

energy capture and perhaps photodynamic therapy applications.

The organization of the paper is as follows: First, we describe the experimental details
including steady state spectroscopy, lifetime measurements, and chirp dependent measurements.
Second, we present steady state spectroscopy of the two cyanine dyes in different solvents along
with lifetime measurements. Third, we show chirp dependent measurements for different
solvents obtained at different laser intensities. Fourth, we present electronic structure
calculations performed on both molecules that identify the different excited states involved as
well as their equilibrium configurations. Fifth, we present a kinetic model for the observed chirp
dependence. Finally, we discuss how our experimental findings, quantum calculations, and a

kinetic model come together to validate our conclusions.

Results and Discussion
Results

Steady state absorption and fluorescence spectra of IR144 and IR140 in methanol, ethanol,
n-propanol, ethylene glycol and glycerol are shown in Fig. 3.2a and b, respectively. The transition

dipole moment representation has been adopted for both absorption and fluorescence.**** The
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absorption dipole strength was calculated by dividing the absorption value by its respective
wavenumber A(v)/ v. Fluorescence spectra were converted to wavenumber, multiplied by the
wavelength squared and divided by the respective wavenumber cubed to calculate the fluorescence
dipole strength F(v) = F(3)/1? x 2°. The lower energy So to S1 transition absorption band is centered
around 13,500 cm™ and 12,800 cm™ for IR144 and IR140, respectively. The higher energy So to
S» absorption bands are associated with two configurations that we will refer to as S>* and S»™
according to their lower or higher energy transitions, respectively. The So to Sz absorption bands
are ~18,400 and 19,300 cm™ for IR144, and ~15,750 and 18,900 cm™ for IR140. Following
excitation to the Sz excited electronic state configuration at 522 nm, the emission spectra for IR 144
and IR140 show three emission bands. The fluorescence bands associated with S2" and S>' for
IR144 are at 15,900 cm™ and 17,000 cm’!, respectively, while those for IR140 are centered at
15,500 cm™ and 17,300 cm™. The S1 emission is centered at 11,750 cm™ for IR144 and 11,500 cm

! for IR140.

Further analysis of the spectra in Figure 2a shows a solvatochromic shift for both the
absorption and fluorescence of the Si excited state that is nonlinearly related to viscosity. Propanol
gives the largest shift, with respect to methanol, even though glycerol has the highest polarity.
Both solvent viscosity and polarity play a role in IR144 absorbance and emission band positions.
Similarly, in Figure 2b IR140 shows a solvatochromic shift in both absorption and fluorescence
spectra as a function of viscosity. The So to S2 absorbance increases with solvent viscosity. For
both molecules, as solvent viscosity increases, the overall S»2/S1 fluorescence ratio increases.
Following excitation of S2, emission from S>™ is favored by IR144, whereas emission from S2" is

favored by IR140.
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Figure 3.2: Steady-state absorption and fluorescence spectra for (a) IR144 and (b) IR140. The
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Excitation Emission Matrix (EEM) spectra, which record the steady-state fluorescence
emission intensity as a function of excitation wavelength in a 2D contour map, were collected for
both [R144 and IR140, Fig. 3.3a and b. The 400-710 nm region has been enhanced by a

multiplication factor of 180 for IR144 and 150 for IR140.
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Figure 3.3: Excitation emission matrix spectra of (a) IR144 and (b) IR140 in propanol. The
emission spectrum from 400 nm to 710 nm is multiplied by (a) 180 and (b) 150 for IR144 and
IR 140, respectively, for ease of viewing.
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The EEM spectra make clear when the Si and Sz excited states are reached. We also note that
excitation in the 600-700 nm region for IR144 and the 650-750nm region of IR140, leads to
bright emission from Si, likely indicating the presence of an excited state that quickly relaxes to

Si.
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Figure 3.4: The fluorescence decay of IR144 detected at (a) S2 — SO fluorescence maxima and
(b) S1 — SO fluorescence maxima in methanol (blue dots), ethylene glycol (green dots), and
glycerol (red dots). The fluorescence lifetimes for (a) have been obtained from the function f{¢) =
a1 exp(-t/t1) + a2 exp(-t/r2) while for (b) have been obtained from the function f{¢) = b1 exp(-t/73) -
b2 exp(-t/ts). The time constants have been obtained post deconvolution of the IRF from the
fluorescence decay signals.
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Fluorescence lifetime measurements, with an excitation wavelength of 531 nm were
carried out in IR144 and IR140 solutions in methanol, ethylene glycol and glycerol. Fig. 3.4a and
3.4b show fluorescence lifetime measurements from IR144 S and S states, respectively. The Sz
emission is characterized by a biexponential decay, that is likely associated with the competition
between fluorescence from Sz and IC to Si. The S2 emission lifetime is observed to increase with

solvent viscosity. The Si emission signal shows a rise followed by a decay, with both lifetimes
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Figure 3.5: The fluorescence decay of IR140 detected at (a) S2 — SO fluorescence maxima and
(b) SI — SO fluorescence maxima in methanol (blue dots), ethylene glycol (green dots), and
glycerol (red dots). The fluorescence lifetimes for (a) have been from the function f{¢) = a1 exp(-
t/t1) + a2 exp(-t/r2) while for (b) have been obtained from the function f{¢) = b1 exp(-#/73) - b2 exp(-
t/t4). The time constants have been obtained post deconvolution of the IRF from the fluorescence
decay signals.
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increasing with solvent viscosity. Fig. 3.5a and 3.5b show fluorescence lifetime measurements
from IR140 Sz and S states, respectively, for IR140. The Sz fluorescence lifetime increases with
viscosity for IR140 and IR144. Interestingly, the IR140 Si fluorescence lifetime does not follow
the same viscosity trend. We find the fluorescence lifetime for IR140 in methanol to be similar to

that in glycerol.

Table 1: Fluorescence lifetimes obtained from time-correlated single photon counting
experiments. The time constants are as defined in Fig. 3.4 and 3.5.

Molecule  Solvent® a1 71 (ps) a2 2 (ps) 73 (ps) 7 (ps)
MeOH 0.86 46+1 0.14 452 + 10 455+2 32+3
IR144 EG 0.78 175+2 0.22 682 + 14 456 £ 1 43 +3
Gl 0.60 221+4 0.40 932+ 13 630 + 2 48 +3
MeOH 0.52 1073 048 347+5 730 £ 2 44 + 1
IR140 EG 0.71 124+2 0.29 687 +9 617 +2 26 +1
Gl 0.69 174+2 0.31 914+ 11 726 + 2 42 + 1

2 Abbreviations: MeOH = Methanol, EG = Ethylene Glycol, Gl = Glycerol.

Femtosecond chirp scans, from negative values (higher before lower frequencies) to
positive values (lower before higher frequencies) were carried out on IR144 and IR140 in
methanol, ethanol, and propanol. The excitation pulse, with near Gaussian spectrum and a central
wavelength near the Sz absorption band, for both IR144 and IR140 is chirped while fluorescence
spectra spanning both excited states are collected. Fig. 3.6a and b show the trend in Si and S
integrated fluorescence with increasing chirp for IR144 and IR140, respectively. The y-axis is the

relative change in integrated fluorescence, with respect to TL fluorescence.
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Figure 3.6: Chirp dependence scans conducted on (a) IR144 and (b) IR140 from -5000 fs? to
+5000 fs? at constant laser power for each molecule. (For IR140, a lower laser power intensity was
used) The fluorescence intensity for each chirped pulse was measured against the transform limited
fluorescence for each respective energy state (S2 and Si) to display. Methanol, ethanol and n-
propanol are represented by black, red and blue lines, respectively. S1 and S are represented by
thin and thick lines, respectively.
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As shown in Fig. 3.6, the resulting increase in Sz and decrease in Si fluorescence at near
zero chirp are nearly symmetrical with respect to chirp magnitude, which is similar to previous
experiments from our group. This chirp dependence is unusual. As mentioned in the introduction,
excitation with negatively chirped pulses should lead to a pronounced decrease in fluorescence
compared to excitation with positive chirped pulses. It is important to note here, that the total
integrated Si fluorescence is considerably higher than the total integrated Sz fluorescence (see Fig.
3.2). Therefore, Si fluorescence changes at TL represent a considerable decrease in fluorescence
yield, whereas the Sz fluorescence increase at TL involves much smaller fluorescence values. The
shaded gray outline, located on the bottom half of Fig’s 3.6a and 3.6b, represents the SHG
dependence as a function of chirp obtained with the experimental pulses. The dependence of SHG
on chirp is proportional to the inverse of the pulse duration of the chirped pulses, Tou, given by

Equation (1). In this equation, Tin is the input pulse, /= 4*In2, and @2 is the amount of chirp

(1)

Because the observed response to chirped pulses following Sz excitation in cyanines is
unusual, we extend our previous work to solvents with higher viscosity values using methanol,
ethanol, and propanol solutions. We find that as the viscosity increases, the effect that chirped
pulses elicit on fluorescence increases in magnitude for both S1 and Sz. In IR144, the same chirp
dependent symmetrical S2/S1 enhancement for TL pulses is apparent for each solvent. For IR140,
the S2/S1 ratio increase is observed near zero chirp, but the dynamics observed are less
symmetric with respect to chirp. We note a slight increase in S1 and Sz emission for positively
chirped pulses, as compared to negatively chirped pulses. The lower fluorescence for negatively

chirped pulses is reminiscent of the chirp dependence observed in first excited states showing
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depleted fluorescence for negatively chirped pulses due to stimulated emission.?”282%303132 One

can understand the asymmetry by considering a negatively chirped pulse experiment as one
where a shorter wavelength pulse launches the wave packet in the Sz excited and a longer

wavelength pulse bringing the wavepacket back to the ground state.

One can get a sense of the wavepacket motion dynamics in the Sz state using Eq. (1) to
calculate the corresponding pulse duration on the top x-axis (Figure 6 and 7). Given that the
chirp dependence of the Sz fluorescence emission has a Lorentzian dependence on chirp, like the
SHG dependence. Taking the inverse of Eq. (1) with adding fitting parameters 4, and b,
corresponding to the amplitude and baseline results in Eq. (2), which can be used to fit the S»
chirp curves obtained for the different solvents (in Fig. 3.6) and obtain a fitting parameter 7. that
can be used to calculate changes in wavepacket dynamics. When 7. = Tin, We recover the
experimental SHG intensity dependence. When the radical in the denominator equals 2, it
implies that the chirped pulse has doubled in duration, and from then on, pulse duration increases
linearly with chirp. We have chosen this point, when a chirped pulse can be considered
analogous to two separate pulses with different central frequency, to define the ‘wavepacket
motion’ time, a parameter that is proportional to the wavepacket motion dynamics in the
different solvents. The resulting parameters are in Table 2, along with a ‘wavepacket motion’
obtained by solving Eq. 2 for each of the tc values. The numbers in Table 2 allow us to get a
sense of the delayed wavepacket dynamics in the different solvents resulting from the increased

viscosity.

oy=b+ (2)



Table 2: Fitted chirped Sz fluorescence curves were fitted with a Lorentzian line-shape.

Molecule Solvent Width (fs) Error
Methanol 353 +0.4

IR144 Ethanol 38.3 +0.36
n-Propanol 43 .4 +0.34

Power-dependence experiments were conducted in methanol solutions for both dyes, as
shown in Fig. 3.7. With the increase in laser power the Sz intensity appears to saturate for both
dyes at a laser power of 15mW. At the highest intensity, maximum Sz emission is no longer
observed for TL pulses. Notice that saturation is not observed for S1 fluorescence. We find the
observed chirp dependence of the S2 state in IR144 is significantly greater than the effect

observed in IR 140.

Having shown that viscosity causes a higher S2/S1 emission ratio in both IR144 and
IR 140, especially for TL pulses, we explore a possible relationship with chirp and laser intensity
on the Sz emission spectra of the molecules (Figures 8a and 8b). Measurements were repeated for
three laser powers, 10, 15, and 20 mW. The pulses were TL (black), positively (red), or
negatively (blue) chirped. For IR144, when excited by TL pulses, we find that the three
intensities produce the same spectrum which corresponds to S>™ . For chirped pulses, we find
that the blue shifted S2" emission is less intense but increases with laser pulse intensity. This
trend is not observed in IR140 (Figure 8b); in fact, results for 10 and 15 mW for TL and chirped
pulses produced identical spectra. This is consistent with IR140 preferring emission from the S>"

configuration.
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Figure 3.7: Chirp dependence scans carried out as a function of laser intensity for (a) IR144 and
(b) IR140 in methanol. Relative fluorescence change (from TL) of S1 and Sz, with respect to
chirp is plotted for differing laser power values. Laser excitation power of 15mW, 10mW and
SmW are represented by black, red and blue lines, respectively. S1 and S2 variations are
represented by thin and thick lines, respectively.
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Figure 3.8: Normalized S: fluorescence spectra are plotted as a function of chirp and power
value for (a) IR144 and (b) IR140. The blue line (positive chirp) considers chirp values from
+4000 fs? to +5000 fs?, while the red line (negative chirp) averages the fluorescence spectrum
from -4000 fs? to -5000 fs?. The black line (transform-limited pulses) stays relatively the same as
the power increases for both dyes. The (b) IR140 fluorescence spectrum is not dependent upon
chirp or power. 15mW and 10mW S: spectra are shown for the three differing pulse descriptions,
with relatively no change. The data have been normalized to the highest value within the Sz
fluorescence emission band.
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The motivation of this work is to maximize the lifetime of Sz by preventing or delaying
IC to Si so that the excess energy is available for photochemical processes such as solar capture
or therapeutic applications. Therefore, we quantify the integrated S2/S: fluorescence ratio
observed for IR144 and IR 140 in the different solvents by steady state fluorescence spectroscopy
as well as by femtosecond TL and chirped pulses in Table 3. Increasing solvent viscosity
increased the S2/S1 ratio by a factor of 8.6 and 21 for IR144 and IR140, respectively.
Femtosecond TL pulses caused even higher enhancement in the S2/Si ratio by a factor of 39 and
47 for IR144 and IR 140, respectively. When taking obtaining the change in the S2/Si ratio
obtained for femtosecond chirped pulses for methanol and TL pulses for glycerol, we obtain an
overall effect of 86 and 55 for IR144 and IR140, respectively. The large difference in the effect
observed for femtosecond pulse excitation compared to steady state spectroscopy indicates an

additional pathway for the excitation that populates Sz as will be discussed below.

Table 3: S2/S1 integrated fluorescence intensity ratios.

Molecule Solvent Viscosity (cP) Steady TL pulses Chirped
state pulses

Methanol 0.05435 0.0014 0.022 0.010

IR144 Ethanol 1.095 0.0035 0.0342 0.013
n-Propanol 2.256 0.0040 0.045 0.015
Ethylene glycol 16.2 0.0047 0.030 0.025
Glycerol 648 0.012 0.86 0.82
Methanol 0.05435 0.0051 0.027 0.023

IR140 Ethanol 1.095 0.0081 0.023 0.021
n-Propanol 2.256 0.014 0.028 0.025
Ethylene glycol 16.2 0.025 0.10 0.10
Glycerol 648 0.11 1.27 1.19
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Theory

Time-dependent density functional theory (TD-DFT) calculations were performed to
identify the absorption and emission transitions of IR140 and IR 144 molecules. Though TD-DFT
calculations are known to predict excitations energies with errors of several tenths of an eV in
cyanine dyes, the shapes of potential energy surfaces are typically found to be very accurate.***!
All calculations were performed with the TeraChem software package.*>*+* Geometries were
optimized at the CAM-B3LYP*/6-31G* level. Except where noted otherwise, all calculations
were performed using an implicit model of the glycerol solvent (conductor-like polarizable
continuum model, C-PCM,*%*” with dielectric constant £ = 46.5). All calculations were repeated
in implicit methanol (¢ = 33.0), with effectively identical results, except as noted specifically
below. Alkyl chains over three carbons long and any associated sulfonate groups were replaced
by methyl groups to save computational expense. Ground state optimizations show that the s-
trans conformers have a lower ground state energy than the s-cis conformers for both molecules.
In both molecules, the central amine group was found to rotate out of the plane of the
polymethine chain. Excited state optimizations were performed to identify possible emissive
geometries. The results of these optimization are presented in Figures 3.9 and 3.10 for IR140 and
IR 144, respectively. Three low-lying states were examined in both IR140 and IR 144, which we

will label S1, Si1.5, and Sz. Optimized structures in methanol, glycerol, and vacuum can be found

in the supporting information.

The computed Si vertical excitation energies at the Franck-Condon point (Somin) are
2.37 eV and 2.54 eV for IR140 and IR 144, respectively. These overestimate the respective
experimental absorption maxima (1.54 eV and 1.67 eV in methanol) by 0.83 and 0.87 eV,

respectively. Thus, we apply respective shifts of the excited state potential energy surfaces of -
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0.83 and -0.87 eV in our analysis of the computational data below. These shifts account both for
well-known errors in TD-DFT excitation energies and for the different environment in our
calculations compared to experiment (i.e., the absence of charged sulfonate groups, counterions,

and hydrogen bonding interactions with solvent).

The S1 minimum was identified in each dye, which we label Simin. In both cases, Simin
is very similar to Somin, and has a vertical So-Si gap less than 0.1 eV smaller than that at Somin.
The shifted theoretical S1 emission energies are in excellent agreement with experiment: 1.44 eV
(2.27 eV unshifted) and 1.51 eV (2.38 eV unshifted) for IR140 and IR 144, respectively,
compared to experimental values of 1.44 eV and 1.48 eV. Optimization on S1.5 did not yield a
distinct minimum. Instead, it is found that S1 and Si1 5 intersect, which likely facilitates efficient

nonradiative decay from Sis to Si1. Thus, no emission is expected from Sis.

In both IR140 and IR 144, two distinct local minima were found on Sz, which we label
Somin-1 and Somin-2. As detailed below, in both systems the computed So-S2 energy gaps at
these minima are in good agreement with the experimentally observed S> and S>* emission
peaks. In addition, in both IR140 and IR144, both Somin-1 and S:min-2 are significantly
distorted compared to the Somin structure. Of the two minima, Somin-1 is more analogous to the
Franck-Condon geometry; the polymethine chain remains planar, but the central amine group is
twisted to 77° and 73° in IR140 and IR 144, respectively (compared to 37° and 43° at Somin). In
the more distorted Somin-2, the polymethine chain itself is twisted by 91° and 94°, relative to the
planar Somin structure. For comparison, the Simin is less distorted, with a planar polymethine

chain and respective twist angles about the central amine group of 50° and 59°.

These significant distortions of the emissive geometries compared to the Simin structures

explain the observed solvent viscosity dependence of the ratio of Sz to S1 emission in both IR140
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and IR144. Upon excitation to the Sz state, molecules will be trapped at the distorted S2 minima
by more viscous solvents and emit from Sz before nonradiative decay can occur. Thus, the ratio

between Sz and Si emission intensity grows larger with increasing solvent viscosity.

Careful analysis of the S2 PES sheds light on the origin of the distinct Samin-1 and Szmin-2
emission peaks. We believe that these two minima correspond to the experimentally observed
S2M and S2* emission. In IR144, the predicted emission energies are 2.18 and 1.89 eV (3.05 and
2.76 eV unshifted) at Somin-1 and Szmin-2, respectively. These values are in good agreement with
the experimentally observed emission peaks at 2.11 and 1.98 eV, respectively. Optimization in
implicit methanol solvent provides nearly identical minima and emission energies. Thus, we
suggest that S>! and S>' emission correspond to the excited state structures that are twisted about
either the amine substituent or the polymethine chain, respectively.

For IR140 in glycerol, two distinct minima (S2min-1 and S2min-2) are observed as well.
The computed emission energies are 2.63 and 2.08 eV (3.46 and 2.91 eV unshifted). These likely
correspond to the experimentally observed S>' and S2" emission peaks at 2.01 and 1.92 eV,
though agreement with the computationally predicted feature at 2.63 eV is only qualitative. In
addition, only a single minimum (similar to Szmin-2) was observed upon optimization in implicit
methanol solvent. Given the large number of degrees of freedom on the molecule, there may be
an addition minimum on Sz that we have not found in our study. However, given the similarity of
both the experimental emission spectra and the computed PESs of IR140 and IR144, it appears

likely that the So™ and S2* emission peaks arise from distinct minima on Sz in both systems.

Comparison of the S2-S1.5 energy gaps at the optimized Sz minima provides insights into
the relative ratios of Sz to S1 emission in these systems. In IR 144, relatively small gaps of 0.54

and 0.21 eV are predicted at the Somin-1 and Somin-2, respectively. This suggests relatively fast
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non-radiative relaxation to S1s5, and subsequently to Si (through the above-mentioned
intersection), which is consistent with the relatively low ratio of Sz emission to Si emission in
this system. The gaps are larger in IR140 (1.25 and 0.69 eV), consistent with the higher yield of
S2 emission relative to Si. The underlying raw calculations supporting the theory are provided in

the Supporting Information Tables S1-S6.
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Figure 3.9: Computed state energies of IR140 in glycerol at corresponding geometries. So, Si,
Si.5, and Sz energies are shown by black, red, blue and green lines, respectively. Energies for Si,
S15, and S2 are shifted as described in the text.
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Figure 3.10: Computed state energies of IR144 in glycerol at corresponding geometries. So, S,
S1.5, and Sz energies are shown by black, red, blue and green lines, respectively. Energies for S,
S15, and S2 are shifted as described in the text.
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Numerical Simulations

Numerical simulations were carried out in order to understand the chirp dependence
observed experimentally, and how that dependence varies with the solvent viscosity and laser
intensity. The simulations are based on the scheme shown in Figure 3.11. The first step being
excitation from So to the FC region of Sz, forming the wavepacket shown in red. From there, the
wave packet relaxes to either of the Sz state configurations with rate 42 or crosses over to Si, by
way of a conical intersection between the two states, with an IC rate kic and relaxes to the bottom
of S1 with rate &;. Once the fluorescence lifetimes for S1 and Sz of 452 ps and 455 fs,
respectively, for IR144 are added to the simulation, the set of four linear differential equations is
solved using Mathematica® and the results closely resemble the experimental lifetime decay

A

Potential Energy

Internuclear Coordinate, q

Figure 3.11: Schematic model representing potential energy curves that illustrate the different
processes involved in the femtosecond chirped pulse experiments.
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measurements for methanol. For these calculations, the population starts in Sz and the rates 1/ 41,
1/ ki2, 1/ kic are 2 ps, 2 ps, and 0.5 ps, respectively. In order to keep the model as compact as
possible, we did not introduce state Si.5, and no efforts were made to differentiate the model to

differentiate between IR 144 and IR 140.

To simulate the chirp dependence results, we include the possibility of two-photon
excitation from the FC region reached by the first photon to a higher excited state (see Fig. 3.11),
which empirically relaxes preferentially to Sz via IC. When the pulses are TL, the probability of
two-photon excitation is maximum, and as the chirp magnitude increases, the two-photon
excitation pathway is suppressed. Because two-photon excitation is proportional to pulse
duration, we set 1/k:2 proportional to the chirp-dependent pulse duration. By including this

dependence, k2 controls how much population goes into S,
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Figure 3.12: Results from numerical simulations of the Si and Sz populations as a function of
chirp and viscosity. The viscosity of the solvent affects the rate of IC and this is reflected in the
chirp dependence. Results shown for methanol (black), ethanol (red), and propanol (blue), where
the only parameter changed in these simulations was the viscosity of the solvent.
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either by direct relaxation from the FC region or via two-photon excitation. With this addition,
the S1 and Sz populations mimic the behavior, as observed in the experiments, without the need
to introduce higher excited states or additional relaxation constants. Given that wavepacket
dynamics and changes in the molecular geometry required for IC proceed at a rate proportional
to the viscosity of the solvent, we made 1/kic directly dependent on viscosity. This explains why
the observed chirp dependence becomes broader as viscosity increases. Our experiments were
found to be very sensitive to laser intensity. When the laser power is very low, the effect of chirp
on the pulses is smaller and nonlinear processes are no longer possible. Here, chirp makes no
difference. Because S2 is nested within Si, as illustrated in Fig. 3.11, laser excitation populates
both the S1 and Sz states. In our numerical calculations, the initial population of Si was set to 5
times greater than that of S2. With these parameters, we were able to reproduce the chirp and
viscosity dependence observed experimentally for methanol, ethanol and propanol, as shown in
Figure 3.12. For the simulations shown, the only parameter that was changed was the viscosity of

the solvent.

Saturation of the Sz FC region occurs under high laser intensity, near TL conditions. In
this case, as the pulse duration increases, the wavepacket has time to move out of the FC region
and Sz can achieve greater population than observed with TL pulses. As pulse duration increases
further, the behavior returns to the unsaturated case. Saturation was simulated by multiplying the
population of Sz by a k->-dependent Gaussian function representing the laser pulse with an
additional contribution controlled by the rate of depopulation from Sz to Si. This additional
population is rationalized because two-photon excitation may occur for the population that has
undergone IC to Si, when the laser intensity is very high. The simulations as a function of laser

intensity, using the viscosity of methanol, are presented in figure 3.13. We did not include in our
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model the wavepacket motion in the Sz state that results in the asymmetry visible in the IR140
data, namely, greater fluorescence intensity for positively chirped pulses compared to negatively

chirped pulses.

I I I I I I I I | I I I | I
-4000 -2000 0 2000 4000

Chirp (fs?)
Figure 3.13: Results from numerical simulations of the Si and Sz populations as a function of
chirp for three different laser intensities: weak pulses (blue), higher intensity (red), and saturation
(black); as described in the text.

Discussion

Results from steady state spectroscopy, including EEM spectra and fluorescence lifetime
measurements in IR144 and IR140 in different solvents can be understood by taking advantage
of the quantum calculations presented here. While emission from Si and S: states had been
observed before, here we report on two distinct molecular configurations for the S state, and the
preference of IR144 to emit from S2' and that of IR140 from S2". These peaks correspond to
differently twisted minima on the Sz surface. The EEM spectra reveal absorption by an

intermediate electronic state between Si and S> that emits exclusively from Si. Quantum
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calculations are able to predict this state and in addition find that it relaxes to the Si equilibrium
geometry, consistent with the experimental data. Fluorescence lifetime measurements

demonstrate the relatively long-lived Sz states of these molecules, their dependence on viscosity,
and rate of IC down to the Si state. These measurements are later used to parametrize numerical

simulations.

Chirp dependence measurements for solvents with different viscosity revealed that the
S2/S1 ratio is maximized for TL pulses, as had been observed before by our group. However, we
find that the dependence on chirp shows that the IC dynamics are slowed by more viscous
solvents. The slowdown can be understood by realizing that significant molecular geometry
changes are required for the process. We find that the slowdown is even more pronounced for
IR 140 than for IR144, and this can be explained by the favored polymethine twist as compared

to amine substituent twist, respectively.

Most importantly, the enhanced S2/Si ratio for TL pluses can now be understood as a
two-photon excitation originating from the FC region reached by the first photon, provided the
wavepacket has not moved during the excitation process. This conclusion is reached by
correlating multiple observations. First, the EEM spectra in Fig. 3.3, show that indeed there is an

electronic state reachable by two-photon 520 nm excitation (260 nm one-photon), and that
excitation of that state leads to S2=So emission. Power dependence measurements of the S2/S:

ratio (Fig. 3.7) are also consistent with two-photon excitation. Numerical simulations based on a
kinetic model allowed us to test several alternative processes and their dependence on laser
intensity, pulse chirp, and solvent viscosity. The overall scheme depicted in Fig. 3.11 is the only

one that could accurately simulate solvent viscosity (Fig. 3.12), and laser intensity (Fig. 3.13).
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Conclusion

In this study we have applied femtosecond pulse chirp and solvent viscosity to
manipulate the rate of IC following Sz excitation of IR144 and IR140. Steady state spectroscopy
including excitation emission spectra and fluorescence lifetime emission, together with quantum
calculations have revealed an excited state termed Si.s, that promptly relaxes to Si1 but influences
the IC process from Sz. In addition, we find that the Sz state has two stable molecular
configurations S>™ and S2" associated with amine substituent twist or polymethine chain twist,
respectively. We find that IR144 emits preferentially from S2", while IR140 emits preferentially
from S>*. Taking advantage of solvent viscosity and femtosecond pulse chirp, we are able to
manipulate the S2/S1 fluorescence ratio of IR144 from a minimum value of 0.01 for methanol
with 5000 fs? chirp, to a maximum of 0.86 obtained for TL pulses. This overall change
corresponds to almost two-orders of magnitude. The ability to control IC from upper excited
states, may open exciting possibilities for the photochemical applications of cyanine dyes in
imaging and photodynamic therapy. The results presented here may lead to future work on
manipulating the lifetime of the upper excited states of similar polymethine dyes, other cyanine

dyes and possibly other molecules such as carotenes.
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FINAL CONCLUSIONS AND FUTURE RESEARCH
Conclusions

The purpose of this research experiment was to analyze the dual effect of viscosity and
pulse chirp on excited state dynamics in cyanine dyes. This led to the finding that increasing
solvent viscosity increases the S2/Si ratio, increasing photon density increases the S2/S1 ratio and
increasing both produces a multiplicative effect. Increased photon density also increases the
likelihood of two-photon excitation, a non-linear optical process we determined is most-likely
responsible for the S2/S1 increase at TL. In addition, it was found that both IR144 and IR140

have two Sz fluorescent peaks and they can be selected for in IR144.

When increased S2/S1 fluorescence ratios for IR144 are observed, either as viscosity or
photon density is increased, there is an increase in the S2™ fluorescence peak in comparison to the
S2b peak. This reveals a different relaxation pathway that results in higher Sz fluorescence
values. This Sz peak selection is not observed in IR140. As the S2/S1 fluorescence ratio increases,
the lower energy Sz peak is always favored and the S2! to So ratio stays relatively constant

during these changes.

In conclusion, it was found that non-linear absorption and a decreased IC rate resulted in
increased S2/S1 ratios in both IR144 and IR140. For IR144, chirped pulse excitation in methanol
compared to TL in glycerol increased the S2/Si1 fluorescence ratio by a factor of 86. In IR140,
chirped pulse excitation in methanol versus TL in glycerol increased the S2/Si ratio by 55. While
steady state excitation in methanol compared to glycerol gave an 8.6 and 21.6 factor increase in
the S2/S1 ratio for IR144 and IR 140, respectively. This reveals the multiplicative effect viscosity

and photon density together have on increasing the Sz fluorescence yield in cyanine dyes.
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Here, it is shown that environmental factors such as viscosity and laser-controlled photon
density can be utilized to influence fluorescence yield and wavepacket pathway selection in
cyanin dyes and possibly other fluorophores. This is significant because it allows for the control
of the S2/S1 fluorescence ratio. As S2/S1 increases, the energy being emitted from the molecule,
in the form of light, is increased since Sz is a higher energy state than Si. This type of control can
be applied to many different processes, one example is solar energy. Within solar energy, one of
the main limitations is the efficiency of the solar cells. Cyanine dyes have been implemented as
solar cells because of the charge associated with their side chain causing them to have
semiconductor properties. Solar cells or panels are limited by their energy band gap. Here, it is
shown that with increased S2/S1, a considerable amount of Sz fluorescence can be emitted from
these dyes increasing the band gap from the Si to So transition to the Sz to So transition. This
increases the energy band gap by almost 50%. The hope is, although the focus here was very
fundamental, further research in this area would contribute to the application of this finding

within the renewable energy realm.

Further Research

Further research on other dyes utilizing both solvent viscosity and laser pulse chirp
synchronously could be employed to further understand higher excited state dynamics. Other
environmental factors such as pH, ionic solutions and temperature could be exploited in use with
cyanine dyes to better understand their effect on the S2/S: fluorescence ratio. Excitation to S3
with analysis of how all three fluorescence ratios are influenced by viscosity and photon density
would give insight into methods of further violating Kasha’s rule. Binding experiments of these

dyes to protein, DNA or other biomolecules can be conducted to better understand molecular
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torsion and/or substituent effects on fluorescence ratios and binding affinity. These could then be
used for detection and/or destruction of unhealthy cells that have the unwanted characteristics

that influence S2/Si1 fluorescence ratio changes.

Beyond application, these findings expand our fundamental understanding of excited
state dynamics in heptamethine cyanine dyes with the hope that these methods can be employed

in other fluorophores.
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