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beams at 403.5 nm. Transient spectra were generated by
subtracting the pump-probe spectrum at A t = -103 ps from the
pump-probe spectra at each time delay. The background in the
transient Raman spectra was removed using Origin 7.5 T™M

baseline routine.

Kinetic analysis of time-resolved anti-Stokes resonance Raman
spectra of NNDMPNA dissolved in DMSO. Squares and circles
represent the experimental integrated intensity, triangles represent
the average peak intensity at -1495 cm™ and lines represent the
exponential curve-fits at positive time delay. The decay only
portion of the 1495 cm™ band is fit using A; exp-""; the rise and
decay kinetics of 1310 and 855 cm™ bands are fit using A; exp’

t/1:1+ A2 exp'mz.

Kinetic analysis of the peak position shifts of anti-Stokes Raman
transients subsequent to photoexcitation at 403.5 nm of
NNDMPNA in DMSO. Peak positions were determined by
nonlinear fitting of the transients with Lorentzian peak shapes. The
lines represent the exponential fits to the peak-position data at
positive time delay. The 855 cm™ band is fit using a function of
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it

1; yo=-1311.85+0.67 cm™. The value of y, corresponds to the

equilibrium vibrational frequency of the corresponding mode. -----
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Representative set of time-resolved anti-Stokes resonance Raman
spectra of 2-MPNA in DMSO obtained using pump and probe
beams at 410.5 nm. Transient spectra were generated by
subtracting the pump-probe spectrum at A t = 60 ps from the
pump-probe spectra at each time delay. The background in the

transient Raman spectra was removed using Origin 7.5 T™M

baseline routine.
Kinetic analysis of the transient anti-Stokes Raman mode of 2-
MPNA in DMSO at 1307 cm™. Circles represent the experimental
integrated intensity, squares represent the central peak position
and lines represent the exponential curve-fits at positive time
delay. The rise and decay kinetics of 1310 cm™ band intensity is
fit using A; exp"1+ A, exp%. The peak position shift is fit using
a function of the form y=y¢+ A, exp—t/rl; yo=-1307.04+0.66 cm™.

The value of yo corresponds to the equilibrium vibrational

frequency of the corresponding mode.
Kinetic analysis of time-resolved anti-Stokes resonance Raman
spectra of 2-MPNA dissolved in DMSO. Symbols represent the
average peak intensity of the individual vibrational modes seen in
the transient spectra and lines represent the exponential curve-fits
at positive time delay. The average peak intensity at 1303 cm™

was obtained by averaging the intensity at 1301, 1302, 1303, 1304

and 1305 cm™. The average intensity of other modes was also
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obtained similarly. The rise and decay kinetics at average peak
positions of 1303, 933, 815 and 768 em’ are fit using a
biexponential function of the form A; exp'mpL A, exp't/rz. ----------
Representative set of time-resolved anti-Stokes resonance Raman
spectra of 2, 6-DMPNA in DMSO obtained using pump and probe
beams at 410.35 nm. Transient spectra were generated by
subtracting the pump-probe spectrum at A t = 64 ps from the
pump-probe spectra at each time delay. The background in the
transient Raman spectra was removed using Origin 7.5 T™M

baseline routine.

Kinetic analysis of the transient anti-Stokes Raman mode of 2, 6-
DMPNA in DMSO at 1307 cm’. Symbols represent the
experimental integrated intensity and central peak position and
lines represent the corresponding exponential curve-fits at positive
time delay. The rise and decay kinetics of 1310 cm™ band intensity
is fit using A; exp 1+ A, exp’%. The peak position shift is fit
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cm™. The value of y, corresponds to the equilibrium vibrational

frequency of the corresponding mode.
Kinetic analysis of time-resolved anti-Stokes resonance Raman
spectra of 2-MPNA dissolved in DMSO. Symbols represent the
average peak intensity of the individual vibrational modes seen in

the transient spectra and lines represent the exponential curve-fits
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at positive time delay. The average peak intensity at 1476 cm™
was obtained by averaging the intensity at 1474, 1475, 1476, 1477
and 1478 cm™. The average intensity of other modes was also
obtained in the same way. The rise and decay kinetics at average
peak positions of 1476, 1297, 945 and 809 cm™ are fit using a bi-

exponential function of the form A; exp™" 1+ A, exp™. ------------
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Electronic and Vibrational Dynamics of Heme Model Compounds

-An Ultrafast Spectroscopic Study

Abstract

By

JAGANNADHA REDDY CHALLA

The ultrafast electronic and vibrational dynamics of a model five-coordinate,
high-spin heme Fe"OEP-2Melm, following excitation in the Soret band, have been
studied in a coordinated fashion using ultrafast transient absorption, time-resolved Stokes
and anti-Stokes resonance Raman spectroscopies. Electronic excitation on the blue side
of the Soret band region led to sub-100 fs S,>S,, followed by 800 fs nonradiative decay
to a vibrationally hot, nonthermal ground state species So". So  then evolved to the
thermally equilibrated ground state species Sy on ~ 10 ps timescale. The initial accepting
modes during the S;=>S, internal conversion underwent rapid vibrational relaxation
evidenced by 1-3 ps decay of transient anti-Stokes signals. Comparison to other studies in
heme proteins where the initial excited electronic state was prepared by ligand photolysis

led to insight into the state dependence of vibrational dynamics in hemes.

The ultrafast dynamics of a six-coordinate low-spin heme Fe"OEP-(Im), were

studied following photolysis of one of the imidazole ligands upon electronic excitation.
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No detectable vibrationally hot six-coordinate ground state heme is observed, indicating
the intrinsic quantum yield of the photolysis to be close to unity. The intramolecular
vibrational relaxation is the major contribution to the photoproduct cooling on the order
of 0.6 to 4.5 ps time scale. The intermolecular vibrational cooling has a lifetime of
approximately 10 ps. On average 75% of the photolysed ligand geminately recombines
on the time scale of 10-20 ps strongly overlapping with the vibrational cooling dynamics.
Complimentary time resolved Stokes resonance Raman experiments support these

observations as well.

The effect of methyl groups on the vibrational relaxation processes of para-
nitroaniline (PNA) was studied. Minimal impact upon electronic dynamics, significant
impact upon vibrational dynamics was observed in 2-methyl, 2, 6-dimethyl and N, N-
dimethyl PNA compounds. NO, group wagging overtone (~1495 cm™) acts as the
coupling and primary accepting mode during internal conversion in all four compounds.
N-methyl substitution increases vibrational cooling lifetimes, phenyl ring substitution
populates two new low frequency ring vibrations not present in PNA or N, N-dimethyl
PNA. Anti-Stokes intensity decay and peak-shift evolution yield different lifetimes. Off-
diagonal anharmonic coupling to populated low frequency motions of the phenyl are

likely to be important.
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CHAPTER 1

INTRODUCTION

1.1 HEME PROTEINS AND BIOLOGICAL SIGNIFICANCE

Heme proteins are a class of biological molecules that serve in several different
functions. Myoglobin (Mb) and hemoglobin (Hb) are respiratory proteins that serve as
oxygen storage and transport agents respectively in vertebrate systems. The cytochrome
b’s and c’s serve as one electron transfer agents. Cytochrome P 450 and peroxidases are
involved in irreversible covalent transformation of substrates. The metal cofactor of all

these proteins is based upon protoporphyrin IX.
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Fe protoporphyrin IX (Protoheme)

Figure 1 - 1 The chemical structure of Fe protoporphyrin IX also known as protoheme.



Hemoglobin and Myoglobin:

Hemoglobin'~ serves as O, transport agent in vertebrates. In mammals,
hemoglobin is a hetero tetramer with each of the four subunits having a Protoporphyrin
IX (PPIX) prosthetic group also known as protoheme that can bind a single O, molecule.
The PPIX is covalently bound to each of the protein subunits via the imidazole ring of a
histidine protein residue. Dioxygen can bind to the sixth coordination site of the Fe atom
completing its octahedral coordination. The Fe atom can be Fe*" or Fe’" state and the
ferri hemoglobin with a Fe*" cannot bind O,. In adult humans the most common type of
hemoglobin, known as hemoglobin A, is a tetramer of two o and two  chains each of
141 and 146 amino acid residues respectively. The binding of oxygen to hemoglobin was
shown to be cooperative and allosterically controlled. The cooperative binding nature of
the hemoglobin results in rapid, complete binding in the regions of high O, concentration
and rapid, complete release in regions of low O, concentration. The quaternary structure
of hemoglobin with four O, molecules bound to the four subunits is known as the
Relaxed or R form and the structure of the deoxy form with no bound O, molecules is

known as the tense or T form.

Myoglobin is a heme protein that serves as oxygen carrying pigment of muscle
tissues. The crystal structure of the Myoglobin was solved by John Kendrew in 1958*°. It
is an unusual protein that is made up of almost exclusively a helices with no [ sheets.
Unlike hemoglobin, myoglobin is monomer of 16700 daltons molecular weight with no
cooperative binding of O,. A protoheme group of heme type b similar in the case of

hemoglobin is responsible for oxygen binding.
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Figure 1 - 2 The chemical structure of the heme prosthetic group present in deoxy form of the Mb.
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Figure 1 - 3 Edge on view of the heme group present in Hb and Mb. The porphyrin macrocycle is

domed in five-coordinate form and changes to planar upon O, binding with simultaneous change
from high to low spin state.



Cytochrome c:

Cytochrome ¢®® is a small (12500 Daltons), soluble protein in the inner
membrane of mitochondria that is used to shuttle electrons from the Cytochrome bcl
complex to cytochrome oxidase. Unlike hemoglobin and myoglobin it is six coordinated
and does not bind O,. The heme prosthetic group is of type ¢ and is covalently bound to
the protein via thioether bridges between two cysteine residues and the two peripheral
vinyl groups. It is also coordinated to the protein via a histidine and a methionine in the

axial positions.
1.2 HEME MODEL COMPOUNDS

The two heme model compounds studied in this work are based on iron octaethyl
porphyrin that has ethyl groups in all the B peripheral substituent positions of the
protoheme structure in Figure 1. 2-methyl imidazole group in the fifth-coordination site
of the iron atom with the iron atom being in the ferrous Fe'' state mimics the active site of
the monomeric heme protein myoglobin (Mb). This model compound without the
protection offered by the globular protein in Mb towards oxidation is not stable in the
presence of O,. The compound thus needs to be kept in a deoxygenated environment for
the iron atom to be in Fe' state. The steric bulkiness of the 2-methyl imidazole ring
because of the methyl group in the second position makes the iron porphyrin domed
towards the ligand just like in the case of Mb and coordination by another 2-methyl
imidazole ligand in the sixth coordination is hindered. This is five-coordinate, high-spin,

Fe (II) octaethyl porphyrin 2-methylimidazole [Fe"OEP-2MeIm] complex.



FelOEP-2Melm

Figure 1 - 4 The chemical structure of 2-methyl imidazole complex of iron octaethyl porphyrin
[Fe''OEP-2Melm]. It is a five-coordinate high-spin heme.

The crystal structure of this model compound has been determined very recently’.
The 2-methyl imidazole ligand is found to be disordered having a major (75%) and a
minor orientation with a small dihedral angle of 6.6° between the two orientations.
However, the major orientation dominates the structural features of the molecule. The
molecule has an expanded porphyrinate core (2.049 A core radius), large equatorial Fe-N
bond distances (2.077 A) and a significant out of plane displacement of the iron atom.
The overall structure of the molecule is domed with a displacement of Fe atom by 0.34 A
from the plane defined by the four porphyrin nitrogens and by 0.46 A from the 24-atom
mean plane of the porphyrin core corresponding to a doming of 0.12 A. Bulky 2-methyl
imidazole leads to an off-axis tilt of the iron-imidazole bond from the heme normal by an
angle of 6.9° and a rotation of the 2-Melm ligand to maximize the distance between the

ligand and the porphyrin core atoms.



The second model compound has an imidazole ligand that can bind to both the fifth
and sixth coordination sites of the Fe atom of iron octaethylporphyrin leading to a six-
coordinate, low-spin Fe'' octaethyl porphyrin bis-imidazole [Fe"OEP-(Im),] complex.
The iron atom is in the plane of porphyrin similar to the case of Mb bound to a diatomic
ligand. This compound is also unstable in the presence of oxygen leading to rapid

oxidation of Fe' to Fe'".

Fe'OEP-(Im),

Figure 1 - 5 The chemical structure of bis-imidazole complex of iron octaethylporphyrin [Fe''OEP-

(Im),] Itis a six-coordinate, low-spin ferrous heme.

The UV-vis absorption spectrum of the five-coordinate, high-spin heme model
compound Fe"OEP-2Melm in dicholoromethane is shown in Figure 1-6. The most
intense feature centered at 424 nm is the Soret (or B) band. The band centered at 543 nm

is the Q-band and is an order of magnitude weaker than the Soret band. The



corresponding absorption maxima for Human adult deoxy hemoglobin are 428 and 554

. 10
nm respectively .
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Figure 1 - 6 The UV-vis absorption spectrum of Fe''OEP-2Melm in CH,Cl,. The Q-band is an order
of magnitude weaker than B band.

The UV-vis absorption spectrum of the six-coordinate, low-spin heme model
compound Fe"OEP-(Im), in dicholoromethane is shown in Figure 1-7. The most intense
feature is the Soret (or B) band, which has a maximum at 412 nm. The two bands in the
low energy region at 519 and 548 nm are due to Q-band and are an order of magnitude
weaker than the Soret band. The corresponding absorption maxima of carbonmonoxy
hemoglobin are 420, 538 and 570 nm respectively'’. The corresponding absorption
maxima of ferrous horse heart cytochrome ¢ are 415, 521 and 550 nm respectively. It is
interesting to note that the absorption maxima of the six-coordinate model compound are

very close to those of reduced cytochrome c.
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Figure 1 - 7 The UV-vis absorption spectrum of [Fe"OEP-(Im),] in CH,Cl,. The six-coordinate, low-

spin ferrous compound has two bands in the Q band region corresponding to Qg and Qg;.

The Stokes resonance Raman spectra of Fe"OEP-2MeIm and Fe"OEP-(Im), in
CH,Cl, are presented in Figures 1-8 and 1-9 respectively. The bands are assigned'" '* as
follows: v, an A, in-phase Cg-Cp stretch; v3, an Ay Co-Cyy stretch; va, an A, symmetric
pyrrole half-ring stretch; vs, an Ay Cp-Cemy stretch; ve, an Ay, pyrrole breathing; v7, an
Ay, symmetric pyrrole deformation and vcy, an Aj, symmetric CH, twist of the ethyl
peripheral substituents. The high frequency v, and v modes more sensitive to core size,
ligation state and spin state are shifted to higher frequencies in going from five-
coordinate, high-spin, domed heme to six-coordinate, low-spin, planar heme. The &

electron density sensitive mode v4 position did not change.
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Figure 1 - 8 The Stokes resonance Raman spectrum of Fe''OEP-2Melm in CH,CI, obtained with 413

nm excitation.
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Figure 1 - 9 The Stokes resonance Raman spectrum of Fe""OEP-(Im), in CH,Cl, obtained with 410

nm excitation.



1.3 ELECTRONIC DYNAMICS

The heme group of the respiratory proteins hemoglobin and myoglobin can also
reversibly bind diatomic ligands like CO and NO in addition to O,. In the bound state the
iron atom is in the plane of the porphyrin macrocycle and has a low-spin (S=0) state. In
the unligated state, the iron atom is displaced from the porphyrin plane by ~ 0.3 A
towards the proximal histidine and has high-spin (S=2) state. Another interesting
property of the hemes bound to diatomic ligands is that the ligand can be photolysed on
the ultrafast time scale which then recombines at a later time to reform the bound heme.
Even though these heme proteins are not directly involved in any photochemical
transformations, the biological function of hemoglobin and myoglobin can be optically
triggered using a short light pulse and the associated structural changes in the heme group
as well as the surrounding protein can be studied by creating a situation similar to oxygen

uptake and release.

In order to briefly explain the events associated with the photolysis in heme
proteins, part of the light energy will be consumed in breaking the iron to ligand bond
and the energy in excess of that required for photolysis is shared between the unligated
heme and ligand. The events following photolysis include ligand escape, electronic and
vibrational relaxation of the unligated heme, Fe atom out of plane motion and spin state
change, ligand rebinding and the associated protein structural and conformational
relaxation. The usefulness of the transient spectral changes occurring as a result of these
events in elucidating the protein structure function relationships has led to an enormous

amount of theoretical and experimental studies of these heme proteins.
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Early flash photolysis studies™"”

on heme proteins focused on measuring the
dissociation quantum yields for each of the ligands and showed that the measured
quantum yields for diatomic ligand photolysis varied in the order of CO>0,>NO.
Various reasons for this discriminatory nature of hemoglobin and myoglobin towards
binding of O, over CO leading to difference in quantum yields have been proposed by
different research groups such as different ligand dependent energy barriers for
rebinding”’, the formation of non-reactive states'’, formation of short lived intermediate
states'®, different spin-orbit effects'®, thermal barriers to rebinding evidenced by equal
rates of combination of O, and CO at low temperature studies, fast recombination of O,

and NO compared to CO*, with the primary assumption of an intrinsic quantum yield of

1 for all the ligands.

With rapid growth in ultrafast laser technology at about the same time, the early
us to ps flash photolysis studies evolved into the fs time-resolution pump-probe

12! in 1983 using 250 fs pulses

experiments. One of the initial studies by Martin et a
indicated the photolysis to occur within the pulse duration giving rise to a high-spin in
plane iron heme that relaxed to a high-spin domed configuration within 350 fs which in
turn decayed to non-reactive states with a life time of 3.5 ps. The pioneering work of

1% predicted photolysis lifetimes

molecular dynamics simulation studies by Henry et a
of 50-150 fs and non exponential cooling life times of 1-4 ps (50%), 20 to 40 ps (50%)

and sub ns ligand recombination life times.

A number of ultrafast spectroscopy experiments have been reported. Despite
several years of active research by various groups, the heme electronic dynamics has not

yet converged to single model and various reports in the literature lead to the following
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two models. 1. Intermediate excited electronic state model 2. Vibrationally hot ground

electronic state model.

Intermediate excited electronic state model:

1.%° in 1988 gave a detailed description of the electronic dynamics of

Petrich et a
the heme proteins unligated and ligated with diatomic ligands CO, NO and O, as well as
that of a protoheme ligated with CO and NO in the absence of the protein. Single
wavelength kinetics were measured following photo excitation in the Q-band (S;).
Photolysis was reported to occur in all the compounds with or without the presence of
protein in less than 50 fs leading to the formation of two intermediate electronic states
Hb," and Hby;" each having a lifetime of 300 fs and 2.5 ps (3.2 ps in case of deoxy Mb)
respectively. The absorption maxima for these two intermediate electronic states were

assigned to 470 and 455 nm based on kinetic evidence, but no spectral information of the

two states has been reported by them or by anyone in the following years.

This parallel intermediate electronic state decay model was modified 13 years
later by Franzen et al.** to sequential relaxation pathway (Q,-Hb; -Hby; -Hb) through the
same intermediate electronic states. Again, both the ligated and unligated heme proteins
are studied following electronic excitation in the Q-band (S;). The intermediate electronic
state Hb;” was proposed to form via ultrafast iron-to-porphyrin ring charge transfer and
then Hby due to porphyrin ring-to-iron back charge transfer process. The absorption
maxima were assigned at 450 and 478 nm respectively for Hb;* and Hby* again based on
kinetic evidence. Both these studies and the interpretations are based on single

wavelength kinetics or global fitting of the kinetics at several wavelengths and ignored

12



the effect of absorption spectral evolution such as narrowing and blue-shifting as the

molecule vibrationally cools to return to thermal equilibrium.

[Hb-X]* Petrich et al. 1988 Hb Franzen et al. 2001
\\\“\\ \\\\ < 5 0 fS
LN <50fs
\‘\‘ \\\\\ \ I - H b I *
Hoy—— ™ N, ~300 fs
Ill N, \ I H b | * \\\
I," i 4:_ H b| |*
/ 25ps | 300 fs
i /" ~3ps
',’ + H b ,',
/ 7 i{ecombination Hb /
Hb-X llll //’,/ __L
— Hb: Unligated or ligated heme
Hb: Heme protein or protoheme Hb,": Fe-to-ring CT state
X:CO,NO or O, Hb,,": Ring-to-Fe back CT state

Figure 1 - 10 Parallel and sequential intermediate excited electronic state decay models of Petrich et
al.® and Franzen et al.®* representing the electronic relaxation dynamics of both ligated and

unligated heme proteins as well that of an iron PPIX.

Vibrationally hot ground electronic state model:

Exactly a year before the above study by Franzen et al** was published;
Kholodenko et al.”’ reported transient absorption study of deoxy Mb in the Q-band and
band III (a weak absorption band centered at 630 nm) regions using Soret band excitation
(S,). Two electronic relaxation processes, one less than 100 fs and another of a few 100 fs
were reported and based on the anisotropy decay values, it was concluded that there were
no electronic relaxation components present after ~ 600fs, in contrast to the predictions

13



by Petrich and Franzen et al. The transient spectral features were successfully simulated
to represent the difference spectra of vibrationally hot and cold ground state Mb
molecules and the ground state vibrational relaxation was shown to be bi-exponential

involving a major fast (1.5 to 4 ps) and a minor slow (~ 15 ps) component.

. Kholodenko et al. 2000 . Ye et al. 2003
Mb™ (B band) Mb™ (Q band)
N <100 fs
<100 fs
J7_
hv / hv
A 400 fs Ligand recombination
/'I >10ps
F=——1 Mby’ S } Mby”
- IVR and VER > IVR and VER
< ~3psand~ 15 ps < 0.4-4 ps
Mb: deoxy Myoglobin Mb: Ligated and unligated Myoglobin
Mb,: Ground electronic state Mb,: Ground electronic state
Mb,": vibrationally hot ground state Mb,": vibrationally hot ground state

|25 | 26

Figure 1 - 11 Vibrationally hot ground electronic state models of Kholodenko et al® and Ye et a

representing the electronic and ground state vibrational relaxation of heme proteins.

More recent studies by Ye et al.?® ?’ in 2002 and 2003 confirmed this
vibrationally hot ground electronic state model using Q-band excitation experiments of
both ligated (MbCO, MbNO and met Mb) and ligand free deoxy Mb. The electronic
relaxation of the S, state is not present in these studies and the vibrationally hot ground
electronic state of the five-coordinate heme was found to form in less than 100 fs and the
vibrational cooling features were successfully simulated by using lifetimes of 0.4 and 4

ps for transient spectral narrowing and blue-shifting respectively. The transient features
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were shown to be corresponding to the difference of hot and cold ground state absorption
spectra that spectrally narrow and blue-shift as the hot ground electronic state cools
vibrationally. Temperature dependent absorption spectral studies of heme proteins by
Cupane et al.*® in 1988 have reported the similar behavior of narrowing and blue-shifting

as the temperature is decreased.
1.4 VIBRATIONAL DYNAMICS

The flow of vibrational energy in condensed phase molecules is a fundamental
physical process that is not yet well-understood. Following population of a vibrational
mode either by direct IR excitation or via nonradiative decay from an excited electronic
state, the excess energy in the molecular system can be redistributed intramolecularly to
other vibrational modes of the same molecule (IVR) or via intermolecular vibrational
energy relaxation (VER) to the solvent/bath degrees of freedom. The time scales of IVR
and VER depend on the specific molecular system being studied and in condensed phase
on the solvent properties as well. However, sometimes the solvent might not affect the

dynamics at all as reported in few molecular systems by Brooks H Pate and coworkers™.

One can experimentally monitor these relaxation processes by preparing a specific
excited vibrational state via infrared excitation or an initial vibrational energy distribution
via nonradiative decay from an excited electronic state following UV-vis excitation and

3036 or Raman scattering®®*. The IR

following the evolution of it via IR absorption
pump-probe as well as the IR pump-Raman probe methods are successfully applied to

several small to medium size polyatomic molecules. But in case of large polyatomic

molecules as the number of vibrational modes increase with the number of atoms, it
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becomes complicated to selectively excite a particular vibrational mode or a collection of
vibrations and separate the evolution of the initial distribution into individual
components. Moreover in case of proteins this is further complicated by huge absorption

of the water molecules.
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Figure 1 - 12 General experimental scheme representing the monitoring of Intramolecular
vibrational energy redistribution (IVR) and intermolecular vibrational energy relaxation (VER)

using Raman scattering following IR or UV-vis excitation.

In the case of protein molecules such as hemes, with extremely rapid nonradiative
decay to the ground electronic state and low fluorescence quantum yields*', a huge excess
of energy is deposited in the ground electronic state vibrational manifold following
photolysis or direct UV-vis excitation. High absorption and Raman cross sections of the

heme moiety coupled with the resonance enhancement only from the heme group makes
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resonance Raman spectroscopy the ideal probe of the relaxation of this excess vibrational
energy. Moreover the anti-Stokes resonance Raman scattering occurs only from
population in the excited vibrational levels where as the Stokes Raman scattering can
occur from both ground and excited vibrational populations. Thus time-resolved anti-
Stokes resonance Raman scattering has been the most used technique in studying the
heme protein vibrational dynamics and a few transient IR studies monitoring the Fe-CO
and free CO vibrational frequencies during the photolysis of MbCO** and transient

: . - 43,44
grating studies measuring the solvent response are also reported ™ ™.

Before presenting various important research contributions in elucidating the
heme vibrational dynamics, it is important to point out that the iron histidine bond is
orthogonal to the heme porphyrin plane and hence is also orthogonal to the porphyrin in-
plane vibrations that are well-coupled to the heme group n-n* electronic excitation. This
makes the vibrational energy decay through the axial histidine ligand to the protein
highly improbable and the main relaxation pathway of heme cooling will be through the
peripheral side chains and in particular through the isopropionate and water interactions

as pointed out in these studies™ .

However a low-frequency vibrational mode at about 216-220 cm™ corresponding
to the Fe-His stretch was found to exhibit resonance enhancement and is one of the most
focused Raman bands of Hb and Mb*’. This is primarily because the iron-histidine bond
is the only covalent linkage between the heme cofactor and the protein. This band which
is absent in Mb-CO, appears following the photolysis of the ligand corresponding to the

iron out-of-plane displacement caused by ligand dissociation.
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Initial time-resolved resonance Raman studies measured the Stokes resonance
Raman scattering with 435 nm pulses, following photolysis of HbCO by 575 nm pulses
giving a vibrational cooling life time of less than 10 ps for the v4 band*. Single pulse
transient resonance Raman methods with laser pulses longer than the relaxation events

were used to create the steady state populations within the pulse duration®>*

. The ratio of
the anti-Stokes and Stokes resonance Raman scattering intensities corrected to first order
for reabsorption and Raman cross-section differences as a function of the laser flux,
showed the presence of non-equilibrium Boltzmann population distributions at early

. 53, 54
times ™ .

The time resolved Stokes and anti-Stokes resonance Raman spectra of deoxy Hb
by Lingle et al. in 1991 with 8 ps pulses reported negative Stokes and positive anti-Stokes
transients for several porphyrin in-plane and pheripheral group vibrational modes that
decayed with a time constant of 2-5 ps and the process is assigned to vibrational
cooling®> *®. Detailed time resolved Stokes and anti-Stokes resonance Raman spectral
analysis of MbCO following the photolysis of CO ligand reported by Mizutani et al.””*®
gave lifetimes of 1.9+0.6 ps (93%) and 16+9 ps (7%) for the v4 band using 435 nm
probing and a life time of 1.1£0.6 ps using 442 nm probing based on transient anti-Stokes
resonance Raman intensity decay. Cooling life times of 3.0 £1.0 ps and 25+14 ps were
predicted based on the decay of Boltzmann temperature values obtained from the ratio of
anti-Stokes to Stokes intensity. Lifetimes of 7.5+1.5 ps (60%) and ~ 20 ps (40%) were

predicted from the time resolved IR studies monitoring the heating of the surrounding

solvent. The difference in lifetimes of heme cooling and water heating was attributed to
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the presence of two different decay channels involving classical diffusion process and

collective motions of the protein.
1.5 OBJECTIVES

The initial vibrational energy relaxation dynamics study of the five-coordinate
high-spin heme model compound Fe"OEP-2Melm was done by Loparo et al.>* using
single pulse transient resonance Raman spectroscopy with ~ 10 ns pulses of 436 nm light.
This simple transient Raman method provided valuable qualitative information about the
picosecond relaxation processes occurring within the ns pulse duration such as the
formation of preferential mode-specific non-equilibrium vibrational energy distributions
in the ground state vibrational modes following the excited electronic state decay. Upon
comparison to the similar studies in deoxyHb and 2Melm bound protoheme, it was
pointed out that the observed dynamics are metallo-porphyrin or heme group specific and

the role of protein in the heme group relaxation events is very subtle.
So the main objectives of this work are:

1. To extend important work of Loparo et al to time-resolved spectroscopy domain
in order to obtain quantitative information about the observed mode-specific vibrational

dynamics of Fe"OEP-2Melm.

2. To derive direct comparisons between the dynamics of vastly studied heme
proteins Hb and Mb and that of the simple model compound Fe"OEP-2Melm that has

entirely different peripheral substituents and no globular protein.
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3. To study the photolysis of an imidazole ligand from Fe"OEP-(Im), in
comparison to that of diatomic ligands in bound heme proteins such as MbCO, MbNO,

MbO, or HbCO, HbNO and HbO..

4. To look for any changes in the vibrational dynamics of the model compounds as
a function of the way the initial excited electronic state is prepared i.e. Q-band excitation

versus B-band excitation and photolysis versus direct nonradiative decay.
5. To obtain relationships between the structure and energy relaxation mechanisms.

A close examination of all the time-resolved experiments done in heme proteins
reveals that most of them involve electronic excitation to the Q-band except a very few
that used Soret band excitation. Some of the studies used ligated hemes and others used
deoxy like unligated hemes. The working hypothesis behind these studies is that the
initial distribution of excess vibrational energy deposited in the ground electronic state
from a photoexcited (or intermediate excited) electronic state, and the subsequent
redistribution and relaxation dynamics, depend strongly upon (1) the total amount of
excitation energy in the system (2) the nature of the electronic excited state that couples
to the ground state in the IC process, and (3) the intrinsic coupling of each mode to other
molecular and solvent degrees of freedom. In practice, then, there is no single lifetime

for a given vibrational mode.

As a part of investigating how structure affects the vibrational dynamics, work was
done on simpler compounds to start with, such as an important push-pull molecule para-
nitroaniline™. The vibrational dynamics of this compound as well as the effect of methyl

group substitution on the amino group versus phenyl ring on the observed dynamics of
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para-nitroaniline were studied. The vibrational dynamics of 2-methyl-4-nitroaniline, 2, 6-
dimethyl-4-nitroaniline and N, N-dimethyl-4-nitroaniline in comparison to that of 4-

nitroaniline were investigated using time-resolved resonance Raman spectroscopy.
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CHAPTER 2

EXPERIMENTAL METHODS AND INSTRUMENTATION

2.1 INTRODUCTION.

The pump-probe technique' is the most widely used among the various ultrafast
spectroscopic tools. It requires two synchronized laser pulses of duration usually shorter
than the dynamic event being studied and of appropriate wavelength. Typically, a higher
energy laser pulse, called the pump, is used to initiate some process of interest like a
chemical reaction in a sample of molecules. Another lower energy laser pulse, called the
probe, is used to study the dynamic changes occurring in the sample as a function of time
with the help of a spectroscopic technique such as absorption, transmission, emission or
scattering. The delay between the arrival times of the pump and probe pulses at the
sample is controlled, by making one of the beams travel a fixed optical path and the

second beam go through a variable path length delay stage.

Pulsed laser source
Sample
Nouli Prob
U =]
Detector
Delay stage
N Howle Pump
optics >

Figure 2 - 1 General Pump-Probe scheme in time-resolved spectroscopy.
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The delay stage consists of a retro reflector mounted on a computer controlled
linear translation stage with micrometer precision. Since the speed of light is finite and
the two pulses are in synchrony, an optical path length difference of 1 um between the
two beams corresponds to a time delay of 3.336 fs (fs =107 s) between the pump and
probe pulses. Upon interaction with the sample, the changes in a spectroscopic property
of the probe with and without the presence of pump beam are detected. The detected
signal provides spectroscopic information about the transient species and the change in
signal as a function of time delay gives the kinetic information. UV-visible absorption
and resonance Raman scattering are the two spectroscopic techniques of our choice for
probing the vibrational dynamics subsequent to photo excitation in heme systems.

The aim is to investigate the vibrational dynamics in hemes and other push-pull
chromophore systems. So the protocol is to prepare an initial vibrational excited state or

nonthermal vibrational energy distribution and follow the evolution of it in time* °. IR

4-12 4, 10, 13-20

pump/probe™ , also known as IR transient absorption and IR pump/Raman probe
are the two most important pump-probe methods successfully applied in the literature by
various groups. An indirect approach will be to start with a nonthermal vibrational energy
distribution created from an excited electronic state decay and follow the evolution of it
with a Raman probe. This is done using time resolved resonance Raman spectroscopy
and has been extensively applied to several biologically important systems that respond
to visible light of the electromagnetic spectrum such as retinal’' >, and beta-carotene®*.
UV-visible transient absorption spectroscopy coupled with time resolved resonance

Raman spectroscopy can provide the most valuable information regarding the

photochemical and photophysical properties of any photoactive molecule.
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2.2 TRANSIENT ABSORPTION SPECTROSCOPY

Time evolution of excited electronic species or the chemical products following
photo-excitation of a sample can be studied using transient absorption spectroscopy™.
Usually a pump beam in the UV-vis wavelength region is passed through a chopper set to
half the frequency of repetition rate (500 Hz) of the laser to get subsequent pump-on and

pump-off conditions in the sample. Then a white light continuum probe pulse*® *’

passed
through the excited region of the sample is dispersed with a monochromator and detected
with a CCD camera or a photomultiplier tube coupled with a lock-in amplifier. The ratio
of the intensity of the transmitted probe beam as a function of wavelength with the pump-

on and pump-off conditions is used to get a transient absorption spectrum according to

the following relation.

|
AA — _log[ t, pump—on :l

It,pump—off

Following photo excitation by the pump, the probe pulses can be absorbed or
amplified (stimulated emission). The high flux pump beam causes bleaching of the
ground state absorption due to depletion of the ground state population. With the pump
on condition, the probe beam appears to be transmitting more. Stimulated emission or
fluorescence from the excited electronic state is also possible, in which case the probe
beam appears to be transmitting more. The excited state or the transient species itself can
absorb, in which case the probe beam seems to transmitting less. So, the main features in
a transient absorption spectrum are bleaching, stimulated emission and transient or
excited electronic state absorption. Bleaching signals appear as negative absorption peaks
at wavelengths corresponding to the ground state absorption peaks and report the loss and

recovery of population from the ground electronic state. Stimulated emission from the
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excited electronic states also appears as negative absorption, but usually red-shifted from
the ground state absorption peaks and report the excited state decay. Transient absorption
signals appear as standard positive absorption peaks which are due to absorption of the
transient species being formed or the absorption of the excited electronic state to higher
states. Often the individual spectral features are overlapped with one another as the
underlying vibrational progressions make them broad. Nonlinear curve fitting analysis is
performed to separate the overlapping transient absorption peaks and extract useful
information. The transient absorption signal at any given wavelength as a function of the

time delay between the pump and probe pulses gives the kinetic information.

2.3 TIME RESOLVED RESONANCE RAMAN SPECTROSCOPY (TRRRS)

When electromagnetic radiation passes through matter, most of the radiation
continues in the original direction while part of it gets absorbed, but a small fraction of
light is also scattered in other directions. Majority of the scattered light has the same
wavelength as incident wavelength and is known as Rayleigh scattering. Light that is
scattered at wavelengths shifted from the incident wavelength is known as Raman
scattering®®. Raman scattering can occur with a change in vibrational, rotational or
electronic energy of a molecule, but we are primarily concerned with the vibrational
Raman scattering. Raman scattered light occurs at wavelengths that are shifted from the
incident light by energies of molecular vibrations. Raman spectroscopy is the
measurement of wavelength and intensity of such inelastic scattered light from molecules

and is presented as intensity versus Ramanshift plots; here Raman shift is the energy
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difference between the incident photon and the scattered photon expressed in the units of
cm™.

There are two types of Raman scattering, namely Stokes and anti-Stokes Raman
scattering. Radiation scattering to the lower energy side of the exciting line is called
Stokes Raman scattering, while the radiation scattering to the higher energy side of the
exciting laser is called anti-stokes Raman scattering. A photon of energy hv upon
interaction with a molecule in a vibrational state (ground state or excited state) transfers
part of its energy to the molecule and the scattered photon will have a reduced energy of
hv-hvy. This leads to Stokes Raman scattering. Similarly a molecule which is already in
an excited vibrational state can transfer part of its energy to the incident photon and the

scattered photon will have an increased energy of hv+hv,. This leads to anti-Stokes

Raman scattering.

Anti-Stokes
4 Stokes Raman scarenne
R ing X
&
g hv |hv-hv, hv  |hvthy,
- = - v=1
r Yy . v={

Figure 2 - 2 Energy level diagrams for Stokes and anti-Stokes Raman scattering.

Anti-Stokes Raman scattering occurs only from molecules in the excited

vibrational levels whereas the Stokes Raman scattering occurs from molecules both in the
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ground and excited vibrational states. Anti-Stokes lines will be weaker than the Stokes
lines in a Raman spectrum, since the excited vibrational level population will be lower
than that of a ground vibrational level at any given temperature. In spite of the weak
intensity, anti-Stokes Raman scattering provides a useful probe of the vibrational
dynamics in time-resolved spectroscopy since the origin of it is only from excited
vibrational populations.

Intensity of the Raman scattered light can be significantly enhanced by tuning the
excitation wavelength closer to an allowed electronic transition of the sample. This is
known as resonance Raman Effect. Resonance Raman spectroscopy is very useful in
studying the active sites of biological proteins, since the signal from only a specific part
of the protein can be enhanced by carefully selecting the excitation wavelength®. The
intensity of the Raman scattered light also depends upon the concentration of sample,
power of the incident beam, the temperature and the polarizability of the molecule.

In a time-resolved Raman experiment, usually the anti-Stokes Raman scattering
of the probe beam with and without the presence of the pump beam is measured to get a
pump-probe spectrum and a probe only spectrum respectively. The anti Stokes Raman
spectrum with only the pump beam is also measured. Subtracting the pump only and
probe only spectra from the pump-probe spectrum gives a transient Raman spectrum. By
varying the time delay between the pump and probe beams a series of transient Raman
spectra are obtained. The excited vibrational dynamics information is obtained by
plotting the integrated peak intensity, peak position and width of the various vibrational

modes visible in the transient spectra as a function of the time delay between the pump
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and probe beams. The Stokes Raman scattering can also be measured in the same fashion

to obtain recovery time scales of the ground state population.

2.4 GENERATION AND AMPLIFICATION OF ULTRASHORT PULSES

Time resolved experiments to monitor the formation of transient species with high
temporal resolution require the use of ultrafast lasers with high enough energy per pulse.
So a brief understanding of the generation and amplification of ultrashort pulses is
essential for anyone working in the area of time-resolved spectroscopy. The development
of ultrafast laser technology and its applications' **>’ have been extensively discussed in
the literature. Since the advent of self mode-locking in Titanium doped Sapphire
(Ti:Sapphire) laser material®®, the ultrafast laser technology has been greatly
commercialized and most of the research laboratories still use Ti:Sapphire based
femtosecond lasers. The broad gain bandwidth of Ti:Sapphire, its high thermal
conductivity and high energy density threshold makes it a very good energy storage
medium for lasers® and is used to produce pulses as short as 5 fs in duration. But the
peak energies per pulse can still be too low to be useful in photophysics and
photochemistry. For example a pulsed light beam with 100 mW average power and a
repetition rate of 100 MHz, typical of the mode-locked oscillators, has only InJ energy
per pulse. So the nJ energy level femtosecond pulses from a mode-locked Ti:Sapphire
laser need to be amplified to mJ energy level to put them to use. But a 100 fs pulse train
with 1 mJ energy per pulse focused to a 100 um spot, typical of the beam size in most

2

regenerative amplifiers, will have a peak intensity of 10> W/cm?, three orders of

magnitude greater than the damage threshold of most optical materials. So a direct
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amplification of the femtosecond beam leads to very high peak intensities in the gain
medium resulting in nonlinear effects that will deteriorate the beam quality and
eventually destroy the crystal. This problem is usually overcome by using chirped pulse
amplification instead.

Chirped Pulse Amplification

The technique of chirped pulse amplification**

was introduced by Prof. Mourou
and his coworkers at the University of Rochester in the mid 1980s. Ti:Sapphire as a laser

gain medium had not been introduced at that time and dyes like Rhodamine 6G were the

main amplifier media. The principle of CPA is illustrated in the Figure 2-3.

Oscillator Stretcher Amplifier Compressor

\
| I
I

|
I | |
I I
J\ — . 1\

Stretched Amplified Compressed
Seed pulse seed pulse pulse pulse

Figure 2 - 3 Principle of chirped pulse amplification. The femtosecond seed pulse is stretched in time
prior to amplification and compressed back to its near original duration subsequent to amplification.

The basic idea is to stretch the pulse duration before amplification, thus
significantly reducing its peak intensity. This low intensity optical pulse is then
amplified, with a chance of significantly reduced gain damage®. Following

amplification, the pulse is recompressed to its near original duration with high energy
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value per pulse. The essential criterion for obtaining a cleaner pulse with near initial
pulse duration is a matched Stretcher — Compressor pair. This is done using a stretcher

design proposed by Martinez** and the compressor design proposed by Treacy™.

2.5 PULSE DURATION MEASUREMENT OF ULTRASHORT PULSES

To measure a fast event, a detector with a faster response is needed. Since the
detectors with response times faster than ultrafast pulse durations are very limited,
usually an alternative method known as the ‘autocorrelation’ is used to measure the pulse
duration. The ultrafast beam is split into two parts, a variable time delay is introduced
between them and they are mixed in an instantaneously responding medium such as a
nonlinear crystal to generate a pulsed light signal of doubled frequency. The intensity of
the signal is given by

lgo (L)L, () *1,(t—7)

Where, t is time, 7 is time delay between the two pulses, I; is the intensity of the first
pulse and I, is the intensity of the second time-delayed pulse. Since the detectors are
usually too slow to resolve this signal in time, the average intensity is measured using a
photodiode and is known as the intensity autocorrelation. The intensity autocorrelation is

given by
156(0) = [ 1,@®*1,(t—7)dt

The intensity autocorrelation does not give any information about the signal
spectral distribution and phase. The photodiode can be replaced by a grating

monochromator coupled with a CCD camera in order to measure the signal spectrum
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versus time delay. This provides both the time resolution and frequency resolution and is
famously known as frequency resolved optical gating or simply FROG*" *’. Another
simplified version of the FROG designed by Rick Trebino and coworkers is also widely
used in several research laboratories. This design uses a simple Fresnel biprism that
eliminates the beam splitter, optical delay stage and the beam pointing optics. A thick
nonlinear crystal is used to simultaneously perform the role of a thin nonlinear crystal and
spectrometer commonly used in FROG schemes And hence this is named Grating
Eliminated No-nonsense Observation of Ultrafast Incident Laser Light E-fields or simply
GRENOUILLE"™ *. Since there is no moving optics involved in this scheme, a single
shot auto-correlation with both intensity and phase information can be obtained.
2.6 CLARK-MXR INC. CPA-1000 FEMTOSECOND LASER SYSTEM

The femtosecond laser in our lab is a commercial Clark — MXR Inc. CPA — 1000
system capable of producing 100 fs pulses of 800 nm light with 1mJ energy at variable

repetition rate, though we usually run it at 1 kHz.

ORC - 1000 N Ti:Sapphire
Nd:YAG pump laser Regenerative amplifier
A
Point Millenia
bwiise Nd:YVO, solid state laser
v Y Compressor
NJA-5
Ti:Sapphire —> Stretcher —> >
mode-locked oscillator

Figure 2 - 4 The schematic layout of the various components of Clark-MXR Inc. CPA-1000 fs laser

system.
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The essential components of this laser system are 1. Millenia pump laser (Spectra
Physics Inc.) 2. Mode-locked Ti:Sapphire oscillator (NJA-5, Clark MXR Inc.) 3. Pulse
Stretcher 4. Q-switched intra-cavity doubled Nd:YAG pump laser (ORC-1000, Clark-
MXR Inc.) 5. Ti:Sapphire based Regenerative amplifier and 6. Pulse compressor. This
one also works based on the principle of Chirped pulse amplification.

Millenia is a diode pumped, intra-cavity frequency-doubled Nd: YVOy4 continuous
wave (CW) laser that can produce up to 5.5 W of 532 nm light. The oscillator is pumped
by Millenia CW laser output at 4.0 W, with active pointing stability (Point Master, Clark-
MXR Inc.). The oscillator can be mode-locked to produce a train of femtosecond pulses
(~100-150 fs) at 97 MHz repetition rate with 800 nm center wavelength and 300 mW
average power. The center wavelength is also tunable in a small range from 780-836 nm
without significantly affecting the pulse characteristics. Thus the oscillator is the most
important part of the CPA-1000 system responsible for the generation of seed
femtosecond pulses which are then amplified within the rest of the system. These 100 fs
pulses are stretched out to roughly 300 ps in duration in the stretcher. A tiny fraction of
the oscillator output is sent to a Pockels cell driver unit (DT-105, Clark-MXR Inc.)
through a photodiode, which provides a trigger for synchronous firing of ORC-1000
Nd:YAG laser. The photodiode output is also used to monitor the mode-locked pulses
and the stability of mode-locking on a daily basis.

The stretched seed pulses are then injected into the regenerative — amplifier with
the help of a time-gated polarization rotation device (Pockels cell), the timing of which is
controlled by the Delay 1 setting of the DT-105 unit. The regenerative amplifier by itself

is a lasing cavity with Ti:Sapphire gain medium pumped at 1 kHz by a Q-switched, intra
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cavity frequency-doubled Nd:YAG laser with 8 W average power at center wavelength
532 nm and ~ 150 ns pulse duration. The seed beam, carefully overlapped with the
amplifier cavity mode travels back and forth between the cavity end mirrors through the
Ti:Sapphire crystal and gets amplified. The amplified seed pulse at the peak of its
waveform is ejected out of the amplifier cavity, also known as cavity dumping, with the
help of another time-gated polarization rotation, the timing of which is controlled by the
Delay 2 setting of the DT-105 unit. A tiny fraction of the amplified output is sent to a
photodiode for monitoring the waveform of the amplified seed pulse. The amplified
pulses are then sent into the compressor which recompresses the pulse width back to its
near original duration. The final output of the amplified pulse is ~ 0.8 mJ across the 785-
840 nm tunability range with 100-150 fs pulse duration and 1 kHz repetition rate.
Wavelength tunability

The simplest approach to generate visible light from the ~ 800 nm output of the
CPA1000 system is frequency doubling in a nonlinear crystal. The inherent tunability in
the output of CPA1000 results in visible light tunable from 392 to 420 nm. Unlike UV-
vis absorption spectra which are very broad, typical bandwidths of a vibrational mode
correspond to only a few tens of wavenumbers. In order to be able to use this visible
output to study the vibrational dynamics, the spectral width of these pulses need to be
smaller than 30 cm™. At the same time the pulses need to be short enough to monitor the
quickly evolving dynamics with high temporal resolution. For a transform limited
Gaussian pulse, this corresponds to a temporal width of 0.49 ps or higher. Narrow band

width pulses are needed for better spectral resolution and the shortest pulses are required
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for a better temporal resolution. This was achieved by using a 30 mm long Potassium

dihydrogen phosphate (KDP) crystal for frequency doubling.
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Figure 2 - 5 The second harmonic spectrum of the CPA-1000 output after frequency doubling in a 30
mm long KDP crystal. The nonlinear Gaussian and Lorentzian peak fits together with the
corresponding bandwidths are shown. The spectral shape deviates from Gaussian and has a

Lorentzian line shape.

This novel method produces relatively clean 17-25 cm™ bandwidth visible pulses
while still maintaining the sub-picosecond time resolution. The spectral shape deviates
from Gaussian after passing through the long crystal and appears more like a Lorentzian

as shown in the Figure 2-5.

2.7 SINGLE COLOR PUMP-PROBE SETUP FOR TRRRS:

Frequency-doubling of approximately 300 mW of the CPA-1000 output (785-840
nm) in a 30 mm long KDP crystal is used to produce 60-70 uJ per pulse energy at 392-
413 nm. This corresponds to a second harmonic conversion efficiency of 20-25 %. A
dielectric mirror with high reflectance in the 400 nm region is used to separate the

residual 800 nm light. A 50-50 beam splitter generates pump and probe beams of the
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second harmonic light, which are attenuated to 5.5 and 2.5 uJ/pulse respectively using
neutral density filters. The probe beam after passing through a computer controlled,
calibrated translation stage (MM3000, Newport Inc.) is overlapped with the pump beam
at the sample in a near collinear geometry (~5°). Both the pump and probe beams are
focused to a spot size of less than 1 mm using 750 mm fused silica lenses. The relative
polarization of the pump beam with respect to that of the probe beam is kept at magic
angle (54.7°) by using a polarization rotator to avoid any contributions from the

orientational dynamics in the kinetic information being measured.

i, hﬁed SHG BS
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— xor | A .
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Figure 2 - 6 Single color pump-probe setup for time resolved resonance Raman spectroscopy. SHG:
second harmonic generation, KDP: Potassium dihydrogen phosphate crystal, BS: beam splitter, M1
to M7: Mirrors, 11 and 12: apertures, ND1 and ND2: neutral density filters, PR: polarization rotator,
L1 and L2: +750 mm fused silica lenses, CL: collecting lens, FL: focusing lens, HNF: holographic

notch filter, PS: polarization scrambler, CCD: charge coupled device camera.

The sample is circulated through a 1 mm quartz flow cell using Teflon tubing so

that a fresh volume of the sample is available for each pulse. Raman spectra are collected
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in a 135° back-scattering geometry using a matched focusing and collecting lens pair.
Rayleigh scattering is rejected using an angle-tuned holographic super notch filter (Kaiser
Optics Inc.) appropriate for the laser wavelength. A polarization scrambler is used to
remove any polarization contributions in the scattered light. The Raman scattering is
dispersed with a 0.5 m imaging spectrograph (Chromex 500 IS) and recorded with a
thermoelectrically cooled, back-illuminated CCD camera (DU-420 BV, Andor) or liquid

nitrogen cooled, back-illuminated CCD camera (Photometrics).

Determining the temporal overlap point of the pump and probe (time-zero) and
temporal correlation function of the two beams was not straight forward. Appropriate
nonlinear materials were not readily available for wavelengths around 400 nm and the
pulses were too long to use coherent behavior. A two step procedure was employed. First,
Time-zero was estimated by mixing the 800 nm beams along the pump and probe beams
and doubling them in a 100 um Type I BBO crystal (0=44.3°, ¢=90°) at the sample
position. Second, the residual 800 nm pulses along the pump beam are mixed with the
probe beam at the sample position in a 100 um Type II BBO crystal (6=55.5°, ¢=0°).
This gave us the time-zero and temporal profile of the pulses used for the Raman studies
which are shown in Fig 2-7.

Since both the pulses have the same wavelength in this kind of setup, their
identities as pump and probe depend only on which one arrives first at the sample. Thus
when the pump and probe pulses have the same flux, the magnitude of the change in
Raman intensity for a given vibrational mode induced by the pump and measured by the
probe will be symmetric about the zero-time delay. This was illustrated using the

transient anti-Stokes Raman intensity of the phenyl breathing mode at 867 cm™ of para-
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nitroaniline in DMSO as a function of the time delay and hence is routinely used in our
laboratory for establishing the zero-time delay of single color TRRRS experiments with

wavelengths around 400 nm.
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Figure 2 - 7 Pulse characteristics of the CPA-1000 system. Frequency resolved optical gating (FROG)
analysis of (A1) 800 nm CPA-1000 output using second harmonic generation in 100 um Type | BBO
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crystal (B1) spectrally narrowed 400 nm output after KDP using third harmonic generation with 800
nm in 100 um Type Il BBO crystal. (A2) Auto-correlation trace of 800 nm beam (B2) Cross-
correlation trace of 400 nm beam with the residual 800 nm beam (A3) Energy spectrum of the

autocorrelation signal (B3) Energy spectrum of the cross correlation signal.

2.6 QUANTRONIX INTEGRA FEMTOSECOND LASER SYSTEM

A more recent addition to our lab facilities is a compact, single box integrated
turn-key operated femtosecond laser Integra-i-3.5 from Quantronix. It is a femtosecond
pulse regenerative and multi pass amplifier system with maximum pulse energy up to 3.5
mlJ at center wavelength of 800 nm. The main components of the Integra are femtosecond
fiber oscillator (Femtolite FX-10, IMRA), stretcher, the pump laser (FALCON-527,
Quantronix), regenerative amplifier (RGA), multipass amplifier (MPA), compressor,

pulse synchronization unit (PSU-100) and a temperature control unit (TCU-100).

FALCON Nd:YAG Pump laser

IMRA
oscillator

Figure 2 - 8 Schematic layout of the various components inside the Quantronix Integra 1-3.5
femtosecond laser system.
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It also works based on the same principle of CPA, though the fundamental
difference between the Clark CPA-1000 and Quantronix Integra lies in the oscillator and
amplifier. The mode-locked Ti:Sapphire oscillator is replaced by a very compact rare
earth metal doped fiber oscillator (Femtolite FX-10, IMRA) that puts out 110 fs pulses at
50 MHz repetition rate and with more than 10 mW average power at the center
wavelength 800 nm. A tiny fraction of the oscillator output is sent to a Pockels cell driver
unit (PSU-100, Quantronix) through a photodiode which is used to produce 1 kHz trigger
for the pump laser and synchronization of the oscillator and pump pulse trains. The
regenerative amplifier is pumped by part of the energy from the frequency-doubled
Nd:YLF laser (FALCONS527-25-M, Quantronix) Q-switched at 1 kHz centered at 527 nm
wavelength.

The pulse stretcher is similar. The stretched seed pulses are then injected into the
regenerative amplifier cavity with the help of a time-gated polarization rotation device
such as Pockels cell and a thin film polarizer, the timing of which is controlled by the
Delay A setting of the PSU-100. A tiny fraction of the regenerative amplifier output is
sent to an oscilloscope through a photodiode for monitoring purposes. The amplified seed
pulse at the peak of amplification is dumped out of the regenerative amplifier cavity by
another time-gated polarization rotation using the Delay B setting of the PSU-100 unit.
The average power at this point is roughly 850 to 900 mW. The RGA output is then sent
to a multipass amplifier, a 2 pass amplification stage for further amplification. The
average power after the MPA can goup to 5.2 W.

The output from the MPA is sent to a pulse compressor through another Pockels

cell, controlled by the Delay C setting of the PSU-100 unit for better contrast ratio. The

47



compressor uses a pair of gratings perfectly parallel to each other and is used to compress
the pulse duration back to its near original pulse width. One of the gratings is mounted on
a linear translation stage, which can be used to optimize the pulse compression. The total
energy loss in the compressor is roughly about 30 %, and hence the typical output of the
Integra system is a 3.5 mJ energy per pulse, ~ 100 fs pulse train at 1 kHz with 804 nm
center wavelength.

Wavelength tunability:

The femtosecond output of the Integra laser at 804 nm can be converted into
pulsed light of other wavelengths using various nonlinear frequency conversion
processes, the simplest of which is frequency doubling in a nonlinear crystal such as
KDP. The output of the Integra is converted into other wavelengths continuously tunable
from 240 nm in UV to 24.0 um in the IR with the help of commercial optical parametric

amplifiers (OPA) from Light Conversion.

Beam block
- =
"
DEM 403 nm, ~ 500 fs, 1 kHz, 50mW
30mm M7 OPAINL 240-1000nm, 1-1.5 ps, 1 kHz, <60 mW
KDPr Narrow band >
crystal Topas white
= ‘\ ;_\ ..Mj
W1 BSs3 Moé BS M2
CM1
INTEGRAI-3.5 CM2
800 nm, ~100 fs, M3 OPAT 240-2600nm, ~ 100 5, 1 kHz, <200 mW
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=B52
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Figure 2 - 9 Schematic representation of the Integra output energy distribution for various
wavelength conversion modules. BS1: beam splitter (35:65), BS2: beam splitter (50:50), BS3: beam
splitter (35:65), CM1 and CM2: collimating mirrors, DEM: dielectric mirror, FROG: frequency
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resolved optical gating device, KDP: Potassium dihydrogen phosphate crystal, M1 to M7: Mirrors,
OPA: optical parametric amplifier, TOPAS: travelling wave optical parametric amplifier of

superfluorescence, W1 and W2: wedges.

The Integra beam is collimated and beam diameter is reduced to 5.0 mm using a
mirror telescope consisting of CM1 and CM2. Then the output is split into three different
parts each of 1 mJ in energy with the help of two beam splitters, BS1 (0.35:0.65) and BS2
(0.5:0.5) and were being used to pump three different OPA’s from Light Conversion.
There is also a provision for bypassing the pump beam to OPA III by removing mirror
M6, which is then split into two parts by using a beam splitter BS3 (0.35:0.65). One is
used to monitor the pulse duration with a frequency resolved optical gating (FROG)
device from Swamp Optics and the other is used to produce second harmonic output at

403 nm with 30 mm long KDP crystal.

Femtosecond visible and infrared optical parametric amplifiers:

OPAL (fs visible) and OPA 1I (fs infrared) are similar to each other. Both work
based on the optical parametric down conversion of 800 nm light in a travelling wave
optical parametric amplifier of superfluorescence (TOPAS) module. Optical parametric
down conversion is a 2™ order nonlinear process in which a single light wave of
frequency s upon interaction with a non-centrosymmetric crystal produces two light
waves of frequencies ®; and ®;. The phase matching condition requires that
n3®s;=n;®;+n,®,, where n;, n, and n3 are the refractive indices of the crystal at
frequencies ;, ®, and w3 respectively. By varying the crystal indices which in turn can
be changed merely by changing the crystal orientation towards the incident beam, one
can generate a continuously tunable output at ®; and ®;. The output beam with higher
frequency is called signal and the one with lower frequency is called idler. The maximum
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possible frequency of the signal is given by, ®@s=®pump-Mabs, Where maps corresponds to the
IR absorption edge of the nonlinear crystal. For example for a beta-BaB;O4 (BBO)
crystal, the IR absorption edge corresponds to 3300 cm™. So the highest signal frequency
obtainable with 800 nm pump corresponds to 1050 nm.

TOPAS has a single optical parametric generation (OPG) stage and 4 optical
parametric amplification stages arranged in a single type II phase matched BBO crystal.
In type I phase matching, the degree of nonlinearity is high but no degeneracy exists
between the signal and idler. Moreover the polarizations of signal and idler are parallel to
each other and orthogonal to that of the input beam. In Type II phase matching, even
though the degree of nonlinearity is relatively low, degeneracy exists and the
polarizations of the signal and idler are orthogonal to each other. It offers an advantage of
being able to separate the signal and idler using polarizers inspite of them having the
same frequency at degeneracy.

The pump beam is split into 3 parts. One is used to generate broad-band
superfluorescence (parametric signal) during its first pass through the BBO crystal. The
OPG signal undergoes four more passes through the same BBO crystal for amplification.
The preamplifiers (2™, 3 and 4™ passes) shape the signal acting as small amplifying
aperture in the far field of the seed beam. The parametric signal after the third pass is
diffracted off of a grating and overlapped with the second part of the pump beam
spatially and temporally in the crystal. The preamplified signal after the fourth pass is
reflected off of a metallic mirror and overlapped with the bulk of the remaining pump
beam spatially and temporally in the crystal for final amplification. So a standard TOPAS

with type II BBO crystal pumped by 800 nm ~100 fs output of an amplified Ti:Sapphire
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laser, produces signal (1.1 to 1.6 um) and idler (1.6 to 2.6 um) beams with beam
divergence close to diffraction limit and time bandwidth product well below unity. The
presence of three different wavelengths (signal, idler and residual pump at 800 nm) at the
output of TOPAS, presents various possibilities in terms of wavelength tunability.

OPA I has two computer controlled rotation stages, called mixer 1 and mixer 2,
mounted with nonlinear crystals attached to the output aperture of the TOPAS in a series
fashion. Mixer 1 has a Type I BBO crystal (6=23°) and a type II BBO crystal (6 = 30°).
The Type I BBO crystal is used for the second harmonic generation of signal (SHS) and
idler (SHI). Since the signal has vertical polarization, the crystal is rotated in the
horizontal plane for efficient SHS. Instead, the crystal is rotated in the vertical plane for
efficient SHI since the idler has horizontal polarization. The same crystal is also used for
generating the sum frequency of the idler (SFI) with the residual pump, the crystal
rotation being in the vertical plane. The type II BBO crystal is used for generating the
sum frequency of signal (SFS) with the residual pump and the crystal is rotated in the
vertical plane. There is a dielectric mirror installed before the output aperture of TOPAS
that can block 800 nm pump light and transmit the signal and idler beams and this mirror
can be easily flipped in and out of the beam path by rotating a knob. The mirror is closed
to block the pump while using the second harmonics and the mirror is opened for using
sum frequency mixing.

Mixer 2 is used to generate the second harmonics of the output of Mixer 1. It has
two different Type I BBO crystals, one with 8 = 35° and the other with 8 = 48°. The BBO

crystal with 6 = 35° is used for generating the second harmonic of both SHI and SHS.
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The BBO crystal with 8 = 48° is used for generating the second harmonic of both SFI and

SFES.
Wavelength . Mixer rotation Output Output
range (nm) Mixer crystals axis polarization I()I?lv\‘;)r
I 1596 2619 - - - - H
S 1160 1620 - - - - \Y
SHI 800 1180 2B - H \Y 10-115
SHS 580 810 2B - \Y - H 20-165
SFI 535 605 2B - H - \Y 75-110
SES 480 537 3B - H - \Y 135-220
FHI 400 500 2B 5B H \Y H 10-45
FHS 290 405 2B 5B \Y H \Y 20-60
SHSFI 268 302 2B 6B H \Y H 7-15
SHSFS 240 268 3B 6B H \Y H 15-40

Table 2 - 1 Summary of the fs UV-visible OPA output wavelengths and their energies. I: idler, S:
signal, SHI: second harmonic of idler, SHS: second harmonic of signal, FHI: fourth harmonic of
idler, FHS: fourth harmonic of signal, SHSFI: second harmonic of SFI, SHSFS: second harmonic of
SFS, 2B: Type | BBO crystal, 3B: Type 11 BBO crystal, 5B: Type | BBO crystal, 6B: Type | BBO
crystal, H: horizontal, V: vertical.

OPA 1II can be used to extend the wavelength tuning range to infrared. It has a
noncollinear difference frequency generator module fixed at the output of TOPAS
module. The signal and idler waves of the TOPAS output are separated using a dichroic
beam splitter and mixed using another dichroic beam splitter in nonlinear crystals
AgGasS; and GaSe of type I phase matching to generate difference frequency in the range
2.6 to 24.0 um. The difference frequency pulse wavelength tuning is done by rotating the
crystal in the vertical plane and also by changing the angle between the signal and idler
beams. The conversion efficiency is optimized by controlling the time delay between the
interacting beams. The dichroic beam splitter that directs the signal and idler beams onto

the crystal and the nonlinear crystals are mounted on computer controlled rotation stages.
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Wavelength . Mixer rotation Output Output
Mixer crystals . o power
range (nm) axis polarization (mW)
I 1596 2672 - - - - H
S 1150 1620 - - - - \
NDF1 2600 13000 8B - H - H 3-20
NDF2 3500 | 24000 9 - H - H 1-18

Table 2 - 2 Summary of the fs IR OPA output wavelengths and their energies. I: idler, S: signal,
NDF: nonlinear difference frequency, 8B: Type | AgGasS, crystal, 9: Type | GaSe crystal, H:

horizontal, V: vertical.

Ps visible optical parametric amplifier:

OPA 1II is a narrow-band width parametric amplifier of white light, called as
Topas White-NB (TWNB), custom designed for our Raman experiments by Light
Conversion. The main components are white light continuum generator, second harmonic
generator, two-stage pump pulse generator, white-light monochromator, non-collinear
parametric amplifier and signal collimator. About 1 mJ energy of the Integra output at
800 nm is sent to the TWNB. A tiny fraction (~ 2%) of the 800 nm fundamental is used
to generate white light continuum pulse in a sapphire plate. The rest of the 800 nm input
is frequency doubled in a 0.5 mm thick Type I BBO crystal (6=29°, ¢=90°) to generate
second harmonic pump at 400 nm. The two-stage pump pulse generator uses a sequence
of prisms to provide the necessary pump pulse duration for the parametric amplification
narrowing the frequency bandwidth of the second harmonic by a factor of 3 to 5
compared to 800 nm fundamental band width. A 20:80 beam splitter splits the pump
beam into two parts which pump the 1** and 2™ stages of the parametric amplifier.

The white light is dispersed off of a diffraction grating in vertical plane so that
only 5-10 cm™ bandwidth overlaps with the first stage pump beam. The 1% stage pump

beam acts as a slit for this monochromator. The non-collinear parametric amplifier
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employs a two stage amplification of the white light seed in a single BBO crystal of Type
I phase matching. The white light seed from the monochromator is overlapped spatially
and temporally in the crystal to give preamplified signal of wavelength tunable from 480
to 1000 nm by varying the grating angle of the white light monochromator. The
conversion efficiency is optimized by the nonlinear crystal rotation and the temporal
overlap of the beams in the first pass. The preamplified signal is boosted in power in the
2" pass by overlapping with the rest of the pump spatially and temporally. The most
important criterion for efficient amplification of white light in the TWNB system is that
the pump beams in the two stages should be exactly parallel to each other so that the
phase matching angle is the same both stages of amplification. The signal after the
parametric amplifier is collimated using a cylindrical mirror telescope.

OPA 1II has a computer controlled second harmonic generation stage fixed at the
output aperture of the TWNB module for extending the wavelength tunability to UV
region up to 240 nm. A 2.5 mm thick Type I BBO crystal is used for doubling the 480-
540 nm signal of the TWNB and a 3 mm thick Type I BBO crystal is used for doubling

the 540-1000 nm signal. The OPA III output energies and the polarizations are listed in

Table 2-3.
| e | | | ot
S 480 | 1000 - - H ZOSI:(;Yr)lW
SHS | 240 | 270 (%fp??ﬁ?éi) H \% 8-15 mW
SHS | 270 | 478 (Til ;emll gfgo) H \Y% 4-10 mW

Table 2 - 3 Summary of the ps UV-vis OPA TWNB output energies. S: signal, SHS: second harmonic

of signal, H: horizontal, V: vertical.
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Two color pump probe setup for TRRRS:
The experimental setup and detection scheme for the two-color TRRRS is exactly

the same as the one described for the single color TRRRS experiments.
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Figure 2 - 10 Experimental setup for the two color time resolved resonance Raman spectroscopy
using two independently tunable pump and probe pulses. BS: beam splitter, M1 to M7: Mirrors, 11
and 12: apertures, ND1 and ND2: neutral density filters, PR: polarization rotator, L1 and L2: +750
mm fused silica lenses, CL: collecting lens, FL: focusing lens, HNF: holographic notch filter, PS:

polarization scrambler, CCD: charge coupled device camera.

A short broad band UV-visible pulse from the fs UV-vis TOPAS is used as pump
and a relatively long narrow band UV-visible pulse from the ps UV-vis TOPAS is used to

probe the Raman scattering of the system under study. Now both the pump and probe
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pulses are independently tunable in the entire visible range and up to 240 nm in the
ultraviolet region making it applicable to most of the photoactive compound. And also
the detection efficiency of the weak anti-Stokes Raman signal has been significantly
enhanced by using a thermoelectrically cooled electron multiplying charge coupled
device (EMCCD) camera (Newton DU971 BV, Andor Corp.).

The zero-time delay of the two pulses is determined by measuring the cross-
correlation of the pump and probe pulses in a 100 pm Type II BBO crystal placed at the
position of the sample by generating the sum frequency. The sum frequency generation is
done in a background free noncollinear arrangement and the sum frequency signal is
measured using a fiber optic coupled spectrometer (S2000, Ocean optics). The intensity
of the sum frequency signal as a function of time delay and wavelength and the

corresponding cross correlation trace is shown in Figure 2-11.

288

4000

® Signal at 280.32 nm
286 3500 - Band width = 0.88 + 0.02 ps
3
£ 3000
284 2 7]
‘@
5 2500
E = A
82 £ £
£ c
g 2 2000
2 ©
280 % [
2 S 1500
Q
2
2 1000 -
Q
276 500 +
0
274 T T T T T

- — . = .
15 10 05 55 5E i A 20 15 10 05 00 05 1.0 15 2.0
Time delay /ps Time delay /ps

Figure 2 - 11 FROG analysis of the pump (550 nm) and probe (490 nm) pulses from the fs UV-vis
TOPAS and ps UV-vis TWNB respectively. Sum frequency generation in a Type Il BBO crystal
provides the cross correlation signal of the pump and probe pulses. The 2D correlation and the
corresponding cross correlation trace at the peak 280 nm are shown. The cross correlation width is
0.88+0.02 ps.
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As mentioned in the Table 2-3, the output energy of TWNB in the wavelength
region of 350-450 nm is only about 4-8 pJ per pulse. So the probe beam in this region
after going through various optical elements like a few mirrors and a lens on its way to
the sample suffers significant losses in energy and hence is found not efficient for
obtaining a decent anti-Stokes Raman signal. So the TWNB is certainly limited in this
wavelength region for Raman experiments and hence we used frequency-doubling of the
800 nm output of Integra in 30 mm long KDP crystal as an alternative for generating a
probe wavelength at 400 nm.

The experimental setup remains the same, except that the 800 nm pump beam to
TWNB is bypassed and ~ 300 pJ energy is sent to a 30 mm long KDP crystal. This
generated 402 nm pulses of 50 uJ energy and 25-35 cm™ frequency band width. The
second harmonic output at 402 nm is separated from the residual 800 nm using a
harmonic separator and a bandpass filter. A lens telescope is added in the beam path to

collimate the beam.
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Figure 2 - 12 Experimental setup for the two color time resolved resonance Raman spectroscopy
using a tunable pump pulse from fs UV-vis OPA and a fixed probe pulse at 402 nm. BS: beam
splitter, KDP: potassium dihydrogen phosphate, DEM: dielectric mirror, T1: lens telescope, M1 to
M7: mirrors, 11 and 12: apertures, ND1 and ND2: neutral density filters, PR: polarization rotator,
L1 and L2: +750 mm fused silica lenses, CL: collecting lens, FL: focusing lens, HNF: holographic

notch filter, PS: polarization scrambler, CCD: charge coupled device camera.

The zero time delay for this two-color pump probe experimental setup and the
instrument response is determined with the help of a nonresonant coherent anti-Stokes
Raman signal being generated at the difference frequency of the pump and probe pulse
wavelengths. The approximate zero time is determined initially by generating second
harmonic of the residual 800 nm output along the pump and probe arms in a BBO crystal

at the sample. Then the crystal is replaced with dimethylsulfoxide solvent and the
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transient anti-Stokes Raman signal is measured as function of time delay with pump
wavelength close to 402 nm (probe wavelength). At exact zero time delay of the pump
and probe pulses, an intense coherent anti-Stokes Raman signal is observed at the Raman
shift corresponding to the frequency difference of the pump and probe wavelengths in
cm™. The evolution of this coherent signal as a function of the time delay also provides
the instrument response function. The coherent signal measured in DMSO with 425.70

nm pump and 401.78 nm probe pulses at zero time delay is shown in Figure 2-13.
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Figure 2 - 13 Nonresonant coherent anti-Stokes Raman signal observed at -1390 cm™ in the time
resolved anti-Stokes Raman spectrum of DMSO using 425.70 nm pump and 401.78 nm probe pulses
at zero time delay. The pump probe spectrum at the zero time delay and the corresponding pump
only and probe only spectra are also shown. The solvent band of DMSO at 676 cm™ seen in both

probe only and pump-probe spectrum completely disappears in the transient spectrum.

The pump only and the probe only spectra are subtracted from the pump-probe
anti-Stokes Raman spectrum at zero time delay to get the transient Raman signal. The

solvent band at 676 cm™ completely disappears in the transient spectrum and a very

59



strong coherent signal is seen at 1390 cm™ corresponding to the frequency difference of
the pump and probe pulses. By tuning the pump wavelength to 416.47 nm and 420.88
nm, the coherent signal moves to 884 cm™ and 1100 cm™ respectively. The intensity of
the signal is optimized by adjusting the spatial overlap of the pump and probe beams
inside the sample.

The evolution of the signal intensity as a function of the time delay also provides
the instrument response function. The transient signal obtained with DMSO using 425.70
nm pump and 401.78 nm probe is fit with Gaussian peak functions and the integrated
peak intensity is plotted as a function of time delay and is shown in the Figure 2-14. It
has a sharp rise followed by an exponential decay. The full width at half maximum is less

than 300 fs.
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Figure 2 - 14 Evolution of the nonresonant coherent signal in DMSO as a function of the time delay
between the pump (425.70 nm) and probe (401.78 nm) pulses. The full width at half maximum is
about 200 to 300fs.
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The presence of the coherent signal even with solutes like para-nitroaniline and
N, N-dimethyl para-nitroaniline and 2, 6-dichloro para-nitroaniline present in DMSO is
observed and hence provides a very useful tool in determining the zero time delay and

optimizing the spatial overlap of the pump and probe beams in the sample.
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CHAPTER 3
THE ELECTRONIC AND VIBRATIONAL DYNAMICS OF

FE"OEP-2MeIm IN CH,CI,

3.1 INTRODUCTION

Heme proteins such as myoglobin and hemoglobin can reversibly bind diatomic
oxygen and serve as the oxygen storage and transporting agents in mammalins. The
central ferrous iron atom of the protoheme prosthetic group is responsible for the
reversible binding of diatomic O,, while the oxidation of Fe (II) to Fe (III) is inhibited by
the protection afforded by the surrounding protein. The heme group is covalently linked
to the protein via a single covalent bond to the imidazole side chain of a histidine protein
residue and is embedded in a hydrophobic protein cavity. The heme proteins can also
bind other diatomic ligands like CO and NO. The axial ligands were shown to be
conveniently photodissociated by visible light at the same time resulting in a deligated
heme with excess energy, in order to study the protein structural changes associated with

ligand binding and release and correlate it to the function of heme proteins.

Even small energy inputs in biological molecules give rise to highly directed
processes leading to highly correlated huge structural changes in the protein according to
its function'®. So the relaxation mechanisms, the energy flow path ways and the
associated life times involved in the heme group deactivation following photolysis of
bound hemes as well as direct photoexcitation of the unligated hemes such as deoxy Mb

and deoxy Hb and protoheme based model compounds in the absence of protein have

67



been the subject of numerous theoretical*'' and experimental studies using Raman

12-24 25-30 31-33

spectroscopy ~ ', transient visible spectroscopy” ", transient IR spectroscopy and
transient grating spectroscopy’ to list a few. Despite active research in the last 20 years
by several research groups, electronic and vibrational dynamics of hemes have not yet
converged to single model. It is generally accepted that the ground electronic state is
repopulated within about 5 ps of initial excitation, whether the pump laser is tuned to the
Soret band (S,) or the Q-band (S;), and whether ligand photolysis is involved or not.

However, broad consensus is still lacking for a model that describes how this rapid IC

back to the ground state occurs.

We apply time resolved anti-Stokes resonance Raman spectroscopy (TRARRS)
method here to study the energy relaxation dynamics of a simple heme model compound
Fe"OEP-2Melm in the absence of protein or photolysis using Soret band electronic
excitation. The crystal structure of this model compound has been determined recently™”.
The 2-methyl imidazole ligand is found to be disordered having a major (75%) and a
minor orientation with a small dihedral angle of 6.6° between the two orientations.
However, the major orientation dominates the structural features of the molecule. The
molecule has an expanded porphyrinate core (2.049 A core radius), large equatorial Fe-N
bond distances (2.077 A) and a significant out of plane displacement of the iron atom.
The overall structure of the molecule is domed with a displacement of Fe atom by 0.34 A
from the plane defined by the four porphyrin nitrogens and by 0.46 A from the 24-atom
mean plane of the porphyrin core towards the ligand corresponding to a doming of

0.12 A. Bulky 2-methyl imidazole leads to an off-axis tilt of the iron-imidazole bond
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from the heme normal by an angle of 6.9° and a rotation of the 2-Melm ligand to

maximize the distance between the ligand and the porphyrin core atoms.

The first vibrational energy relaxation dynamics study of this five-coordinate high-
spin heme model compound was done by Loparo et al. using single pulse transient
resonance Raman spectroscopy with ~10 ns pulses of 436 nm light”. This simple
transient Raman method provided valuable qualitative information about the picosecond
relaxation processes occurring within the ns pulse duration such as the formation of
preferential mode-specific non-equilibrium vibrational energy distributions in the ground
state vibrational modes following the excited electronic state decay. Upon comparison to

the similar studies in deoxyHb and 2Melm bound protoheme'* '>- ' 3 3¢

, it was pointed
out that the observed dynamics are metallo-porphyrin or heme group specific and the role

of protein in the heme group relaxation events is very subtle.

The vibrational dynamics study of Fe'OEP-2Melm by Loparo et al. has been
extended here to time-resolved spectroscopy domain in order to get quantitative
information about the individual vibrational modes involved in the mode-specific
relaxation on the ground state electronic state. The system was both excited and probed in
the Soret m-mt* (S,) transition in a one-color configuration. In order to tease out the
electronic and vibrational contributions to the observed dynamics, parallel ultrafast, time-
resolved UV/Vis pump — Stokes resonance Raman probe (TR’S) and ultrafast transient
absorption (TA) spectroscopy were employed in the Soret region of the UV/Vis spectrum
as well. The results are compared to analogous findings from the more complex ligand
photolysis dynamics from the standpoint of the effect of state preparation upon IC and the
subsequent vibrational dynamics.
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3.2 MATERIALS AND METHODS

Iron" octaethyl porphyrin 2-methyl imidazole (Fe"OEP-2Melm) was prepared
using a reported two phase method” as follows. All solutions were degassed several
times and kept under a slight overpressure of Ny(g). 2-methyl imidazole (2Melm;
Aldrich) was recrystallized at least twice from benzene. Fe'OEP (Porphyrin Products;
no further purification) was dissolved in CH,Cl, (Fisher; spectroscopic grade) to 0.5-1.0
mM. 10 mL of this solution was added to an equal volume of CH,Cl, saturated with
2Melm. 10 mL of 1.0 M Na,S,04 in deionized, distilled water and saturated with 2Melm
was added to the Fe"OEP / 2Melm solution under nitrogen pressure using an air-tight
syringe (Hamilton). The solution was thoroughly agitated to generate Fe"OEP-2Melm.
The top (aqueous) layer with excess ligand and reducing agent acts as a protective barrier
towards oxygen diffusion into the MP-containing layer below, and enhances the redox

stability of the sample.

The details of the laser system used for time-resolved resonance Raman studies has
been described elsewhere®’. Briefly, the output of a Ti:Sapphire based regenerative
amplifier (785-835 nm, 120 fs, 650+£50 pJ/pulse, 1 kHz; Clark MXR, Inc.) was frequency
doubled in a long (30 mm) KDP crystal to produce 410 or 413 nm pulses (17-25 cm’
FWHM, 500-800 fs, 60-70 pwJ/pulse). A 50-50 beam splitter generated pump and probe
beams, which were attenuated to 5.5 and 2.5 pJ/pulse, respectively, using neutral density
filters. The probe beam, after passing through a motorized, calibrated translational stage
(MM3000; Newport Inc.), was overlapped with the pump beam at the sample in a near
collinear (~5°) geometry with a spot size of ~2 mm at the sample. The sample was

circulated through a 1 mm quartz flow cell using Teflon tubing and an over pressure of
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Nz (g). Extreme care was taken to flow only the porphyrin containing organic layer. Even
a few drops of the aqueous layer containing the reducing agent that enter the flow cell

results in huge increase of the scattering background.

Raman spectra were collected in a ~135° back-scattering geometry. Rayleigh
scattering was rejected with an angle tuned super notch filter (center A= 415 nm, Kaiser,
Inc.). The Raman scattering was dispersed with a 0.5 meter imaging spectrograph (500 is,
Chromex Inc.) and recorded with a thermoelectrically cooled, back-illuminated CCD
camera (DU420 BV, Andor). Typical accumulation times were 20 s for Stokes spectra
and 60 s for anti-Stokes spectra. A reference spectrum at At = 64 ps was collected for
each set of four Stokes Raman spectra, and at At = -25 ps for each set of three anti-Stokes
Raman spectra. Spectra were collected in random order of the time delay positions, and

the complete dynamics were measured multiple times.

The data was processed using Origin 7.5'™ software. Transient spectra were
obtained by subtracting the reference spectra from the corresponding set of pump-probe
spectra after removing the artifacts due to cosmic radiation in all the Raman spectra. The
background was then manually subtracted using the baseline subtraction (Origin 7.5™)
routine to generate transient spectra. The kinetic traces are obtained from the peak
intensities of the transient Raman spectra. Limited smoothing is done by averaging three

intensities at the peak position. The decay portions of the kinetic traces are fit with single

exponentials.

The femtosecond transient absorption experiments were performed at the Ohio

Laboratory for Kinetic Spectrometry at Bowling Green State University. The details of
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the laser system and the experimental setup have been described in detail elsewhere™.
Briefly, the output (800 nm, 100 fs and 1 kHz) from a Spectra-Physics Hurricane was
used to generate pump pulses at 400 nm and white light continuum probe pulses (3 mm
CaF; plate, 360-750 nm). The pump was chopped at 100 Hz, focused to ~2 mm at the
sample, and overlapped with the probe in near collinear geometry (~ 5°) with
polarizations at magic angle. Signals were collected by a 400 um optical fiber coupled to
a CCD spectrograph (Ocean Optics, PC 2000). The instrument response was 110 fs. The
optical chopper, delay stage and the CCD spectrograph were controlled by LabView
(National Instruments, Inc.) programs written by Ultrafast Systems, LLC. The sample
was circulated under Ar gas pressure through a 1 mm flow cell using a micropump. The
concentration of the sample for the transient absorption experiments was approximately
0.15 mM so that the optical density of the sample is less than 1.0 at excitation wavelength
of 402 nm. The final transient spectra are an average of three complete cycles scanning

the entire set of time delay positions.

The continuum probe exhibited some chirp, with the red edge reaching the sample
later than the blue. This chirp was corrected by fitting data at thirteen wavelengths to an
empirical function (y = Az + (A; — A)/(1 - MAo)") chosen for goodness of fit across the
experimentally measured range. A; = 0.43774; A, = 1.15446; Ao = 393.93747; P =
7.65254; rms deviation from the experimental values = 0.05. The (chirp-corrected) At =
0 at 426 nm was used for plotting the transients in the Soret band region. The At =0 is

chirp-corrected using this function for all of the kinetic traces analyzed and shown.
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3.3 RESULTS

The UV-vis absorption spectrum of the five-coordinate, high-spin heme model
compound Fe"OEP-2Melm in dicholoromethane is shown in figure 3-1. The most intense
feature centered at 424 nm is the Soret (or B) band. The band centered at 543 nm is the

Q-band and is an order of magnitude weaker than the Soret band.
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Figure 3 - 1 UV-visible absorption spectrum of Fe"OEP-2melm in CH,Cl,. The intense band
centered at 424 nm is the Soret or B band. The band centered at 543 nm is the Q-band and is an

order of magnitude weaker than the B band. Gaussian fits of the B band line shape are also included.
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Excitation of the heme leads to rapid increase in the anti-Stokes intensities of
several vibrational modes. Figure 3-2 shows a representative set of transient anti-Stokes
Raman spectra generated by exciting the molecule on the blue side of the Soret transition

(Apump = 413 nm), and then probing at the same wavelength as a function of time delay.
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Figure 3 - 2 Time resolved anti-Stokes resonance Raman spectra of Fe""OEP-2MeIm in CH,Cl, using
413 nm pump and 413 nm probe at the indicated time delays. The energies of the pump and probe
pulses are 5.5 and 2.5 pJ respectively. Transients are obtained by subtracting the reference spectra
at At=-25 ps. The upper trace is a steady state Stokes resonance Raman spectrum obtained at the

probe wavelength of 413 nm.
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The most intense transient feature appears at 1360 cm™, and is assigned to vq, a
symmetric (Aj,) pyrrole breathing motion. This transition is the most intense in the
Stokes spectrum as well. Two other peaks are weaker, but apparent. These bands at
1565 cm™ and 1135 cm™ also grow in rapidly, and decay completely by about At = 10 ps.
The weak transient feature at 1565 cm™ has been assigned to vy, an A, in-phase Cp-Cp

stretch®®. The 1135 cm™ band is most likely vs, a Cp-substituent mode™. CO photolysis

19,20

experiments place vs at 1112 cm™ . However, analysis of resonance Raman spectra of

NiOEP*” assign a weak band at 1139 cm™ to this motion.

Figure 3-3 shows a kinetic analysis of the peak heights of the three bands discussed.
Several observations can be made from these data. All three traces exhibit intensity well
before At = 0. This is a consequence of the one-color, two pulse method employed in
these studies, and is used to help evaluate the temporal characteristics of the incident
pulse. Since both pulses have same wavelength of 413 nm in this setup, their identities as
pump and probe depend only on which one arrives first at the sample. So either can act as
a pump or probe and the magnitude of change in Raman intensity for a given vibrational
mode induced by the pump and measured by the probe will be symmetric about time
zero. Nominally, this means that the signals will be symmetric about a minimum at At =
0. However, since the two beams impose different fluxes on the sample, the negative At
changes are less intense than their positive counterparts. The ratio between the intensities
of the 'probe' and 'pump' beams is about 0.4, so the dip position is shifted to slightly
negative time delay. This method was already illustrated by us in these previous

publications®”*'.
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Figure 3 - 3 Vibrational mode decay kinetics on the ground electronic state of Fe""OEP-2MeIm using
TRARRS. Experimental Kinetic traces were formed by averaging the three peak intensities for each
band and then averaging these across the multiple data sets. No further processing was done.

Squares are v, circles are v, and the triangles are vs. The rise times are estimated to be ~ 750 fs.

The decay portions of these traces were fit with single exponentials. The v4 and vs
bands decay with very similar kinetics, with 2.6 = 0.2 and 2.8 £+ 0.2 ps time constants,
respectively. The v, transient decays significantly more rapidly (t = 1.6 + 0.2 ps). The
rises of the three bands have been estimated by simulating the data with the symmetric
kinetics, weighted by 0.4 at negative time and convolved with a Gaussian pulse (FWHM
= 600 fs). vs, simulated with a 750 fs rise and 2.56 ps decay time fits the kinetic trace
very well. Similar simulations for v4 and the v, peaks gave rise times of 750 and 650 fs,

respectively.
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Complementary ultrafast time resolved Stokes resonance Raman spectra of
Fe"OEP-2Melm in CH,Cl, obtained with 410 nm excitation and probing are shown in
Figure 4. The bleaching of the Stokes intensities at early times is apparent. As with the
TRARRS spectra, bleach can be seen well before time zero as a consequence of the one-

color, two pulse method employed.
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Figure 3 - 4 Time resolved Stokes resonance Raman spectra of Fe"OEP-2MeIm in CH,Cl, using 410

nm pump and 410 nm probe. Transients are obtained by subtracting the reference spectra at At=64

ps

The v4 (1362 cm™) band, strongest of the TRARR transient peaks, suffers the
most loss of Stokes scattering intensity. Four other features are prominent, though
weaker. The band at 1140 cm™! assigned to vs an Ajg (Cg-Ceny1) Symmetric stretch appears
in the ultrafast anti-Stokes spectra as well. The v, mode (1580 cm™) also shows

dynamics in both the Stokes and anti-Stokes spectra. The transients at 1260 cm™ and
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1470 cm™ do not have counterparts visible in the TRARR spectra. They are assigned to
vcr, a symmetric CH, twist of the ethyl peripheral substituents, and v3, an Ay (Co-Cp)

symmetric stretching motion.

Figure 3-5 shows kinetic traces of the Stokes TRRR intensities of the vibrational
modes V2, V3, V4, veu and vs at 1583 cm'l, 1471 cm'l, 1360 ¢cm™ and 1140 cm’
respectively. Single exponential fits of the bleach recovery are shown as well (Table 3-1).
The bleach recovery signals exhibit similar kinetics. On average, they recover with a

time constant of 2.1 = 0.2 ps.
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Figure 3 - 5 Vibrational mode population recovery Kinetics on the ground electronic state of
Fe""OEP-2MeIm using time-resolved Stokes resonance Raman spectroscopy. All the five observed

vibrational modes recover with an average time constant of 2.1+ 0.2 ps.
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Anti-Stokes (TRARRS) Stokes (TR’S)
Vibrational | Position/  “tgisg/ ps P pECAY / ps Position/  “Tgpacu/ ps
V) 1565 0.65 1.6 £0.2 1580 20+0.2
V3 -- -- -- 1470 1.7+0.2
V4 1360 0.75 2.6+0.2 1362 22+0.1
Ven -- -- -- 1260 24+0.2
Vs 1135 0.75 2.8+0.2 1140 20+0.2

Table 3 - 1 Vibrational Dynamics in Photoexcited FeOEP-2Melm. *Determined from simulations of
the kinetic traces in Figure 3-3 using the fit decay life time, a pump/probe relative flux of 0.4 and
convolution with a 600 fs Gaussian function. "From fitting only the decay portions of the Kinetic
traces in Figure 3-3. ‘From fitting only the bleach recovery portions of the kinetic traces in Figure 3-
5.

Ultrafast TA spectroscopy with excitation on the blue side of the Soret band
(Apump= 402 nm; 110 fs instrument response) was performed to evaluate the behavior of
the UV/Vis absorption spectrum during the same time frame as the TR’ and TRARR
experiments. Figure 3-6 shows the evolution of the transient spectra in the Soret region
to the red of the excitation pulse. Within the instrument response, Soret-band bleach that
corresponds to ground electronic state depletion appears instantly. A broad, red-shifted
transient absorption band rapidly blue-shifts and narrows until about At = 2.5 ps

(Figure 3-6A). After that, a steady decrease in intensity and continued blue-shift is
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observed (Figure 3-6B). The dynamics on the red side of the Soret are complete by

At =30 ps.

)
Q
B
2.10 ps
A e 3.60ps
@) ° 470 ps
< e 6.70 ps
< e 8.70ps
e 9.70 ps
e 14.100ps
] 17.00 ps
-0.10 4 « 20.00 ps
7] e 24.80 ps
-0.12

T T T T T T T T T T T T T T
400 410 420 430 440 450 460 470

Wavelength /nm

Figure 3 - 6 Transient absorption experimental data and simulations for Fe"OEP-2meIm in CH,Cl,.
Pump=402 nm, Probe=white light continuum generated in CaF, (360-700 nm) and the instrument
response is 110 fs. OD of the sample is less than 1.0 at 402 nm. Panel (A) shows the fast dynamics
associated with the first 2.0 ps and panel (B) shows the slower dynamics on the 25 ps time scale. The

large dip in the spectrum is a laser line artifact at the pump wavelength of 402 nm (thin black line).
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Kinetic traces at several wavelengths presented in Figure 3-7 show that evolution
of the UV/Vis absorption is quite complicated. The traces can be fit with exponential
functions (Table 3-2); resulting time constants that vary with wavelength. For example,
from 430 nm to 480 nm the t; decay lifetime shortens monotonically from 12.1 £ 0.5 ps
to 2.4 £ 0.3 ps. This sort of behavior is the hallmark blue-shifting and/or narrowing of

the underlying absorption bands that occurs on the time scale of the population changes.
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Figure 3 - 7 (A) Kinetic traces from the experimental transient absorption data at the indicated
probe wavelengths using 402 nm pump. (B) Kinetic traces obtained from the simulated transient

absorptions [look in the Figure 3-8, Tables 3-2 and 3-3 legends for simulation parameters]
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Exponential Fit to Experimental TA Measurements”

Mnm)  A; (%), t1 (£5)  As (%), t2 (ps) Az (%), t3 (ps)  As (%), ts (£5)

420
426
430
436
440
450
460
470
480

-90, 433+9
-90, 511433
-66, 615+26

-57, 627+8
-43, 568+15

-10, 5.4+0.1
-10, 1.6+0.2
-11,2.5+0.8

23, 12.1+£0.5
43, 9.9+0.1
57, 8.3+0.1
48, 6.7+0.1
21,4.8+0.2
13,3.1+0.2
11,2.4+0.3

52,361+18
79, 312+11
87, 24449
89, 245+12

Exponential Fit to Simulated TA"

Mnm)  A; (%), t1 (£5) Az (%), t2 (ps) Az (%), t3 (ps)  As (%), ts (£s)

420
426
430
436
440
450
460
470
480

-70, 661+46
-22, 88+20
-15, 38+10
-60, 557+58
-56, 158+23

-30, 8.2+0.9
-78, 1.1+0.1
-63,0.9+0.1

22,13.7£0.5
40, 11.1+1.2
44,10.0+1.0
31, 6.1+0.01
5,5.1£0.1
1,4.1+0.1
0.2,2.9+0.4

69, 932+9

95, 818+1

99, 805+0
99.8, 800+0

Table 3 - 2 Kinetic Analysis for TA experimental Data and Simulations.

2?2 > (.99 for all fits except the last three experimental ones, which were 0.987, 0.979, 0.966.
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Simulations of the Transient Absorption Dynamics.

Simulations of the TA results were performed using a three-electronic state model
(S2 2 S; =2 So* 2 Sp). In this model, S, and S; were treated as the Soret and Q-band
excited electronic states, respectively. So* represents vibrationally excited, ground state
species newly created by IC from S;. The lineshapes (width, peak position) of both S;
and So* were allowed to evolve in time; the S; and Sy lineshapes were static. The Sy and
So* lineshapes were derived from non-linear least squares fitting of the experimental

UV/Vis spectrum as shown in Figure 3-1.

Straightforward kinetic equations for the populations of S;, S; and So* can be

written:

S,(t) = S,(0)e (3-1a)
S,(t) = 5,(0)—— (e —e™'") (3-1b)
T,
s;‘(t)—sz(o){rl(le )omli-e )} (3-1¢)
T, -7,

where 1, and 7, are the lifetimes of the S, and S; states, respectively, and S,(0) is the
fraction of molecules initially excited from Sy by the incident light pulse, which is
treated as a delta function here. The line shapes associated with these populations are

given by single Gaussian functions for S, and S; of the form
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G, =2 e ( (3-2)

o7

A; is the relative area, @y is the width, and v, is the peak energy of the Sy = S

absorption band; corresponding variables are used for the S; peak. For S;, the width (@)

and center position (v, ) were also allowed to vary in time exponentially. Gy, the ground

state lineshape is static. However, Go*(t) starts at At = 0 red-shifted and broadened
relative to Gy, and shifts back to the Gy values exponentially, with time constants of

(v, *) and t(wo*).

The S, state was assigned a very short lifetime (t; = 10 fs), based upon the
observation that TA dynamics have been found to be very similar regardless of whether
the Soret or the Q-band state is initially excited. Given this, it was further assumed that
the S, absorption does not contribute to the observed TA dynamics (A, = 0). The four

orbital model of porphyrin UV/Vis absorption***

attributes the ground state spectrum
(Soret and Q-band) to two pairs of transitions from the a;,(7) and a,,(7) occupied orbitals
to a doubly degenerate e,(n*) unoccupied orbital. Promotion of one electron should thus
lead to an S; state with an excited state spectrum that has Soret and Q-band components,
but shifted to the red as the overall bond order of the macrocycle has been reduced.
Holten and coworkers found that the S; excited state absorption of a wide range of
porphyrins is red-shifted, relative to the ground state absorption, and is most likely w-n*

in character™*’. A center position of 450 nm for the S; “Soret” absorption was found to

be satisfactory. The lifetime of the S; state that best reproduced the TA data was found to
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be sub-picosecond (t; = 800 fs), though values from 10 fs to 20 ps were tested. The
contribution of S; transient absorption to the overall signal was also found to be very
small; no evolution of the S; lineshape was required, so @n(t) = @1(0) = constant and

v, (t) = v, (0) = constant).

The evolution of the So*(t) species dominated the TA signals. The simulations and
their comparison to the experimental data are presented in Figures 3-6, 3-7 and 3-8. A

wide range of values of the adjustable parameters v, *(0), ©(v,), a*(0), t(an*) and Ay*

was tested, and the parameters that best reproduced the data are collected in Table 3-3.

Lineshape Parameters® Pop ulat%on
Dynamics
7(0)/cm’ () o0)/em! (o) A T
24500.0° o 1608 gns 1153
So* 23795.7 p 804 P 478
S 24200.0 1340 1155
0 23495.7 670 478
S 22225 3000 800 800 fs
S, 0 10 fs

Table 3 - 3 Parameters used in TA simulations. *See text for details of the equations used to simulate

the TA data. "The V (0) values for Sy* are red-shifted 300 cm’ relative to the values for the thermal

So ground state spectrum. The ©(0) values for S¢* are 1.2 x the values for S,.
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Figure 3 - 8 Transient absorption data (filled circles) and simulations (lines) for Fe"OEP-2MeIm in
CH,Cl, using the vibrationally hot ground electronic state model. Pump = 402 nm, Probe = white
light continuum (360-750 nm). The large dip in the spectra is a laser line artifact from the experiment
(thin black line). Left panels are the first 2 ps (panel A) and 25 ps (panel B) with simulations using
the parameters [S,: T =10 fs, S;: T = 800 fs and So’: t(v) =10 Ps, t(®) = 8 ps and the absorption of So’
was modeled as red-shifted by 300 cm™ and broadened by 20 % relative to Sy]. Right panels are the
first 2 ps (panel C) and 25 ps (panel D) with simulations using the parameters from reference 30 [S;:
t=501fs and S, : t(v) = 4 ps, t(w) = 400 fs and the absorption of S, was modeled as red-shifted by 200
cm™ and broadened by 150 % relative to S|
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3.4 DISCUSSION

The electronic and vibrational dynamics of a symmetric, five-coordinate, high-spin,
model heme complex, in an isotropic (to first order) solvent environment are presented.
Complementary TA, TR’S and TRARRS experiments excite the blue side of the Soret
(S,) state and monitor the evolution of the heme in time. The observed dynamics contain
contemporaneous contributions from rapid IC, IVR, and VER. Simulations of the
evolving UV/Vis absorption line width and position of newly created ground state hemes
reproduce most of the main features of both the TA spectra and the single-wavelength
kinetic traces, and provide a framework within which to interpret the time-resolved

resonance Raman findings.

The results presented here are consistent with a very rapid (sub 100fs) S, 2> S,
transition, followed by a somewhat longer, but still sub-picosecond (800 fs) decay of S,
to the ground electronic state. Given the rapidity of the IC processes, the amount of
energy deposited in the vibrational manifold of the ground state heme is quite significant.
The newly created Sp* absorption band appears to be broadened and shifted to lower
energy. In our simulations, modest broadening of 20% and red-shifting of 300 cm™ in
the absorption bands is sufficient to model the experimental data quite well. The
narrowing and shifting to the room temperature, thermal line shape of Sy occurs on an
8 — 10 ps timescale, and dominates the changes observed in the TA difference spectra.
This process of shifting and narrowing reflects the vibrational relaxation of the heme,
IVR and VER on the ground state surface. The TA experimental data, simulations and the
kinetic data from TRARRS experiments lead to a simple model describing the dynamics
of this simple heme compound as illustrated in Figure 3-9.
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Figure 3 - 9 Simplified picture representing the events that follow electronic excitation in the Soret
band of model heme Fe"OEP-2MeIm in CH,Cl,, derived from the complimentary TA, simulations
and TRARRS studies.

The time resolved Raman data are largely consistent with this picture as well. The
anti-Stokes rise times are sub-picosecond (~700 fs), indicating the recovery of the ground
electronic state. The anti-Stokes signals decay with time constants of 1.5 to 3 ps,
significantly shorter than the vibrational dynamics evident in the TA spectra and
simulations. The most likely explanation is that the anti-Stokes signals are largely

reflecting mode-selective IVR processes that rapidly redistribute the excess energy in a

88



Boltzmann distribution, albeit at an elevated temperature. The anti-Stokes signals are
quite weak, and it is likely that once the excess energy is distributed over the >100
degrees of freedom of the heme, the vibrational excitation in the high-frequency region is
below the detection threshold of our experiments. The narrowing and shifting of the
UV/Vis spectrum largely reflects the vibrational cooling of the heme to reach thermal

equilibrium.

This interpretation of rapid (1-3 ps) IVR and slower (~10 ps) VER is consistent
with previous nanosecond transient resonance Raman studies of five-coordinate, high-
spin hemes in a variety of solvent environments'® ****®. In these single-pulse studies, the
anti-Stokes intensity is dependent upon the flux of the incident laser. As the flux
increases, the heme is excited more often within a single pulse and a steady-state, non-
Boltzmann distribution of vibrational energy associated with the ground electronic state
is created and monitored with the transient anti-Stokes spectrum. One intriguing
observation is that the distribution measured appears largely independent of the solvent.
Very similar behavior is observed for the heme in Fe'-deoxyhemoglobin in the protein,
Fe'-protoporphyrin IX in CTAB detergent micelles, and Fe"OEP-2Melm in CH,Cl,. It is
reasonable, then, that the anti-Stokes signals reflect only intramolecular vibrational

dynamics, and that these are largely independent of the solvent environment.

The data reported here are consistent with previously reported findings invoking a
vibrationally hot ground electronic state model*® *° but differ from the models invoking
intermediate charge transfer electronic states'” ** *> * * One of the earlier models

proposed multiple electronic decay pathways that repopulated Sy on ~300 fs and ~3 ps

17, 25, 48 127

timescales In the latest version of this model”’, the photoexcited heme decays
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sequentially to an intermediate state called Hb;* through a metal-to-ring charge transfer
event. The rapid back charge transfer leads to Hby*, assigned to a vibrationally excited
ground state macrocycle with a d-d* excited metal ion center. The decay of Hby* back to
the heme ground state then occurs on a 3 ps timescale. A two state evolution with time
constants of 320 fs and 2.2 ps was proposed from time resolved absorption studies of the
Q-band and band III regions. Both of these models were based upon global fitting of
single-wavelength kinetic traces; no line shape evolution was included in the fitting
procedure. The wavelength-dependence of the kinetic traces suggests that such global
fitting may not be appropriate. The time constants can vary quite significantly across
even relatively small regions of the UV/Vis spectrum (Table 3-2). Neither the time-
resolved anti-Stokes nor the TA simulations presented here provide evidence for a 3 ps

electronic state lifetime.

Actually, Holten and coworkers pointed out that the TA signatures of many
metalloporphyrins are quite similar, with initially broad and red-shifted transient

47 The ubiquity of this behavior suggested

absorptions that relax on ~10 ps timescales
to them that its origin could not be electronic, but was rather a hallmark of porphyrin

vibrational dynamics. Our findings are entirely consistent with this interpretation.

A recent study by Champion and coworkers proposes even shorter IC in five-
coordinate, high-spin hemes, with sub-50 fs IC back to the ground state®” **. They pump
in the Q-band, and measure the TA in the Soret band region, and see most of the same
features we observe. However, simulations of our data using their time constants did not
yield satisfactory results (Figure 3-8, Panels (C) and (D)) for the dynamics of the red side

of the Soret region at early or late times. In addition to the sub-100 fs decay of S;, they
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propose a very broad Sp* (2.5 x Sp) that evolves in both peak position and width
exponentially, with lifetimes of 4 ps and 400 fs, respectively. However, this led to
relatively shallow bleaches and difference spectra that narrow too quickly, particularly
evident in the 435 — 465 nm region. Slowing down the narrowing process while
maintaining the very short S; lifetime did not correct the discrepancies. In our model, the
longer lifetime of the S; state along with the slower line width and position changes fits
this region of the TA difference spectra much better. Another TA study using ~70 fs
pulses at 405 nm evaluated the Q-band and band III dynamics, and concluded that there
were no electronic dynamics after ~500 fs subsequent to excitation®®. Vibrational
dynamics associated with So* occurred on 1 to 10’s of picosecond timescales, and were
modeled with an evolving line shape function as well. In contrast, we find that the ~800
fs S; lifetime is required to fit the earliest dynamics (< 2 ps, Figure 3-8, panel (A)).
Extending the simulation and comparison to TA data to longer wavelengths may resolve

this slight difference.

It is clear from Figure 3-8, however, that our model does not represent a complete
picture of heme vibronic dynamics. In particular, Panels (A) and (B) show quite clearly
that we do not adequately capture the behavior to the blue of the Soret band (~350 — 400

nm). Ye et al.*’

model the dynamics of this region more accurately at earlier times
because of the very broad line width used for Sp*. At long times, though, there is clearly
a persistent transient absorption intensity to the blue of the initial bleach that neither

model picks up. Further study is clearly warranted to elucidate the origin of this transient

difference signal.
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Evaluation of the kinetic traces from the simulation, and comparison to the TA data
provides strong evidence for the accuracy of the main features of the model (Figure 3-7,
Table 3-2). The overall pattern of the traces is nearly identical, and the lifetimes are quite
similar as well. For example, in the traces from 430 to 480 nm, the behavior of
component 3 is virtually identical in the measurements and the simulation. The lifetime
changes from about 12 — 14 ps at 430 nm to 2-3 ps at 480 nm. It should be pointed out
that only the time-dependent difference spectra were evaluated in optimizing the
parameters. That is, the parameters were not adjusted to improve the fit with the kinetic

trace analyses.

There are potential complications from the concurrently changing transient
absorption and resonance Raman spectra. The resonance cross section depends upon the
absorption strength as well as the vibrational level population and cross section. If the
UV/Vis spectrum is much broadened, the cross sections of both Stokes and anti-Stokes
resonance Raman transitions may be lower than expected, depending upon the degree of
broadening and the excitation wavelength. Re-absorption of the scattered light also will
be affected by a changing absorption band, but in the opposite manner, so that some
fortuitous cancellation will occur. Ye et al.*® report a first-order attempt to examine the
effect of the dynamical UV/Vis absorption spectrum upon anti-Stokes signals, using
several approximations and the Kramers-Kronig transformation. A similar approach was
proposed and tested by Kozich et al.*” While the approximations like harmonic potential,
Boltzmann distribution of vibrational energy even at very early At limit quantitative
applicability of this treatment to systems in vibrational and electronic flux, the results

indicate that the vibrational lifetimes measured may be significantly different from their
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true values due to the evolving resonance conditions. At the moment, we attribute the
anomalously long Stokes bleach recovery times to this effect, though this hypothesis
remains to be tested. Currently, we are working on a way to more accurately probe these

complicated, counteracting effects.

The working hypothesis behind these studies is that the initial distribution of excess
vibrational energy deposited in the ground electronic state from a photoexcited (or
intermediate excited) electronic state, and the subsequent redistribution and relaxation
dynamics, depend strongly upon (1) the total amount of excitation energy in the system
(2) the nature of the electronic excited state that couples to the ground state in the IC
process, and (3) the intrinsic coupling of each mode to other molecular and solvent
degrees of freedom. In practice, then, there is no single lifetime for a given vibrational

mode.

The measured lifetime of a single mode reflects a complex set of dynamical
processes. A fundamental, intrinsic 0 € 1 lifetime corresponds to the characteristic
decay of the v = 1 vibrational level in the isolated, cold molecule. This t;’ depends upon
the intramolecular coupling of mode i to other molecular degrees of freedom, and is
rather difficult to measure. In the molecule at room temperature in solution, the
measured lifetime 1; is almost certainly quite different from ’Eio. Intermolecular and
intramolecular coupling to other motions will depend upon the excess energy in the
system and the time-dependent populations of these other degrees of freedom, strongly
affect the vibrational dynamics. The non-Boltzmann distributions that may persist in a
photoexcited molecule for several picoseconds may dramatically affect the measured

lifetime in ways that are difficult to predict.
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In particular, these studies probe the dependence of heme vibrational dynamics
upon the magnitude of the initial excess vibrational energy and the nature of the coupled
excited state in IC. Comparisons of the TRARRS results to ps ligand-photolysis studies
by Mizutani and Kitigawa provide insight into this fundamental issue. In those
experiments, myoglobin with a CO ligand (Mb-CO) was photoexcited in the heme Q-
band, and the resonance Raman Stokes and anti-Stokes spectra were measured as a
function of time using Aprope = 435 or 442 nm with ~2-2.3 ps pulses'” %°. Some very
interesting behavior of the newly photolyzed, five-coordinate transient Mb* species was
seen. Examination of the modes that appear in the transient anti-Stokes spectrum and

their decay kinetics is illuminating.

Photolysis of the CO from MbCO rapidly (< 1 ps) generated a vibrationally excited,
five-coordinate, transient Mb* in its ground state but with significant population in v;
(1461 cm™), v4 (1360 cm™), vs (1112 em™) and ve/ vi, (779 cm™). v; (669 cm™) band
was also observed in some spectra. In contrast, the early-time Fe"OEP-2Melm spectra
exhibit significant intensity in v4, v, and the 1135 cm™ band, but v; and a transition at

1112 cm™ assigned to vs, and vg / v3, do not appear.

There are two possible sources for these differences. The spectra are measured at
different positions within the UV/Visible Soret absorption band, so resonance effects may
be important. More likely, though, is the interpretation that different subsets of modes
are involved in IC for the two different processes. The coupling and accepting modes
associated with IC lead to different initial vibrational energy distributions depending

upon whether the excitation involves ligand photolysis or not. It is significant that the v4
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transient is the most intense in both experiments. Clearly, this mode plays an important

role in heme electronic dynamics.

The vibrational state lifetimes differ slightly in the two TRARRS studies. The vy
transient decayed with time constants of 1.9 £+ 0.6 ps (Aprobe = 436 nm) and 1.1 + 0.6 ps
(Aprobe = 442 nm) with CO photolysis. Both of these lifetimes are somewhat shorter than
the 2.6 + 0.2 ps measured with photoexcitation of Fe"OEP-2MeIm. Clearly, this
intriguing difference needs to be revisited in parallel experiments under the same
conditions. v; decayed with 1.9 + 0.6 ps kinetics in the photolysis experiments when
Aprobe = 442 nm, but was not seen at 435 nm. We observed excitation in vy as well, but it
was considerably complicated by a solvent band; we were not confident in evaluating its

kinetics unambiguously (not shown).

These differences are perhaps not surprising, as the two processes must necessarily
participate in very different energy disposal processes. Mb-CO is a six-coordinate, low-
spin heme in the ground state. Photoexcitation must ultimately result in the Fe ion
becoming high-spin and moving out of the plane of the macrocycle. Photolysis also
reduces the overall amount of energy that can wind up in the ground electronic state
because some of the excitation energy is required to break the Fe-C bond, and some
leaves with the newly photolyzed CO ligand. In the experiments by Mizutani and co-
workers, this difference is compounded by their excitation in the lower energy Q-band in

the first place.

In contrast, Fe"OEP-2Melm is already a five-coordinate, high-spin heme with a

domed conformation in the ground state. In addition, all of the energy from the absorbed
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photon is available to be deposited in the electronic ground state. The structural
evolution of the two systems (e.g. the tuning modes) and the coupling of the excited
states to the ground and any participating intermediate electronic states should differ, and
be reflected in different initial vibrational excited state distributions observed upon IC to
the ground electronic state. For example, Figure 3-3 indicates that v,, a mode that does
not even appear in the CO photolysis transients, rises and decays faster than the other two
modes seen in the TRARRS studies of Fe"OEP-2Melm. This indicates that v, may be a
strong accepting mode for IC in the non-ligated heme, and that it decays rapidly

intramolecularly to populate other heme degrees of freedom.
3.5 CONCLUSIONS:

The temporally overlapping, fast electronic and vibrational dynamics of the five-
coordinate, high-spin heme has been studied with three complementary ultrafast
techniques: transient absorption, time-resolved resonance Raman Stokes and time-
resolved resonance Raman anti-Stokes spectroscopies. The data are largely consistent
with a model in which the experimental observations are dominated by vibrational
dynamics associated with an evolving ground state species. Excitation into the blue side
of the Soret band led to very rapid S, = S; decay (sub-100 fs), followed by somewhat
slower (800 fs) S; = S¢* nonradiative decay. The initial vibrationally excited, non-
Boltzmann So* state was modeled as shifted to lower energy by 300 cm™ and broadened
by 20%. On a ~10 ps timescale, the Sy* state evolved into its room temperature, thermal
distribution Sy profile. Comparisons of anti-Stokes mode intensities and lifetimes from
TRARRS studies in which the initial excited state was prepared by ligand photolysis

begin to paint a map of the pathways of vibrational energy flow in the ground electronic
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state and vibrational facilitation of the rapid IC processes in these heme systems. While
TA studies appear to be relatively insensitive to initial preparation of the electronic
excited state, the subsequent vibrational dynamics are not. Clearly, many more studies
remain before we fully understand the photophysics and photochemistry in these systems.
However, these TRARRS experiments have provided an important first step in
unraveling the vibrational participation in IC in hemes, and the nature and pattern of

heme vibrational dynamics established by photoexcitation.
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CHAPTER 4
THE ELECTRONIC AND VIBRATIONAL DYNAMICS OF

Fe"OEP-(Im), IN CH,Cl,

4.1 INTRODUCTION

Hemoglobin and myoglobin are respiratory proteins that serve an important
function as the oxygen transport and storage agents respectively in mammalins. Oxygen
binds to the ferrous iron atom of the active site, an iron (II) protoporphyrin IX also
known as protoheme, covalently bound to the protein through a single histidine (His93)
protein residue. The heme group of these proteins can also reversibly bind diatomic
ligands like CO and NO. In the bound state the iron atom is in the plane of the porphyrin
macrocycle and has a low-spin (S=0) state. In the unligated state, the iron atom is
displaced from the porphyrin plane by ~ 0.3 A towards the histidine and has high-spin
(S=2) state. Though these heme proteins are not directly involved in any photochemical
transformations, it was showed that the n-n* electronic excitation of the heme group can
lead to instantaneous (<50fs) photolysis of the bound diatomic ligand. The energy in
excess of that required for breaking the iron to ligand bond is shared between the
unligated heme and ligand. The events following photolysis include ligand escape,
electronic and vibrational relaxation of the heme, Fe atom out of plane motion and spin
state change, ligand rebinding (both geminate and bimolecular) and the associated protein
structural and conformational relaxation. The usefulness of the transient spectral changes

occurring as a result of these events in elucidating the protein structure function
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relationships has led to an enormous amount of theoretical and experimental studies of

these heme proteins.

Early flash photolysis studies'™ on heme proteins showed that the measured
quantum yields for diatomic ligand photolysis varied in the order of CO>0,>NO.
Various reasons for the difference in quantum yields have been proposed by different
research groups such as different ligand dependent energy barriers for rebinding®, the
formation of non-reactive states’ , formation of short lived intermediate states6, different
spin-orbit effects’, thermal barriers to rebinding evidenced by equal rates of combination
of O, and CO at low temperature studiesg, fast recombination of O, and NO compared to
CO’, with the primary assumption of an intrinsic quantum yield of 1 for all the ligands.
However, a more recent study by Champion and coworkers has showed that the intrinsic
quantum yield for photodissociation of O, and NO from myoglobin are 0.28 and 0.50
respectively based on a quantum yield of ~1 for dissociation of CO. The difference in
measured quantum yields has been shown to be arising from difference in intrinsic

quantum vyields for different ligands'®.

A few other ligands such as methyl, ethyl and tertiary butyl isocyanides and
coordinating solvents'"* ' such as pyridine and piperidine apart from these three diatomic
ligands are studied as well in case of nickel metalloporphyrins. In a more recent study',
photolysis of methionine axially bound to the ferrous iron atom of heme group in
Cytochrome c using Soret band excitation and the five-coordinate photo product cooling
dynamics are reported. The methionine ligand completely recombines with the

photoproduct geminately with a time constant of 6.2 ps.
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Regarding the relaxation of the heme group, the sub-nanosecond dynamics of the
heme group following photolysis of the diatomic ligands in heme proteins as well as
dynamics in the absence of photolysis using deoxy forms of the Hb and Mb are

. . . . . - .9, 10, 14-28
investigated using transient and time-resolved spectroscopies™

. The rapid internal
conversion back to the ground state following n-m* excitation is followed by rapid
thermalization among the heme normal modes through intramolecular vibrational
redistribution (IVR) and vibrational energy relaxation (VER) to the protein/solvent.

14, 19-25, 28-31

Reported IVR rates vary from 1.5 to 10 ps , while the global lifetime

associated with cooling is on the order of 5-40 ps'”2* 3!,

Among the more interesting reports is the implication that mode-selective energy
dissipation plays an important role in heme biochemical reactions®>®. Several other
interesting results are obtained through molecular dynamics studies simulating the
photoexcitation of heme proteins®> ** *> %, One of the earliest pioneering studies™ by
Hochstrasser and coworkers indicated that the hemes excited by 353 or 530 nm photons,
relaxed in a biphasic manner with roughly 50 % relaxing through a 1-4 ps fast process
attributed to relaxation by heme collective modes and the remaining half relaxing through
a 20-40 ps slow process attributed to thermal diffusion in the protein. Later simulation
studies® *° by Straub and coworkers also showed a highly directed energy funneling
between the heme group and the protein through isopropionate side chain interactions.
Similar results are obtained by Okazaki et al** also through MD simulations. These are
verified through direct time-resolved anti-Stokes Raman’' and less direct transient
absorption experiments®, where replacing the isopropionate side chains with methyl

groups or H atoms resulted in slowing down of the cooling process.
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In the present chapter, ultrafast spectroscopy experiments of the five-coordinate,
high-spin model compound discussed in Chapter 3 are extended to include photolysis.
Photolysis of an imidazole ligand from a model compound of the bound heme [Fe"OEP-
(Im),], never reported before, is presented. The polar isopropionate groups and the
surrounding water molecules are absent and also the anistropic protein environment. The
subsequent electronic and vibrational energy relaxations of the photolysed heme observed
with complimentary fs transient absorption and sub-ps time resolved Stokes resonance
Raman studies are discussed and compared to the existing dynamics of the five-

coordinate heme studies.

4.2 MATERIALS AND METHODS

Iron" octaethyl porphyrin bis- imidazole [Fe"OEP-(Im),] was prepared using a
reported two phase method”’ as follows. All solutions were degassed several times and
always kept under a slight overpressure of N, gas. Imidazole (Im; Aldrich) was
recrystallized twice from benzene. Fe""OEP (Porphyrin Products; no further purification)
was dissolved in CH,Cl, (Fisher; spectroscopic grade) to a concentration of 0.5-1.0 mM.
10 ml of this solution was added to an equal volume of CH,Cl, saturated with Im. A 1.0
M stock solution of Na;S,0;4 in deionised, distilled water (dd H,O) saturated with 2Melm
was made. 10 ml of this stock was added to the Fe'OEP plus ligand solution under
nitrogen pressure using an air-tight syringe (Hamilton). The solution was thoroughly
mixed to get Fe"OEP-(Im), with a stable 2+ redox state in the organic layer. The top

aqueous layer with excess ligand and reducing agent acts as a protective layer towards
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oxidation of the sample Fe"OEP-(Im), in the organic layer. The sample was circulated
through a 1 mm quartz flow cell using Teflon tubing and chemical resistant micropump

under an over pressure of N,.

The femtosecond transient absorption experiments were performed at the Ohio
Laboratory for Kinetic Spectrometry at Bowling Green State University. The details of
the laser system and the experimental setup had been described in detail elsewhere*.
Briefly, the output (800 nm, 100 fs and 1 kHz) from a Spectra-Physics Hurricane was
used to generate pump pulses at 400 nm and white light continuum probe (360-750 nm)
pulses using a 3 mm CaF, plate. The instrument response was 110 fs. The pump beam
was chopped at a frequency of 100 Hz and was focused to a spot size of 2 mm at the
sample before overlapping with the probe beam at the sample near collinear geometry
(~ 5°). The relative polarizations of the pump and probe beams were at magic angle.
Signals were collected by a 400 um optical fiber connected to a CCD spectrograph
(Ocean Optics, PC 2000). The optical chopper, delay time and the CCD spectrograph
were computer controlled by LabView (National Instruments) programs (Ultrafast
Systems, LLC). The sample was circulated under Ar gas pressure through a 1 mm flow
cell using a micropump. The concentration of the sample was so that it has an optical
density of ~ 0.5 per mm at the excitation wavelength of 402 nm. The final result was an

average of three complete cycles of the transient data at all the time delay positions.

The details of the laser system used for time-resolved resonance Raman studies
had been described elsewhere®. Briefly, the output of a Ti:Sapphire based regenerative
amplifier (785-835 nm, 80-100 fs, 650+50 pJ/pulse, 1 kHz; Clark MXR, Inc.) was

frequency doubled in a long 30 mm KDP crystal to produce 410 or 413 nm pulses (500
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fs, 60-70 pwJ/pulse). A 50-50 beam splitter produced the pump and probe beams, which
were attenuated to 5.5 pJ/pulse and 2.5 pl/pulse, respectively, using neutral density
filters. The probe beam, after passing through a motorized, calibrated translational stage
(MM3000; Newport Inc.), was overlapped with the pump beam at the sample in a near
collinear (~5") geometry. Time-zero was estimated by mixing the residual 800 nm beams
along the pump and probe beams and doubling them at the sample in a type Il BBO
crystal. The Transient signal is symmetric about the time-zero, weighted by the relative

fluxes of the pump and probe pulses.

The Raman spectra were collected using a ~135° back-scattering geometry using
a collection lens, f-matching lens and an angle tuned super-notch filter (center A= 415
nm, Kaiser, Inc.). The Raman spectra were dispersed with a 0.5 meter imaging
spectrograph (500 is, Chromex Inc.) and recorded with a thermoelectrically cooled, back-
illuminated CCD camera (DU420 BV, Andor). The spectra were collected in random
order; typical accumulation times were 25 s for each Raman spectrum. A reference
spectrum at 64 ps was collected for each set of four Stokes Raman spectra. Transient
spectra were then obtained by subtracting the reference spectrum from the corresponding

set of pump-probe spectra. The full dynamics were measured multiple times.

The data was processed using Origin 7.5 software. The kinetic traces were
obtained by plotting the peak heights of the vibrational modes as a function of the time
delay between the pump and probe beams. The decay portions of these kinetic traces are

fit using a single exponential model.
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4.3 RESULTS

The UV-vis absorption spectrum of the six-coordinate, low-spin heme model
compound Fe"OEP-(Im), in dicholoromethane is shown in Figure 4-1. The most intense
feature is the Soret (or B) band, which has a maximum at 412 nm. The two bands in the
low energy region at 519 and 548 nm are due to the Q-band and are an order of
magnitude weaker than the Soret band. The weaker band at high energy region is
possibly an N-band. Generally three weaker bands known as the N, L and M bands are
seen at high energy (~ 325, ~275 and ~ 215 nm respectively) for metalloporphyrins. The

M-band is only observed in gas phase, while the N and L bands can be seen in solution

phase also.
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Figure 4 - 1 UV-vis absorption spectrum of Fe" OEP-(Im), in CH,Cl,.
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Photoexcitation of this heme compound leads to photolysis of one of the
imidazole lignads and the result is the formation of a high energy five-coordinate high-
spin heme similar to deoxyheme. The excitation energy in excess of that required for the
photlolysis is shared between the imidazole ligand and the five-coordinate heme. The
high energy five-coordinate heme undergoes vibrational relaxation processes before
undergoing recombination with the photolysed ligand to return to the starting material.
The ground state population depletion of the six-coordinate compound due to
photoexcitation, the subsequent photoproduct formation and ligand recombination is
studied using fs transient absorption measurements. The fs time-resolved absorption
spectra of Fe"OEP-(Im), in CH,Cl, obtained with a broad-band white light continuum

probe following photoexcitation in the Soret band at 402 nm are presented in Figure 4-2.
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Figure 4 - 2 Femtosecond UV-vis transient absorption spectra of Fe"OEP-(Im), in CH,Cl, using 402
nm excitation and broad-band white light continuum probe (360-700 nm). The instrument response
is 110 fs. The optical density of the sample at excitation wavelength of 402 nm is ~ 0.5 per mm. Left
panel shows the fast dynamics within the first 2 ps and right panel shows the slower dynamics up to

1.2 ns.
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Within the instrument response, bleaching signals at the steady state Soret and Q-
band positions corresponding to the ground electronic state depletion appear instantly.
The Soret band bleach centered at 412 nm is complicated by the interference from the
pump beam leakage to the detector and hence is not presented and will not be discussed
further. Only the evolution of transient spectra to the red of excitation wavelength from
415 nm is presented. The Q-band bleach at 519 and 548 nm is clearly visible. However,
the appearance of Q-band bleach is seen to be delayed compared to the Soret band signal
due to the presence of positive chirp in the broad-band white light continuum probe pulse
and the transient spectra are not corrected for the chirp. Initially broad and red-shifted
transient absorption bands due to the photoproduct appear on the low energy side of the
Soret and Q-bands, which spectrally narrow and blue-shift in time until about At=2 ps.
After that a steady decrease in intensity and continued blue-shift is observed. This sort of
spectral evolution is the hallmark of vibrational cooling. The fact that there is only a
single transient absorption band in the Q-band region instead of two corresponding to the
two Q-band bleaches confirms the absence of a hot six-coordinated compound. So the
transients are safely assigned to the absorption of vibrationally hot ground electronic state
of the five-coordinate photoproduct formed following the photolysis of one imidazole
ligand. The spectral evolution and thermal equilibration of the five-coordinate heme is
complete within 40 ps. Partial recovery of the Q-band bleach is observed within this time
duration indicating the ligand recombination to form the six-coordinate heme has time
scales overlapping with the vibrational cooling kinetics. The presence of residual bleach

even after 1.0 ns suggests a second much slower phase of ligand recombination.
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The kinetic traces are corrected for the chirp in white light continuum probe
according to the procedure described in Chapter 3 ‘Materials and Methods’ section. Chirp
corrected transient absorption kinetic traces at selected wavelengths of 425, 520, 550 and
570 nm are shown in Figure 4-3. The presence of significant transient absorption signal at
all these wavelengths even after 1.0 ns is due to incomplete ligand recombination which

suggests a much longer lifetime for the recombination process. All the kinetic traces are
fit with a sum of exponentials of the formy =y, + Z: Ae‘“ ; where t is the time delay,

T; is the lifetime, Y is the change in optical density [AOD (A, t)], Yo is the residual optical

density [AOD (A, 1.2 ns)] and n is the number of exponentials used for the best fit.
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Figure 4 - 3 Chirp corrected kinetic traces of the TA signal of Fe"OEP-(lm)z in CH,Cl, at the

indicated wavelengths. Pump=402 nm, Probe=white light continuum. Instrument response=110 fs.
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The exponential fitting parameters are listed in Table 4-1. At wavelengths with
overlapping contributions from bleach and TA, both rise and decay were fit. At all other
wavelengths, only the decay portions were fit. The parameter A; represents the relative

contribution of each component. Negative A; implies rise and positive A; means decay.

Mnm)  Ap (%), t1 (£5)  As (%), t2 (ps) Az (%), 3 (ps)  As (%), ts (£5)

416  -39,291+11  -30,4.5+0.3 31, 11.7+0.5
420 -51, 253+8 -20,2.5+0.1 29, 12.2+0.2

425  -57,517+26 43,11.0+0.3

430  -55,343<£15 45, 9.3+0.2

435 -53, 205+9 47, 8.5+0.2

440 -57, 9245 43, 7.1£0.1

450 16, 7.5+0.2 84,2678
460 7,9.2+0.6 93,267+7
470 4,7.2+0.9 96, 248+6
480 3,89+1.5 97, 230+7
490 6, 10.2+1.0 94, 231+8
500 3,5.2+1.5 97, 24349
510 -22,15.5¢0.4 78, 228+8
520 -43,15.7£0.5  57,223+14
530 -34,4.7+0.1 66, 194+10
540 -28,6.3+0.3 72, 7710
550 -40, 20.7£0.7 60, 121+12

Table 4 - 1 Exponential Fit parameters to Experimental TA Measurements of FE'OEP-(Im), in
CH,Cl, using Soret band pump white light continuum probe. R*2 values in order from top: 0.99,
0.99, 0.99, 0.96, 0.97, 0.98, 0.99, 0.99, 0.98, 0.98, 0.95, 0.95, 0.94, 0.98, 0.96, 0.97, 0.93, and 0.94.
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The spectral dynamics are rather complex resulting in time constants that vary
with wavelength due to the concurrent changes in spectral position and bandwidth on the
time scale of the population changes. To gain insight into the overlapping dynamics and
tease out the individual contributions, the Soret and Q-band transient absorption and the
two Q-band bleaches are fit with Gaussian line shapes. Since the area under the curve is
not sensitive to spectral evolution*, this approach helps in isolating the spectral evolution
dynamics that can be obtained from the analysis of the central peak position and band
width changes in time from the population decay. The integrated intensity of the Soret
and Q-band transient absorption bands obtained using this line shape analysis are plotted
as a function of time delay and is shown in Figure 4-4. The Soret band transient
absorption intensity grows exponentially at 1.3 + 0.2 ps and decays at an exponential rate

of 12.5 + 1.4 ps. Q-band transient absorption was found to decay at an exponential rate of

9.2 £0.6 ps.
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Figure 4 - 4 Time evolution of the integrated transient band intensity of Fe"OEP-(Im)z in CH,Cl,.
Left panel shows the rise and decay of the transient Soret band. The fast component contributes to
59%. Right panel shows the decay of the transient Q-band. Residual transient absorption is evident

in both the traces even after 100 ps.
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The integrated intensity of the two Q-band bleaches as a function of the time
delay was plotted in Figure 4-5. They represent the six-coordinate ground electronic state
population recovery following the photoexcitation at 402 nm. The Q; band at 519 nm
recovers bi-exponentially at the rate of 451 + 92 fs and 8.1 + 0.8 ps. The Q, band shows a

recovery time of 10.4 £ 0.7 ps.
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Figure 4 - 5 Time evolution of the integrated transient band intensity of Fe"OEP-(Im), in CH,Cl,.
Left panel shows the bi-exponential recovery of the transient Q; band bleach centered at 519 nm. The
fast component contributes to 65% of the decay. Right panel shows the recovery of the transient Q,

band. Residual bleach is present even after 100 ps.

The central peak positions of the two Q-band bleaches, the Q-band transient
absorption and the corresponding spectral widths as a function of the time delay are
shown in Figure 4-6. The Q-band TA initially centered at 585 nm blue-shifts to reach an
equilibrium value of 565 nm corresponding to the five-coordinate photoproduct
absorption spectrum bi-exponentially with time constants of 613 + 83 fs and 12.1 + 2.8
ps. The TA band which is initially 30 nm broad also spectrally narrows at the same time
with a time constant of 4.5 + 0.4 ps. However, the central peak position and bandwidth of

the two Q-band bleaches are not affected.
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Figure 4 - 6 Spectral evolution of the transient spectra of Fe"OEP-(Im), in CH,Cl,. Left panel (top)
shows the peak positions of the two Q-band bleaches and the Q-band transient absorption as a
function of time delay. Right panel (top) shows the kinetic trace of the transient Q-band and the
corresponding bi-exponential fit. The fast component contributes to 90%. Left panel (bottom) shows
the spectral widths of the two Q-band bleaches and the Q-band transient absorption as a function of
time delay. Right panel (top) shows the kinetic trace of the transient Q-band spectral width and the
corresponding exponential fit. The peak position evolution has a fast component of about 600 fs and a

slower component of about 12 ps. The spectral narrowing has a time constant of about 4.5 ps.
Complimentary time-resolved Stokes resonance Raman spectra of Fe"OEP-(Im),

in CH,Cl, excited at 410 nm and probed at the same wavelength are presented in Figure

4-7. A steady state Stokes resonance Raman spectrum obtained with just the probe beam

1s also included for reference.
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Figure 4 - 7 Time resolved Stokes resonance Raman spectra of F e“OEP-(Im)z in CH,Cl, using 410

nm pump and 410 nm probe. Transients are obtained by subtracting the reference spectra at At=64

ps.

Because of the single color pump-probe approach, bleach signals can be seen
even before zero time delay. The two strong features in the Stokes resonance Raman
spectrum v4 and vy at 672 and 1362 cm™ due to totally symmetric porphyrin macrocycle
vibrations suffer the maximum loss in intensity. The v, vibration at 1593, assigned to an
Ay in-phase Cp-Cp stretch® and another mode at 746 cm™, possibly vs *' also show
significant loss of intensity. A few other weaker modes vs, vci and vs are also prominent.
v3 has contributions from C,-Cp stretching vibrations and is also a totally symmetric and

macrocycle mode™. vey at 1260 cm™ is due to symmetric CH, twist of the peripheral
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ethyl substituents”’. vs at 1135 cm™ is due to the Cp-ethyl stretching vibrations®” *°. Since

these transient spectra are generated by subtracting a pump-probe spectrum at At=64 ps

from the pump-probe spectra at various time delays and the transient absorption spectra

clearly show the presence of residual TA and bleach signals at this time delay, the slow

phase of the ligand recombination is not monitored.
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Figure 4 - 8 Vibrational mode population recovery kinetics on the ground electronic state of

Fe""OEP-(Im), using time-resolved Stokes resonance Raman spectroscopy. Pump=Probe=410 nm.

The transient Stokes Raman signal bleach recovery is monitored by plotting the

average peak intensity as a function of time delay in Figure 4-8. All the vibrational modes

monitored indicate a bi-exponential recovery of the ground state low spin six-coordinate

heme with a fast lifetime component of about 700-950 fs and a slower component of 5-19
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ps. The dynamics are due to vibrational relaxation on the ground electronic state
overlapped with the fast phase ligand recombination similar to the case of geminate
recombination of diatomic ligands observed in heme proteins. There is also a minor and

much slower (~ few ns) ligand recombination phase that is not monitored here.

4.4 DISCUSSION

Photoexcitation of the low-spin, six-coordinate heme in the Soret band leads to
population in the excited electronic state of S,. Photolysis of one of the imidazole ligands
is observed within the instrument response of 100 fs. Then based on the results presented
here, the following questions need to be answered. Is the intrinsic photolysis quantum
yield equal to one, i.e. does each molecule that absorbs a single photon of light undergo
photolysis? If that is the case then the transient absorption bands should correspond only
to the five-coordinate photoproduct and not the six-coordinate reactant. Even if we
assume that a small fraction of the molecules undergo non-radiative decay directly to S,
then two transient absorption bands in the Q-band region should be observed
corresponding to the two Q-band bleaches in the ground state spectrum. The results
presented here clearly indicate the presence of only one red-shifted transient absorption
band and the band widths and central peak positions of the Q-band bleaches are
equivalent to those of the ground state six-coordinate absorption spectrum. So we
conclude that there is no detectable or measurable formation of vibrationally hot-six
coordinate ground state species following S, state photoexcitation. However, by a close
monitoring of the two Q-band bleach positions and band widths (Figure 4-6), one will
notice a slight red-shift and broadening especially in the Q; band at 520 nm. By

considering the slight broadening and red-shift in Q; band also, we predict a quantum
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yield of ~ 0.9 to 0.95 for the photolysis of an imidazole ligand in the reported heme

model compound.

The second question that comes to mind is, “Does the photolysis occur directly
from S, or does it happen from S, state following ultrafast internal conversion from
S>2>8S17” In order to answer this, two things need to be checked. One simple way of
knowing if there is any population in the S; state is to monitor fluorescence from S; state,
following excitation at the same wavelength used in these studies, but this approach is
useful only if the radiative decay channel of S; state is active resulting in fluorescence.
Another direct way of monitoring it will be to do parallel Q-band pump experiments
under the same conditions and comparing the results obtained in the two experiments. At
present, because of the lack of Q-band pump studies, we base our conclusions based on
comparisons to the vast majority of existing literature in Q-band pump photolysis of CO,

NO and O, from heme proteins.

Similar transient absorption results observed for heme proteins, with both Soret
band excitation and Q-band excitation strongly indicate that the photolysis event occurs
from the S, state rather than the S, state. Extremely fast photolysis events observed in
these experiments then lead to the conclusion that S,>S; state decay as well as the

photolysis event together should occur in less than 100 to 300 fs.

The experimental results presented here are consistent with the observation of the
photolysis of a single imidazole ligand with a quantum yield of near unity resulting in the
formation of a vibrationally hot five-coordinate photoproduct similar to the one observed

in photoexcitation of the five-coordinate heme model compound Fe"OEP-2Melm. The
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transient absorption spectral features can be assigned to the difference in absorption of
the hot five-coordinate, high spin photoproduct [Fe"OEP-Im]* and the six-coordinate,
low-spin [Fe"OEP-(Im),]. The transient absorption bands spectrally narrow and blue-shift
with time corresponding to intramolecular and intermolecular vibrational cooling of the
five-coordinate photoproduct. Kinetic analysis of the spectral evolution in figure 4-6
indicated that 90% of the spectral shift occurred with a time constant of 613+83 fs, while
the remaining 10% recovers on a longer time scale of 12.1+2.8 ps. The spectral
narrowing occurred with a time constant of 4.5+0.4 ps. We assign the 613+£83 and the
4.5+0.6 ps lifetimes to the intramolecular vibrational relaxation (IVR) within the five-
coordinate heme photoproduct and the longer lifetime of 12.1+2.8 ps to intermolecular

vibrational cooling process.

The simultaneous decay of both the transient bleaches and the transient absorption
bands indicate the recombination of the imidazole ligand to the five-coordinate
photoproduct resulting in the formation of the six-coordinate starting material. The band
integral of the transient absorption band in the Q-band region is shown to decay with a
life time of 9.2+0.6 ps. The band integral of the Q, band bleach recovered with a lifetime
of 10.440.7 ps. This similar lifetime observed from the simultaneous decay of both the
transient absorption and the transient bleach bands points out that it is due to the fast
phase of ligand recombination. We assign this fast lifetime of ~ 10 ps to the geminate
recombination of the imidazole ligand to the contemporaneously cooling five-coordinate

heme photoproduct.

Analysis of the transient absorption band in the Soret band region should be

treated with care, however, because only part of the TA band to the red of 415 nm could
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be measured due to interference from the excitation laser at 402 nm and also the
overlapping Soret band bleach could not be characterized. So we relied on the nonlinear
Gaussian peak shape analysis instead and any predictions based on this are subject to the
errors involved in the non linear fit analysis. Having said this, the band integral of the TA
band in the Soret band region is noticed to rise and decay exponentially with time
constants of 1.3+0.2 and 12.5+1.4 ps respectively. The Q; band bleach is also found to
exhibit a bi-exponential decay of 451492 fs and 8.1+0.8 ps, with the fast component
comprising of 65%. The sub-ps and ps fast components from these two kinetic traces also
reflect the vibrational cooling, while the longer time component is due to the geminate

ligand recombination.

The same behavior is also evident from the individual kinetic traces and the single
wave length kinetic traces at 520 and 550 nm correspond to exponential bleach recovery
times of 15.7+0.5 and 20.7+0.7 ps respectively. These values are slightly more than the
ones obtained from the band integral decay analysis and set a maximum for the geminate
recombination lifetime. So we conclude that the imidazole ligand bigger in size compared
to that of the diatomic ligands like CO, NO and O, can’t diffuse further out into the
solution from the photoproduct following photolysis and geminately recombines with a

life time of 10 to 20 ps, competing with the intermolecular vibrational cooling dynamics.

The off-sets used in the single wavelength kinetic analysis as well as the band
integral analysis, indicate the presence of a much slower phase of ligand recombination
that is not complete even at 1.2 ns. The maximum signal observed at 425, 520 and 550
nm at earlier times correspond to optical density of 0.0657, 0.01054 and 0.0222

respectively. By 1.2 ns, the signals decayed to 0.0149, 0.0023 and 0.0064 respectively.
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Based on this analysis, approximately 75 % of the photolysed ligand geminately
recombines in the initial fast phase and the remaining 25 % of the ligands diffused away
from the photoproduct into solution leading to recombination lifetimes on the order of a

few ns or longer.

This behavior is also evident from the time resolved Stokes resonance Raman
study. The transient resonance Raman spectra contained only features corresponding to
the loss of intensity due to the depletion of six-coordinate compound and no positive
Raman features corresponding to the five-coordinate photoproduct unlike what is
reported in the literature for time resolved resonance Raman studies of carbonmonoxy
myoglobin®* %, This could be due to the following reasons. Since the Raman probing
wavelength was at 410 nm, close to the absorption maximum of the six-coordinate
compound rather than the five-coordinate photoproduct (Abs. max of Fe"OEP-2Melm is
423 nm), and the fraction of molecules excited under the excitation conditions is less, the
resonance enhancement for the six-coordinate starting material is much higher than that

for the five-coordinate photoproduct.

All the vibrational modes exhibited a significant loss in intensity of their Stokes
resonance Raman bands corresponding to excitation to S, state. v; and v4 well coupled to
the Soret transition suffered the maximum loss in intensity. The transient spectra obtained
by subtracting the pump-probe spectrum at a time delay of 64 ps from the corresponding
spectra recover to a flat featureless spectrum by 25 ps. By choosing the pump-probe
spectrum at At of 64 ps to produce the transient spectra, the much slower ligand
recombination phase is subtracted out from the measured kinetics. The choice of A t=64

ps can be justified, by measuring the percentage of the ligand combined by that time
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using the transient absorption data. By analyzing the transient absorption signal at 520
nm and 560 nm at 64 ps time delay, 99% of the geminate recombination phase is

complete by then.

All the vibrational modes exhibited bi-exponential kinetics. The fast component
ranged from 698+17 to 957+24 fs and the slower component ranged from 5.0+0.7 to
18.7£5.0 ps respectively. The fast component is mainly due to the intra molecular
vibrational relaxation and the slow component has contributions from both intermolecular
vibrational cooling as well as the fast geminate phase ligand recombination. The Core-
size marker band v, at 1593 cm™ should be more sensitive to the geminate phase ligand
recombination as the ligand recombination leads to movement of the Fe (II) atom back
into the plane of the porphyrin and change in the core size of the porphyrin macrocycle.
This can be seen from the huge Raman frequency shift of the v, band in going from 5-
coordinate to 6-coordinate compound in steady state resonance Raman spectra. It can be
assumed that the Stokes Raman bleach recovery time scale of this band should be very

similar to the ligand recombination time.

Complimentary time-resolved anti-Stokes resonance Raman experiments are not

available at present to be compared to the present data.

4.5 CONCLUSIONS

The photolysis of an imidazole ligand from a six-coordinate bound heme model
compound, the intra and intermolecular vibrational cooling of the five-coordinate photo
product and the ligand recombination events are studied in the absence of the protein.

The initial results of the imidazole ligand photolysis studied for the first time are
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compared to the vastly studied diatomic ligand photolysis of bound heme proteins and a
more recent study involving the photolysis of methionine from Cytochrome c. No
detectable vibrationally hot six-coordinate ground state heme is observed, indicating the
intrinsic quantum yield of the photolysis to be close to unity. Comparisons to the heme
protein studies tentatively assign the photolysis to be occurring from the S; state rather
than the S, state, though this needs to be verified in parallel Q-band pump experiments
under the same conditions. The intramolecular vibrational relaxation is the major
contribution to the photoproduct cooling on the order of 0.6 to 4.5 ps time scale. The
intermolecular vibrational cooling has a lifetime of approximately 10 ps. On average 75%
of the photolysed ligand geminately recombines on the time scale of 10-20 ps strongly
overlapping with the vibrational cooling dynamics. Complimentary time resolved Stokes

resonance Raman experiments support these observations as well.
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CHAPTER 5
THE ELECTRONIC DYNAMICS OF FE"OEP-2Melm AND

Fe''OEP-(Im), IN CH,CIl, FOLLOWING Q-BAND EXCITATION

5.1 INTRODUCTION

Petrich et al.' in 1988 gave a detailed description of the electronic dynamics of the
heme proteins unligated and ligated with diatomic ligands CO, NO and O, as well as that
of a protoheme in the absence of the protein ligated with CO and NO. Single wavelength
kinetics are measured following photo excitation in the Q-band (S;). Photolysis was
reported to occur in all the compounds with or without the presence of protein in less than
50 fs leading to the formation of two intermediate electronic states Hbl* and HbH* each
having a lifetime of 300 fs and 2.5 ps (3.2 ps in case of deoxy Mb) respectively. The
absorption maxima for these two intermediate electronic states were assigned to 470 and
455 nm based on kinetic evidence, but no spectral information of the two states has been

reported by them or by anyone in the following years.

The parallel intermediate electronic state decay model was modified in 2001 by
Franzen et al.? to sequential relaxation pathway (Ql-Hbl*-Hbu*-Hb) through the same
intermediate electronic states. Again, both the ligated and unligated heme proteins were
studied following electronic excitation in the Q-band (S;). The intermediate electronic
state Hb; was proposed to form via ultrafast iron-to-porphyrin ring charges transfer and
then Hby" due to porphyrin ring-to-iron back charge transfer process. The absorption

maxima were assigned at 450 and 478 nm respectively for Hb* and Hby* again based on
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kinetic evidence. Both these studies and the interpretations are based on single
wavelength kinetics or global fitting of the kinetics at several wavelengths and ignored
the effect of absorption spectral evolution such as narrowing and blue-shifting as the

molecule vibrationally cools to return to thermal equilibrium.

Exactly a year before the above study by Franzen et al was published;
Kholodenko et al.” reported transient absorption study of deoxy Mb (unligated) in the Q-
band and band III (a weak absorption band centered at 630 nm) regions using Soret band
excitation (S;). Two electronic relaxation processes, one less than 100 fs and another of a
few 100 fs were reported and based on the anisotropy decay values, it was concluded that
there were no electronic relaxation components present after ~ 600fs, in contrast to the
predictions by Petrich and Franzen et al. The transient spectral features were successfully
simulated to represent the difference spectra of vibrationally hot and cold ground state
Mb molecules and the ground state vibrational relaxation was shown to bi-exponential

involving a major fast (1.5 to 4 ps) and a slow (~ 15 ps) component.

More recent studies by Ye et al.* > in 2002 and 2003 confirmed this vibrationally
hot ground electronic state model using Q-band excitation experiments of both ligated
(MbCO, MbNO and met Mb) and deoxy Mb. The electronic relaxation of the S, state is
not present in these studies and the vibrationally hot ground electronic state of the five-
coordinate heme was found to form in less than 30 fs and the vibrational cooling features

were successfully simulated with lifetimes of 0.4 and 4 ps.

The electronic and vibrational dynamics of a simple five-coordinate, high-spin

model compound of the heme group in deoxyMb, Fe"OEP-2MeIm in CH,Cl, following
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excitation in the Soret band region (S,) were reported® by us in 2006 and presented in
Chapter 3 of this thesis. The observed dynamics were consistent with the vibrationally
hot ground electronic state model of Kholodenko and Ye et al. The observed transient
features were simulated with 10 fs S, state decay, 800 fs S; state decay and 8-10 ps
spectral evolution lifetimes corresponding to vibrational cooling on the ground electronic
state. Complimentary time-resolved anti-Stokes resonance Raman spectral (TRARRS)
studies reported rise times (~750 fs) equivalent to S; state decay and mode-specific
vibrational relaxation times of 1.6+0.2, 2.74+0.2, 2.8+0.2 ps for v,, v4 and vs vibrational

modes respectively.

The electronic dynamics of a simple six-coordinate, low-spin model compound of
the bound heme, Fe"OEP-(Im), in CH,Cl, following excitation in the Soret band region
(S;) were presented in Chapter 4 of this thesis. Near unity quantum yield for the
photolysis of a single imidazole ligand, formation of a vibrationally hot five-coordinate
photoproduct similar to the case of diatomic ligand bound heme proteins and no
detectable hot six-coordinate starting material were reported. Vibrational cooling of the
five-coordinate photoproduct was shown to involve a major 0.6 to 4.5 ps process
assigned to IVR and a minor 10 ps process associated with VER. Most (75%) of the
dissociated imidazole ligands were found to recombine geminately on the time scale of
10-20 ps and the rest of them didn’t undergo any recombination even at 1.2 ns. It was
pointed out that parallel Q-band pump experiments are needed to find out if the

photolysis occurred directly from S, or from S; following S,—>S; ultrafast decay.

For an easy comparison to the vast majority of experimental results of heme

protens involving Q-band pump studies and to establish the exact photolysis reaction
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channel, Q-band (S;) pump experiments were performed on the two five- and six-

coordinate model compounds and the preliminary results are presented in this chapter.

5.2 MATERIALS AND METHODS

The five-coordinate and six-coordinate heme model compounds, iron" octaethyl
porphyrin 2-methyl imidazole [Fe"OEP-2melm] and iron" octaethyl porphyrin bis-
imidazole [Fe"OEP-(Im),] are prepared according to the two phase method described
elsewhere’ and also in the previous Chapters 3 and 4. The final product is a
dicholoromethane solution of the compound protected towards oxidation by an aqueous
layer containing 1.0 M Na,S,04 solution above. Typical volume of the solutions is 50
ml. The concentrations of the samples are adjusted to have an optical density of 0.5 at the
excitation wavelength of 541 nm. All solutions are degassed and kept under an
overpressure of dry N, or Ar gas during the sample making process as well as the
experimental interrogation. The sample is circulated through a 1 mm quartz flow cell
using Teflon tubing and a chemical resistant micropump under an overpressure of Ar gas.
While circulating the sample during experiments, extreme care is taken to flow only the

denser porphyrin containing dichloromethane layer.

The femtosecond transient absorption experiments were performed at the Ohio
State University Center for Chemical and Biophysical Dynamics (CCBD). The details of
the laser system and the experimental setup had been described in detail elsewhere®.
Briefly, the low energy 30 fs laser pulses at 800 nm from an oscillator (Mira, Coherent)
are amplified in a regenerative amplifier (Legend, Coherent/Positive Light) to generate
2.5 mJ output (800 nm, 40 fs and 1 kHz). The fs output at 800 nm is used to generate

pump pulses at 541 nm with the help of an OPA coupled with an SFG module (OPerA,
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Coherent) and white light continuum probe pulses (320-700 nm) with the help of a I mm
thick rotating CaF, plate. The instrument response is approximately 300 fs. The white
light continuum is split into two parts of nearly equal energy, to generate probe and
reference beams. The reference beam is used to minimize the noise due to fluctuations in
the continuum intensity. Both the probe and reference beams separated vertically in space
by a few mm go through the sample and are detected simultaneously using an imaging
spectrograph (TRIAX 550, Jobin Yvon) coupled with a thermoelectrically cooled, back-
illuminated CCD camera (Symphony, Jobin Yvon). The pump beam is overlapped with
the probe beam spot in the sample at an angle of 5° and is blocked after the sample from
entering the spectrometer using a beam block. The relative polarizations of the pump and
probe beams are set to magic angle of 54.7°.Inspite of the pump beam being blocked,
considerable amount of the scattered pump beam enters the spectrometer and interferes
with the detected transient signal. A dual notch filter that selectively cuts-off 543 and 647
nm light is used at the entrance of the spectrometer slit is used. Hence the Q-band bleach
signals could not be measured. And also unfortunately transmission of light below 420
nm through the filter steeply decreased making it extremely difficult to characterize the

Soret band bleach.

The pump and probe beams are chopped at a frequency of 25 and 12.5 Hz
respectively to create pump ON and pump OFF conditions in the sample using two
synchronized optical choppers. The CCD camera acquisition is also referenced to the
choppers to increase the signal to noise ratio. At a given pump-probe delay, 250

acquisitions each of 20 ms integration are used with every other acquisition being with
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the pump ON condition. Then the transient absorption signal is obtained using the

following equation.

e,

Ireference PumpON

R
Ireference PUmpOFF

The data accumulation, optical delay stage, choppers and the CaF; crystal rotation

AOD =-log,,

are controlled using a home-developed software programs written using Labview 7. The
final result is an average of 3 complete cycles of the data collected at the entire set of
pump-probe delay positions. The resulting transient absorption spectra are corrected for
chirp due to group velocity dispersion in the white light continuum probe pulse using
procedures already incorporated into the data collection software. The data was processed

using Origin 7.5™ software.

5.3 RESULTS AND DISCUSSION

As described in the methods section, the Soret and Q-band bleaches could not be
characterized due to the notch filter that is used in the experiments to block the scattered
pump laser beam entering the sample and hence the preliminary results of only the
transient absorption signals in the Soret band region of the two model compounds are

presented here.

Figure 5-1 shows the transient absorption spectra of Fe"OEP-2Melm in CH,Cl,
corresponding to the rapid formation of vibrationally hot ground electronic state species
within the instrument response following photoexcitation to S1 state. The transient

absorption features are extremely broad and red-shifted at early times, which spectrally
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narrow and blue-shift approaching the equilibrium ground state absorption spectral shape
of the five-coordinate heme. This spectral evolution as well as the excited electronic state
(S1) decay results in an increase in the absorption signal at wavelength (424 nm)
corresponding to the equilibrium absorption maximum and reaches a maximum at about

2.5 ps after the excitation.

A OD

T
420 440 460 480 500

Wavelength /nm

Figure 5 - 1 A representative set of Transient absorption experimental data showing the fast
dynamics associated with the first 2.0 ps for Fe""OEP-2Melm in CH,Cl,. Pump=541 nm, Probe=white
light continuum generated in CaF,, Instrument response=300 fs.

The slower phase of the spectral evolution is presented in Figure 5-2. The spectral

shift after 2.5 ps slows down and a continued narrowing is observed. The vibrational
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cooling and thermal equilibration on the ground electronic state is complete by about 30

ps.

0.05

A OD

| ! | ! | ! | !
420 440 460 480 500
Wavelength /nm

Figure 5 - 2 A representative set of transient absorption experimental data showing the slow
dynamics from 2 to 40 ps for Fe"OEP-2Melm in CH,Cl,. Pump=541 nm, Probe=white light

continuum generated in CaF,, Instrument response=300 fs.

Kinetic traces of the transient absorption signal in the Soret band region at
selected set of wavelengths and the corresponding exponential fits are presented in Figure
5-3 and the results are tabulated in Table 5-1. At longer wavelengths, the kinetics are
faster compared to those at shorter wavelengths. Essentially, three different components
are present, one on the order of a few hundred fs, a second one on the order of 3 ps and a

third component of approximately 6-10 ps.
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450 nm:308+20 fs, 6.0+0.4 ps
440 nm:72+25 fs, 8.1+0.2 ps
430 nm:655+24 fs, 10.9+0.3 ps
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Figure 5 - 3 Kinetic traces of the transient absorption data for Fe''OEP-2Melm in CH,CI, at the

T
24

v Fe'OEP-2Melm in CH,CI,
490 nm:284+18 fs

480 nm:144+19 fs, 0.8+0.1 ps
470 nm:170+10 fs, 1.3+0.1 ps
v 460 nm:201+13 fs, 2.4+0.2 ps

> oo

28

wavelengths indicated and the associated exponential fits.

Time delay /ps

Mnm)  A; (%), ti (fs) Az (%), t2 (ps) Az (%), t3(ps) R™2

425 -64, 565+31  -17,3.0+1.3 19,8.2+1.6  0.998
430  -67, 65524 33,10.9+£0.3 0.993
440 87, 72+25 13,8.1£0.2  0.994
450 83, 308+20 17,6.0£0.4  0.992
460 90, 201+13 10, 2.4+0.2 0.992
470 89, 170£10 11, 1.3£0.1 0.996
480 86, 144+19 14, 0.8+0.1 0.993
490 100, 284+18 0.966
500 100, 257423 0.937

Table 5 - 1 Exponential Fits to Experimental TA Measurements of Fe''OEP-2Melm in CH,Cl,

following excitation at 541 nm.

The kinetic trace at 425 nm corresponding to the equilibrium absorption spectral

maximum represents all the three components; the first two can be assigned to IVR and
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the longer component is due to VER on the ground electronic state.The similarity of the
initial fast phase transient absorption spectra of Fe'OEP-(Im), in CH,Cl, following Q-
band excitation at 541 nm to that of the five-coordinate compound indicate the formation

of a vibrationally hot five-coordinate photoproduct.
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Figure 5 - 4 A representative set of transient absorption experimental data showing the fast dynamics
associated with the first 2.7 ps for Fe"OEP-(Im), in CH,Cl,. Pump=541 nm, Probe=white light
continuum generated in CaF,, Instrument response=300 fs.

Spectral evolution leads to increase in the signal approximately at 425 nm
corresponding to the five-coordinate compound absorption position and reaches

maximum at 2.69 ps, delayed by ~ 150 fs compared to Fe"OEP-2Melm. The Figure 5-5
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shows the decay of transient signal and continues spectral evolution after 2.7 ps up to 2.0
ns. The transient signal decay saturates at about 50 ps and further decay becomes

extremely slow.

0.7

1 —2.69 ps
0.6 —3.70 ps
] —5.70 ps
—7.70 ps
—9.69 ps
—14.70 ps
——19.69 ps
—24.70 ps
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——49.70 ps
——2.00ns
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Figure 5 - 5 Transient absorption experimental data showing the slow dynamics from 2.7 ps to 2.0 ns
for Fe"OEP-(Im), in CH,Cl,. Pump=541 nm, Probe=white light continuum generated in CaF,,
Instrument response=300 fs.

The kinetic traces of the transient absorption signal as a function of the time delay
and the corresponding exponential fits after photoexcitation are presented in Figure 5-6.

The rise of the signal at all the wavelengths measured is instrument limited and only an
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estimate of approximately 140 fs can be reported based on the rise of signal at 425 nm.
Mainly two components are observed, one corresponding to 270-350 fs and a longer
component in the range of 7 to 16 ps. This longer component is mainly due to the fast

geminate ligand recombination and the minor intermolecular vibrational cooling

dynamics.
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Figure 5 - 6 Kinetic traces of the transient absorption data for Fe'OEP-(Im), in CH.CI, at the
wavelengths indicated and the associated exponential fits.
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Mnm) A (%), ti (fs) Az (%), t2 (ps) off-set 12

420 100, 11.8+0.1 0.1124 0.999
425 100, 8.9+0.1  0.0925 0.999
430 100, 8.1+0.2  0.0492 0.999

440 71, 309+22 29,6.9+0.2  0.0121 0.999
450 93,291+6 7,6.2+0.2 0.0051 0.995
460 96, 353+15 4,7.2+1.9 0.0029 0.995
470 98, 344+15 2,8.7£5.7 0.0024 0.994
480 98, 347+17 2,11.1£6.7  0.0024 0.991
490 98, 337+17 2,9.245.1 0.0022 0.991
500 95, 320+10 -5,16.2£2.0  -0.0002 0.995
510 86,273+10  -14,12.7£0.5 -0.0037 0.996

Table 5 - 2 Exponential Fits to Experimental TA Measurements of Fe'OEP-(Im), in CH.CI,
following excitation at 541 nm.

Based on the maximum (0.377838) and residual (0.09249) intensity of the
transient signal at 425 nm, corresponding to equilibrium absorption spectral position of
Fe"OEP-2MeIm in CH,Cl,, 76 % of the photolysed imidazole ligands geminately
recombine well below 100 ps. Since both the Soret and Q-band bleaches could not be
characterized in these studies, an accurate time constant for ligand recombination is not
obtained. The longer life time component of 7-16 ps obtained from the single wavelength

measurements contain both the vibrational cooling and geminate recombination kinetics

Because of the problems due to the notch filter employed in these studies, the
ground state depletion and reformation of the six-coordinate compound could not be

monitored. And also we could not determine if there is any hot six-coordinate compound
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being formed. These experiments certainly need to be repeated with better notch or short
pass filters in order to fully characterize whether the photolysis is occurring from S; or S,
excited electronic states. Nevertheless, the preliminary results and the similarity of the
transient spectral features to that of the Soret band pump studies imply that there is only

very little or negligible formation of the hot six-coordinate species.

5.4 CONCLUSIONS

The preliminary results of the Q-band excitation studies of the two model
compounds Fe"OEP-2MeIm and Fe"OEP-(Im), in CH,Cl, are presented as a comparison
the Soret band excitation studies presented in the previous two chapters. Based on the
single wavelength kinetic traces, the five-coordinate compound undergoes intramolecular
vibrational relaxation on the time scale of 0.6 to 3.0 ps and intermolecular vibrational
cooling on the time scale of 6-10 ps. The IVR and VER time scales are equivalent to
those observed in the Soret band excitation studies implying that the hot ground state is
formed via S;2>S, nonradiative decay channel rather than the direct S, S, channel. The
photochemical reaction channel involving the photolysis of imidazole needs to be
characterized further to make reliable predictions. Single wavelength kinetic analysis of
the six-coordinated compound implied a fast geminate recombination occurring on the
time scale of vibrational cooling. However, in the light of these interpretations being
based on the single wavelength kinetics that are extremely sensitive to dominant spectral
evolution in the transient features, the importance for repeating these experiments to
characterize the transient bleach is stressed. Parallel time-resolved Raman studies using

Q-band excitation will lead to deep insight into the mode-specific non-equilibrium
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vibrational dynamics and to characterize the effect of excited electronic state preparation

and the protein.
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CHAPTER 6

EFFECT OF METHYL GROUPS ON THE VIBRATIONAL
DYNAMICS OF PARA-NITROANILINE

6.1 INTRODUCTION

Para-nitroaniline (PNA) which has an electron donating group (-NH;) and an
electron withdrawing group (-NO;) connected via a conjugated linker (benezene ring)
serves as a simple prototypical model compound for ‘push-pull’ chromophores. The huge
change in dipole moment in the presence of an external electric field parallel to the
transition dipole' gives rise to large molecular hyper-polarizability which in turn leads to
bulk nonlinear optical susceptibilities essential for nonlinear optical activity. For
example, the ground electronic state of PNA has a dipole moment of ~ 6 D. Upon
photoexcitation, charge transfer from the NH; to NO, group increases the dipole moment
up to ~ 14 D in the excited electronic state. Reports by Davydov et al.> that there is a
strong correlation between the charge transfer in organic materials with donor and
acceptor groups connected by benzene ring and second harmonic generation (SHG)
efficiency made PNA and its derivatives promising for nonlinear optical applications, in
particular for second order nonlinear optical processes such as SHG. Besides the NLO
activity, the charge transfer nature of the electronic excitation makes it a good solvation
probe and also serves as a model compound for electron transfer studies. Hence the
photophysical properties of this simple push-pull compound para-nitroaniline (PNA) and
its N-alkyl derivatives have been the subject of extensive theoretical’”’ and experimental

. 81
studies®'®.
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The linear and nonlinear optical properties of push-pull chromophores strongly
depend on the surrounding solvent properties like polarity and hydrogen bonding ability.
For example, PNA has a strong UV-vis absorption spectrum whose absorption maximum
exhibits a huge solvatochromic red-shift of 5350 c¢m™ in going from nonpolar
cyclohexane (Amax=322 nm) to highly polar dimethylsulfoxide (Amax=389 nm). This is
often qualitatively explained using two-state models which treat the ground and the
lowest excited electronic state as linear combinations of two basis states corresponding to
the neutral and zwitterionic resonance structures of the chromophore. With increase in
solvent polarity, the relative energy of the ionic form decreases and the amount of
zwitterionic character in the ground electronic state increases resulting in a red-shift of
the charge transfer absorption band. The increased mixing of the ionic nature in the
ground electronic state also affects the equilibrium geometries and vibrational
frequencies of the push-pull chromophores. Push-pull molecules such as PNA'®, N, N-
dimethyl-4-nitroaniline (NNDMPNA)'® ' and phenol blue’** have been shown to have
solvent state selective excitation of the solute molecules leading to wavelength dependent

Stokes shift in resonance Raman spectra.

Resonance Raman spectral analysis of PNA in various solvents by Moran et al."
showed that the excited electronic state is the one which is more affected by the solvent,
questioning the validity of two-state models for organic push-pull chromophores which
are successfully applied in predicting the solvation effects on the linear and nonlinear
optical properties of linear push-pull polyenes and some inorganic charge transfer

complexes® . In spite of these being not quantitatively ideal, modified self-consistent
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two-state models incorporating electron-phonon coupling and solvent contributions still

provide deep insight into the qualitative behavior of these systems™ .

The time-resolved spectroscopic properties of PNA were also found to be
sensitive to the solvent properties like polarity. Time-resolved microwave conductivity
measurements of PNA suggested an intersystem crossing quantum yield of ~1 in
nonpolar benzene and ~ 0.5 in more polar dioxane’. Ultrafast charge transfer dynamics of
PNA in water and dioxane reported by Thomsen et al.'' using transient absorption
spectroscopy showed that the relaxation on excited singlet state surface of PNA including
the S;=>S, internal conversion is extremely rapid (~ 300 fs) and that the quantum yield
for intersystem crossing is ~ 0.4 in dioxane and only ~ 0.03 in more polar water. It
follows from these two studies that the quantum yield for intersystem crossing in PNA 1is
strongly dependent on solvent polarity and it is very little or negligible in highly polar

solvents.

Kovalenko et al. '*classified the relaxation events observed in transient absorption
studies following photoexcitation of PNA into solvation (<100 fs), intramolecular charge
transfer (120-140 fs), internal conversion (250-400 fs) governed by twisting of the NO;
group and vibrational cooling (1-3 ps) on the ground electronic state as shown in Figure
6-1. A rapid vibrational cooling time of 1 ps was predicted based on the spectral
evolution of the transient absorption peaks between 1 and 10 ps after photoexcitation.

Transient stimulated emission was also observed for the first time from S; state of PNA.

151



Solvation: < 100 fs

- Charge transfer: 120-140 fs
AN
No, Q (1 £ H ~~~.._ Intersystem crossing
e’ Sl( CT) : “~~~~~~
1 ~~“~\
Pump E Internal
h iConversion s
M 1250-400 fs T, CCT)
2 %
< Vibrational
Cooling
AN 1-3 ps
NO, SO {

Figure 6 - 1 The events following photoexcitation of PNA forming the charge transfer excited
electronic state. Figure based on the results of Kovalenko et al. PNA undergoes rapid internal
conversion to the ground state or intersystem crossing to the lowest triplet state. The branching ratio

and the individual relaxation rates are strongly dependent on the solvent polarity.

The idea of internal conversion (IC) through a conical intersection involving the
NO, twisting coordinate was introduced in order to explain the ultrafast internal
conversion process based on semi-empirical ab-initio method calculations (SAM1)'> #°.
Twisted intramolecular charge transfer model®® was used in explaining the excited state
geometry. Equilibrium geometry on the excited state surface corresponds to NO; twist
angle of 75° and NH, wagging angle of 0°. The system evolves along the NO, twisting
coordinate until it meets an isoenergetic point of S; and Sy at NO, twist angle of 60°, at
which point the vibronic factors lead to effective coupling of the two states leading to

ultrafast internal conversion. Comparisons to N, N-dimethyl benzonitrile (DMABN) are
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drawn where twisting of the alkyl substituted amino group plays an important role instead

of the acceptor group’ " 32

Kozich et al.'> *3

evaluated the vibrational energy redistribution of PNA in the
ground electronic state after internal conversion following photoexcitation to the charge
transfer state using time resolved resonance Raman spectroscopy. The idea of conical
intersections in PNA internal conversion was adopted in explaining the mechanistic
aspects of the internal conversion process leading to nonequilibrium vibrational energy
distribution in coupling and accepting modes in a manner contrary to the rapid
thermalization and vibrational cooling on the ground state proposed by Ernsting et al.'*
29.34 A weakly Raman active mode at 1510 cm™, assigned to an overtone or combination
band of —NO, out of plane motion, was reported to show fastest rise time comparable to
the IC rate and pronounced excess population representing the main accepting mode.
Intense high frequency modes with large Franck-Condon factors gain excited state
population mainly by IVR and relax considerably slowly (6-7 ps) via IVR to low
frequency motions and simultaneous cooling to solvent degrees of freedom. The

vibrational cooling life times are significantly slower than the reported values from less

direct transient absorption studies.

SAM1 calculations'> ** ** showed that the PNA absorption spectral shape is
conformationally broadened due to a distribution of NO, twist angles. The ground
electronic state is flat as a function of the NO, twisting coordinate, but the charge transfer
state is composed of various NO; twist angles and hence NO; twisting plays an important

1.17

role in relaxation of PNA on S; surface. Gunaratne et a used narrow bandwidth

pumping at three different wavelengths on the low energy side of the PNA absorption
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spectrum, thus exciting the subpopulations involving different NO, twist angles, and
probed the vibrational dynamics on S, following Sy€S; internal conversion. No
excitation wavelength dependence of the vibrational dynamics was observed and hence it
was concluded that the IC occurs from a relaxed S; state or from the same crossing point
on S; regardless of the nature of the initially excited conformation. The phenyl breathing
mode at 860 cm™ and the symmetric NO, stretch at 1310 cm™ were shown to exhibit
vibrational lifetimes in Sy of 8.1+0.6 ps and 5.2+0.6 ps respectively; the corresponding
peak shift lifetimes are 3.2+0.4 ps and 4.6+0.7 ps respectively. The significant difference
in lifetimes obtained from the peak shift evolution and integrated intensity decay profile
of the phenyl breathing mode at 860 cm™ was suggested to be primarily due to at least
two processes operating on competitive timescales in the relaxation process following
internal conversion. The intramolecular vibrational energy redistribution on S, was
proposed to occur on 2-5 ps time scales and the subsequent vibrational cooling to bath

degrees of freedom was proposed to happen on 5-10 ps time scales.

The transient absorption and time-resolved Raman studies suggest that the main
relaxation pathway of para-nitroaniline in polar solvents following photoexcitation is via
ultrafast nonradiative decay resulting in large excess of energy in the ground state
molecular vibrations. The relaxation of the resulting hot solute molecules created on
femtosecond time scale to the surrounding solvent molecules is an important process in
understanding molecular scale heat flow. An understanding of the role of molecular
vibrations in effectively dissipating the excess energy in the form of heat to the
surrounding solvent molecules can be used to effectively direct or funnel the thermal

energy for possible applications such as photo thermal therapy.
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In order to better understand the mode-specific vibrational dynamics and exert
more control over the energy relaxation pathways in PNA molecule, the effect of
structure on the underlying vibrational energy relaxation need to studied in detail. To
better improve the directional energy flow, various substituent groups such as —CH3,
-OH, -COOH, -CN, -CF3, -Cl and so on can be tested and classified as efficient
microscopic thermal conductors and isolators. By selective substitution of the molecular
conductors and isolators, the excess vibrational energy following photoexcitation can be
efficiently funneled towards a cancer tumor or any other target for photothermal therapy
(PTT)*>* applications making them good photothermal sensitizers. The primary goal of
the experiments discussed in this chapter is to probe the effect of methyl groups on the

mode-specific vibrational energy dynamics of PNA dissolved in DMSO.

The single color time resolved resonance Raman spectroscopic studies of PNA in
DMSO reported by us elsewhere'” are extended here to include the effect of simple
methyl group substitution on the dynamics. The molecular structures of the three
different methyl group derivatives of PNA are shown in Figure 6-2. The energy
relaxation dynamics of 2-methyl and 2, 6-dimethyl substituted PNA compounds are not
available, but the N, N-dimethyl substituted PNA in acetonitrile has been shown to
exhibit longer cooling times compared to that of PNA in water, the difference being
assigned to reduced hydrogen bonding ability of NNDMPNA as the hydrogen atoms of
the amino group are replaced by methyl groups®*. No triplet state was observed in the

case of NNDMPNA in acetonitrile also similar to that of PNA in water.
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NO, NO;
4-nitroaniline N, N-dimethyl-4-nitroaniline

(PNA) (NNDMPNA)

NH, NH;

NO, NO,
2-methyl-4-nitroaniline 2, 6-dimethyl-4-nitroaniline

(2-MPNA) (2, 6-DMPNA)

Figure 6 - 2 The chemical structures of 4-nitroaniline (PNA) and its methyl derivatives 2-methyl-4-
nitroaniline (2-MPNA), 2, 6-dimethyl-4-nitroaniline (2, 6-DMPNA) and N, N-dimethyl-4-nitroaniline
(NNDMPNA).

NNDMPNA has been shown to undergo demethylation upon photoexcitation in
the presence of external acceptors such as nitrobenzene in benzene or methoxide ion in
methanol®. The mechanism of demethylation is proposed to be initiated by photoinduced
electron transfer to the lowest triplet state. Photochemical studies of NNDMPNA as
initiator of lauryl acrylate polymerization using laser irradiation at 337 nm also proposed
the involvement of a triplet state with lifetime less than 30 ns**°. These findings suggest

the possibility of triplet state, radical formation and radiative emissions from the singlet
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and triplet excited states of N-alkyl derivatives of PNA in nonpolar solvents, with
fluorescence being the only radiative process in polar solvents. However, no significant
triplet state absorption or emission was observed in transient absorption experiments of

NNDMPNA ** or N-benzyl-2-MPNAY".

6.2 MATERIALS AND METHODS

PNA (Alfa Aesar, 99%), 2-MPNA (Aldrich, 97%), 2, 6-DMPNA (Sigma-Aldrich)
and NNDMPNA (TCI America, 98%) were used as purchased without further
purification. Typically 50 ml solutions were prepared by dissolving the compounds in
dimethylsulfoxide (DMSO, Fisher Scientific, ACS Certified 99.9%, used without further
purification) to get a concentration of 3-4 mM. All experiments were performed at room
temperature. The solution was flowed rapidly through a 1 mm quartz flow cell using a
chemically resistant peristaltic pump to prevent degradation of the sample in the

excitation volume.

A single color pump probe setup using the fs pulses from Clark-MXR CPA-100
system, as described in Chapter 2, was used for sub-ps time-resolved resonance Raman
studies. Briefly, a Ti: Sapphire regenerative amplifier seeded by femtosecond pulses from
a mode-locked Ti: Sapphire oscillator provided 100-150 fs pulse train of 1 kHz repetition
rate tunable within a small wavelength range of 780-840 nm. Approximately 300 pJ of
the fs output was frequency-doubled in a 30 mm KDP crystal to produce ~0.8 ps pulses
with 50-60 pJ per pulse. The spectral full width at half maximum intensity (FWHM) of
the pulse was 17-25 cm’™'; this corresponds to a (Gaussian) transform-limited temporal
FWHM of 588 — 865 fs. A 50:50 beam splitter produced the pump and probe beams

which were attenuated to approximately 5 and 2 pJ/pulse, respectively, using Schott glass
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neutral density filters. Time resolution was obtained by passing the probe beam through
a motorized, calibrated delay stage (MM3000, Newport Inc). The two beams were

overlapped at the sample in a nearly collinear geometry (~5°).

Time-zero was estimated by allowing the residual 800 nm in each beam to travel
the beam paths and doubling in a BBO crystal at the sample position. As these
experiments are one-color, pump-probe experiments, the transient signal is symmetric
about time-zero, weighted by the relative energies of the pump and probe pulses.

Refinement of the assignment of time-zero was thus provided by the signal itself**.

A ~135° back-scattering geometry was used to collect spectra.  The collection
assembly consisted of a collection lens, f-matching lens, and depolarizer. Rayleigh
scattering was rejected with an angle-tuned holographic super notch filter (Kaiser, Inc.).
The time-resolved anti-Stokes Raman spectra were recorded with a thermoelectrically-
cooled, back-illuminated CCD camera (DU-420 BV, Andor) using a 0.5 meter imaging
spectrograph (500is, Chromex, Inc.). Typical accumulation time for each spectrum was
60 seconds. At each temporal delay, pump-only and probe-only control spectra were

acquired under the same conditions as the pump-probe data.

The data was processed using Origin 7.5 software. After removing the artifacts
due to cosmic radiation in all the Raman spectra, the pump-probe spectrum obtained at
at a longer time delay (reference) was subtracted from the corresponding pump-probe
spectrum to remove the pump only and probe only contributions. The pump-probe
reference spectra for 2-MPNA, 2,6-DMPNA and NNDMPNA are collected at time

delays of 60, 64 and -103 ps respectively. The background was then manually subtracted
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using the Origin baseline subtraction routine to generate transient spectra. Transient
features were characterized with Lorentzian line shapes using non-linear least squares
fitting, where possible. Kinetic traces were derived from the integrated areas of the
transient spectra, and the decay portions were fit using an exponential model. Peak

positions also were fit to exponential functions.

Computations were performed to determine the theoretical vibrational frequencies
and the normal mode characterizations. Unconstrained geometry optimization and
vibrational calculation were done using Gaussian 03, at the density functional theory
level with B3LYP functional and 6-31+G(2d, p) basis set. A scaling factor of 0.98 was
applied to the DFT calculated vibrational frequencies for comparison to the experimental

values.

6.3 RESULTS

The single color time-resolved anti-Stokes resonance Raman spectroscopy results
of all the three methyl derivatives of PNA are first presented individually. They are then
compared to one another in the Discussion section. Figure 6-3 shows the UV-vis
absorption spectra of PNA, 2-MPNA, 2, 6-DMPNA and NNDMPNA dissolved in
DMSO. The absorption maxima of these compounds in DMSO correspond to 389, 393,
396 and 407 nm respectively with no significant change in bandwidth. The observed red-
shift on methyl substitution is due to increased electron density in the molecule because
of the positive inductive effect of methyl groups. The red-shift is more pronounced in
case of N-methyl substituted PNA compared to that of phenyl ring substituted (ortho

position to the amino group) PNA compounds 2-MPNA and 2, 6-DMPNA.
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Figure 6 - 3 UV-visible absorption spectra of 4-nitroaniline, 2-methyl-4-nitroaniline, 2, 6-dimethyl-4-

nitroaniline and N, N-dimethyl-4-nitroaniline dissolved in dimethylsulfoxide.

Figure 6-4 shows the Stokes resonance Raman spectra of PNA, 2-MPNA, 2, 6-
DMPNA and NNDMPNA dissolved in DMSO, obtained with 403, 410.5, 410.35 and
403.5 nm laser excitation and normalized to the intense NO, symmetric stretching
vibration at about 1310 cm™. The solvent vibrational bands at 676 cm™ and 706 cm™ are
marked with *. The Raman vibrational features upon N-methyl substitution did not
change except for a very small shift in some of the Raman peaks; the Raman spectra of
PNA and NNDMPNA look very similar to each other. Methylation of the phenyl ring
introduces some changes to the Raman spectrum. The v;9 (Ph-1) vibration seen at 860

cm™ in PNA is shifted to 934 and 947 cm™ respectively in 2-MPNA and 2, 6-DMPNA.
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Two additional low frequency vibrations appear upon methyl substitution on the phenyl
ring at 771 and 815 cm™ for 2-MPNA and at 736 and 808 cm™ for 2, 6-DMPNA. The
NO, symmetric stretching vibration seen at 1310 cm™ in PNA, has a shoulder on the low

frequency side in case of 2-MPNA and 2,6-DMPNA.

4-nitroaniline

— 2, 6-dimethyl-4-nitroaniline

T T T T T T T y T T T
—— N, N-dimethyl-4-nitroaniline

Normalized Stokes resonance Raman intensity /a.u.

T T T
600 800 1000 1200 1400 1600

Raman shift /cm™

Figure 6 - 4 Stokes Resonance Raman spectra 4-nitroaniline, 2-methyl-4-nitroaniline , 2, 6-dimethyl-
4-nitroaniline and N, N-dimethyl-4-nitroaniline in DMSO, obtained with 403, 410.5, 410.35 and 403.5
nm excitation respectively, normalized to the intense NO, symmetric stretching vibration at about

1310 cm™. The DMSO solvent bands are marked with *.

A few selected vibrational modes from the resonance Raman spectra or compared
to the computational results along with an approximate normal mode description is

presented in Table 6-1.

161



Calculation®

Assignment & Approximate

Compound | Experiment® B3LYP description’
6-31G (24, p)
771 762 Vig
- 766 V19, NO, wagging
815 811 Vo
934 929 v23, Ph-1, Ph-NO,, 64(NO,), Ph-CH3,
2-MPNA 1280 1300 v32, Ph-NH,
1310 1339 v33, Ph-NO,, v¢(NO;)
1507 1501 v39, Ph-19a
- 1534 V40, VaS(NOZ)
743 728 V20
- 765 V22, NO, wagging
808 805 V3,
2,6— 947 947 Va7, Ph-1, Ph-NO,, 6s(NO,)
DMPNA 1284 1300 v36, Ph-NH,
1307 1334 V37, Ph-NOz, VS(N02)
1492 1487 V46, Ph-19a
- 1534 V47, Vas(NO3)
- 765 V20, NO, wagging
855 849 v23, Ph-1, Ph-NO3, 04(NO,)
NNDMPNA 1310 1330 V37, Ph-NOz, Ph-N(CH3)2, VS(NOZ)
1516 1497 V46, Ph-19a
- 1520 V47, Vas(NOz)
- 765 vis, NO, wagging
860 857 V19, Ph-1, Ph-NO3, 04(NO,)
- 1301 Va7, Ph-NHz
PNA 1310 1342 V29, Ph-NO,, v¢(NO;)
1512 1506 V32, Ph-19a
- 1532 V33, Vas(NO3)

Table 6 - 1 Selected experimental and calculated vibrational frequencies (in cm™).

"Experimental data in DMSO obtained with 403 nm (PNA), 403.5 nm (NNDMPNA), 410.5 nm (2-
MPNA), 410.35 nm (2, 6-DMPNA).

PScaling factor 0.98; ‘Assignment and Mode descriptions according to Varsanyi* and Kozich et a

33

An out of plane motion assigned to NO, wagging is present in all the three

compounds including PNA at 765 cm™. A mode due to NO, in plane deformation, Ph-
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NO; stretch and due to the phenyl ring motion is present at about 855 cm™ both in PNA
and NNDMPNA, and is shifted to 929 cm™ in 2-MPNA and 947 cm™ in 2, 6-DMPNA. A
mode primarily due to NO, symmetric stretch and Ph-NO, stretch is present at 1342,
1330, 1339 and 1334 cm™ and the corresponding NO, asymmetric stretch motion is
found at 1532, 1520, 1534 and 1534 cm™ in PNA, NNDMPNA, 2-MPNA and 2, 6-
DMPNA respectively. A vibrational mode primarily due to the phenyl ring motion is
present at about 1487-1506 in all the compounds. Two new vibrations, at 762 and
811cm™ for 2-MPNA and 728 and 805 cm™ for 2, 6-DMPNA are also due to phenyl ring

motion.

N, N-dimethyl-4-nitroaniline (NNDMPNA):

Typical time resolved anti-Stokes resonance Raman spectra (single color 403.5
nm pump-probe) of NNDMPNA in DMSO are presented in Figure 6-5. The time
resolved spectra at different time delays between the pump and probe beams are obtained
by subtracting the pump only and probe only contributions from the pump-probe spectra
at the respective time delays, so they represent the spectral features of the transient
excited species only. At zero time delay corresponding to the photoexcitation event, the
transient Raman spectrum is flat with no detectable vibrational signatures. With increase
in time delay between the photoexcitation and probe, two strong vibrational bands around
1300 cm™ and 850 cm™ and a weak band at about 1490 cm™ appear that grow and decay
in intensity resulting in a flat featureless transient spectrum by 30 ps. The 855 cm™ band
is more intense than that at 1307 cm™ in the anti-Stokes transient spectrum, in contrast to

the relative intensities in the Stokes spectrum. The transient vibrational bands at earlier
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times are broad and red-shifted relative to the corresponding Stokes Raman bands and

evolve in time eventually to approach the steady state ground vibrational state values.
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Figure 6 - 5 Representative set of time-resolved anti-Stokes resonance Raman spectra of NNDMPNA
in DMSO obtained using pump and probe beams at 403.5 nm. Transient spectra were generated by
subtracting the pump-probe spectrum at A t = -103 ps from the pump-probe spectra at each time
delay. The background in the transient Raman spectra was removed using Origin 7.5 TM baseline

routine.
The transient spectra are fit with Lorentzian peak shapes to generate kinetic
information of the integrated intensity and the corresponding kinetic traces are shown in

Figure 6-6.
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Figure 6 - 6 Kinetic analysis of time-resolved anti-Stokes resonance Raman spectra of NNDMPNA
dissolved in DMSO. Squares and circles represent the experimental integrated intensity, triangles
represent the average peak intensity at -1495 cm™ and lines represent the exponential curve-fits at
positive time delay. The decay only portion of the 1495 cm™ band is fit using A, exp-”’l; the rise and

decay kinetics of 1310 and 855 cm™ bands are fit using A, exp™™+ A, exp ™.

The results of fitting these integrated intensity vs time data after A t=0 ps to a bi-
exponential function are also presented in Figure 6-6. Within the nonlinear fit error, both
the bands exhibit a similar rise time of ~ 1.5 ps. The rate of decay of the 862 cm™ mode is
significantly slower than that of the 1310 cm™ band. Accurate Lorentzian peak fits of the
weak transient Raman band at ~ 1500 cm™ were not available; hence the integrated
intensity and spectral evolution kinetics are not presented. Instead, the average peak
intensity at the peak maximum of 1495 cm™ is plotted as a function of time delay. The
transient peak intensity vs time data after A t=0 ps was fit to a single exponential decay

function of 4.2 £ 0.2 ps time constant.
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Figure 6 - 7 Kinetic analysis of the peak position shifts of anti-Stokes Raman transients subsequent to
photoexcitation at 403.5 nm of NNDMPNA in DMSO. Peak positions were determined by nonlinear
fitting of the transients with Lorentzian peak shapes. The lines represent the exponential fits to the
peak-position data at positive time delay. The 855 cm™ band is fit using a function of the form y=y,+
A exp"/’1+ A, exp'"’z; Yo=-853.82+0.28 cm™”. The 1310 cm™ band is fit using a function of the form
y=yo+ A; exp-""1; yo=-1311.85+0.67 cm™’. The value of y, corresponds to the equilibrium vibrational

frequency of the corresponding mode.

Analysis of the time-dependent peak position shifts is presented in Figure 6-7.
The peak position shift of the 855 cm™ band is well fit by a bi-exponential decay function
with time constants of 0.3 + 0.1 ps and 3.2 + 0.6 ps. The 1310 cm™ band peak position
shift is fit using a single exponential decay function of time constant 5.6 = 0.4 ps. The
lifetime of 855 cm™ band obtained from peak-shift kinetics is significantly smaller than

the one obtained from the intensity decay kinetics similar to the case of PNA.

2-methyl-4-nitro aniline (2-MPNA):

Typical time resolved anti-Stokes resonance Raman spectra (single color 410.5
nm pump-probe) of 2-MPNA in DMSO obtained by subtracting the pump only and probe

only contributions from the pump-probe spectra are presented in Figure 6-8.
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Figure 6 - 8 Representative set of time-resolved anti-Stokes resonance Raman spectra of 2-MPNA in
DMSO obtained using pump and probe beams at 410.5 nm. Transient spectra were generated by
subtracting the pump-probe spectrum at A t =60 ps from the pump-probe spectra at each time delay.

The background in the transient Raman spectra was removed using Origin 7.5 TM baseline routine.

Similar to NNDMPNA, the transient spectra are flat and featureless at A t=0 ps,
transient anti-Stokes vibrational bands grow and decay in intensity as time progresses
eventually leading to a flat transient spectrum by 25 ps. The intensity of other bands is
relatively weak compared to that of 1310 cm™ band. The band observed at about 860 cm™
in the case of PNA and NNDMPNA is shifted to 933 cm'l, transient feature at about
1500 cm™ is only weakly visible and two new transient bands at 815 cm™ and 768 cm’™

are observed. The central peak positions are initially broad and red-shifted and approach

the steady state Stokes spectral values as time progresses. All the bands grow and decay
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in intensity within 25 ps of photoexcitation by the pump pulse. The transient spectrum at

zero time delay shows some intensity in the solvent band.

The transient spectra are fit with Lorentzian peak shapes. However, only the
intense 1300 band resulted in good fits with high accuracy. The kinetics of the integrated
peak intensity and central peak position of this vibrational mode are presented in Figure
6-8. It exhibits a rise time of 1.5 + 0.2 ps similar to NNDMPNA, but the lifetime is
significantly longer (9.3 £ 0.6 ps) compared to that of PNA (5.2 ps) or NNDMPNA (6.1

ps). The central peak position evolves exponentially with a time constant of 2.9 + 0.4 ps.
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Figure 6 - 9 Kinetic analysis of the transient anti-Stokes Raman mode of 2-MPNA in DMSO at 1307
ecm™. Circles represent the experimental integrated intensity, squares represent the central peak
position and lines represent the exponential curve-fits at positive time delay. The rise and decay
kinetics of 1310 cm™ band intensity is fit using A; exp™™;+ A, exp™",. The peak position shift is fit
using a function of the form y=yg+ A; exp-"";; y;=-1307.04£0.66 cm™. The value of y, corresponds to

the equilibrium vibrational frequency of the corresponding mode.
The rise and decay kinetics of the rest of the anti-Stokes bands are obtained by
plotting the average peak intensity as a function of time delay as shown in the Figure 6-

10. The kinetics of the 1310 cm™ band obtained using this method is also included for an

168



easy comparison of the errors involved in the two different approaches. The integrated

peak intensity is insensitive to spectral evolution resulting from red-shifting and spectral

narrowing of the individual vibrational bands, whereas spectral evolution dynamics are

convolved in the kinetic information obtained from average peak intensity. All the

vibrational modes exhibit similar rise and decay kinetics with approximately 3 ps rise

time and 9 ps decay time.
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Figure 6 - 10 Kinetic analysis of time-resolved anti-Stokes resonance Raman spectra of 2-MPNA

dissolved in DMSO. Symbols represent the average peak intensity of the individual vibrational

modes seen in the transient spectra and lines represent the exponential curve-fits at positive time

delay. The average peak intensity at 1303 cm™ was obtained by averaging the intensity at 1301, 1302,

1303, 1304 and 1305 cm™'. The average intensity of other modes was also obtained similarly. The rise
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and decay kinetics at average peak positions of 1303, 933, 815 and 768 cm™ are fit using a

biexponential function of the form A; exp™™ 1+ A, exp™,.

2. 6-dimethyl-4-nitroaniline (2, 6-DMPNA):

Transient anti-Stokes resonance Raman spectra of 2, 6-DMPNA dissolved in
DMSO obtained with 410.35 nm pump-probe method are shown in the Figure 6-11. Five
different vibrational modes at 1492, 1307, 947, 808 and 743 cm’ are seen to gain
intensity upon internal conversion and decay via vibrational relaxation resulting in a flat
featureless transient Raman spectrum by 20 ps after photoexcitation event. The intensity
of the 808 and 743 cm™ bands are significantly lower than that of the other three modes.

The transient spectrum at zero time delay shows some intensity in the solvent band.
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Figure 6 - 11 Representative set of time-resolved anti-Stokes resonance Raman spectra of 2, 6-

DMPNA in DMSO obtained using pump and probe beams at 410.35 nm. Transient spectra were

170



generated by subtracting the pump-probe spectrum at A t = 64 ps from the pump-probe spectra at
each time delay. The background in the transient Raman spectra was removed using Origin 7.5 TM

baseline routine.

The transient spectra are fit with Lorentzian peak shapes, but only the 1307 cm’™

band gave reliable fits with high accuracy. The integrated intensity and the central peak
position are plotted as a function of the time delay between the pump and probe pulses to
get the kinetic information as shown in Figure 6-12. The kinetic profile of the integrated
intensity was fit to a bi-exponential function comprising of an exponential rise (1.9 £ 0.2
ps) and an exponential decay (5.7 = 0.5 ps). The kinetic profile of the peak position shift
was fit to a bi-exponential decay function of time constants, 0.3 = 0.1 ps and 3.6 £ 0.5 ps.

The peak shift kinetics are quite fast compared to the integrated intensity decay lifetime.
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Figure 6 - 12 Kinetic analysis of the transient anti-Stokes Raman mode of 2, 6-DMPNA in DMSO at
1307 cm™. Symbols represent the experimental integrated intensity and central peak position and
lines represent the corresponding exponential curve-fits at positive time delay. The rise and decay
kinetics of 1310 cm™ band intensity is fit using A, exp™"1+ A, exp™,. The peak position shift is fit
using a function of the form y=y,+ A, exp-”’l; yo=-1305.7+0.7 cm™. The value of Yo corresponds to the

equilibrium vibrational frequency of the corresponding mode.
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The average peak intensity is plotted as a function of time delay for all the other
modes including the 1300 band for comparison in Figure 6-13. The 1480 band exhibits
the fastest rise and decay kinetics among all the transient vibrational modes populated
during internal conversion. The rise time of 0.3 ps is comparable to the internal
conversion lifetimes reported for PNA and NNDMPNA. All the other modes exhibit
similar rise time of approximately 2 ps. The decay of 945 cm™ mode is slower than the
810 cm™ mode by one ps. The lifetime of the 1300 mode obtained from the average peak

intensity is comparable to that obtained from the integrated intensity.
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Figure 6 - 13 Kinetic analysis of time-resolved anti-Stokes resonance Raman spectra of 2-MPNA
dissolved in DMSO. Symbols represent the average peak intensity of the individual vibrational

modes seen in the transient spectra and lines represent the exponential curve-fits at positive time
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delay. The average peak intensity at 1476 cm™ was obtained by averaging the intensity at 1474, 1475,
1476, 1477 and 1478 cm™. The average intensity of other modes was also obtained in the same way.
The rise and decay kinetics at average peak positions of 1476, 1297, 945 and 809 cm™ are fit using a

bi-exponential function of the form A; exp™™ 1+ A, exp ™.

6.4 DISCUSSION

Photoexcitation of a solute molecule present in a solvent pool generates a
nonthermal vibrational energy distribution on the excited electronic state that is
determined, to first order, by the Franck-Condon factors for the various vibrational
degrees of freedom. This initial distribution evolves rapidly due to dephasing,
intramolecular and intermolecular vibrational relaxation (IVR and VER) and
conformational relaxation of both the molecule and the surrounding solvent. The excited
electronic state relaxes further either by radiatively emitting the excess energy as
fluorescence or phosphorescence or by nonradiative processes such as internal conversion
and intersystem crossing. The charge transfer excited electronic state (S;) of PNA is
extremely short lived with little or no fluorescence as indicated by the fs time-resolved
absorption experiments. The S; state relaxes on a time scale competitive to the dynamic
processes occurring on S; surface via IC or ISC, depending on the solvent polarity. The
efficiency of ISC is negligibly small compared to that of IC in polar solvents suggesting

that IC is the only relaxation channel from S; state of PNA in polar solvents.

Similar to the photoexcitation event, the IC process also deposits an excess of
energy in the molecular degrees of freedom on the ground electronic state, the specifics
of which also may not be mode-neutral. It is often assumed that the vibrational degrees of

freedom with large Franck-Condon factors which couple the two electronic states through
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vibronic coupling will be the main accepting modes of this excess energy’". However, in
PNA with IC rates competing with the dynamic processes on the excited S; surface, a
conical intersection’"” >* between S; and S states is highly possible. In such a scenario,
the vibrational modes that tune the relaxation of the molecule (also known as the tuning
modes) towards the conical intersection, the location of which may or may not be in the
Franck-Condon region, determine the initial mode-specific or mode-selective vibrational
energy distribution on the ground electronic state. Then the vibrational modes of
appropriate symmetry act as the coupling and primary accepting modes of the excess

energy in internal conversion'”.

Semi-empirical ab-initio calculations (SAM1) by Kovalenko et al.'>* confirmed
the presence of a conical intersection between S; and S, states of PNA corresponding to
an NO, group twist angle of 60° of the excited electronic state geometry. Kozich et al.'>
33 showed that a vibrational mode at 1510 cm™, assigned to an overtone or combination
band of an out of plane vibration, acts as the main accepting mode following internal
conversion of PNA dissolved in DMSO. The totally symmetric modes with high Franck-

Condon factors act as the secondary accepting modes gaining energy via IVR.

Based on the three NNDMPNA, 2-MPNA and 2, 6-DMPNA molecules studied
here, methyl group substitution on amino nitrogen increases the lifetimes of the
individual vibrational modes without significantly affecting the overall vibrational
dynamics, i.e. the overtone band of the NO, wagging mode is always the primary
accepting mode and the remaining vibrational modes gain intensity at slightly delayed
times acting as the secondary accepting modes, just like in PNA. Methyl group

substitution on the phenyl ring at ortho position to the amino group opens up new
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channels of energy relaxation through two phenyl modes. The experimental lifetimes are

summarized in Tables 6-2 and 6-3.

PNA*® NNDMPNA 2-MPNA 2, 6-DMPNA
Vibration v/ T/ v/ T/ v/ T/ v/ T/
cm’ ps cm’ ps cm’! ps cm’ ps
SYmNO 11310 | 50006 | 1310 | 61203 | 1310 | 93206 | 1307 | 5.740.5
stretch
Phenyl
breathing | 860 |8.1+0.6 | 855 | 10.2+0.4 | 934 | 8.8+1.6 | 947 | 9.2+0.7
Ph-1
NO? fast,
wagging | 1512 weak 1516 | 4.2£0.2 | 1507 | fast,weak | 1492 | 2.9+0.3
overtone
Unassigned
Phenyl ring - - - - 815 8.9+0.9 808 | 8.2+14
vibration
Unassigned
Phenyl ring - - - - 768 9.5£2.6 | 743 weak
vibration

Table 6 - 2 Effect of methyl group substitution on the vibrational energy relaxation lifetimes of PNA*

"Lifetimes obtained by plotting the transient integrated or average peak intensity as a function of

time delay. PLifetimes of PNA obtained from Gunaratne et al. ChemPhysChem 2005, 6, 1157-63.

PNA® NNDMPNA 2-MPNA 2, -DMPNA
Vibration v/ T/ v/ T/ v/ T/ v/ T/
cm’! oy cm’! ps cm’ ps cm’ ps
Sym NO, 0.3%0.1
stretch 1310 | 4.6+£0.7 | 1310 | 5.6£0.4 | 1310 | 2.9+04 | 1307 3.640.5
Phenyl 0.3+0.1
breathing | 860 3.2+0.5" | 855 Sin 934 8.8£1.6 947 9.24+0.7
Ph-1 3.2+0.6

Table 6 - 3 Effect of methyl group substitution on the vibrational energy relaxation lifetimes of PNA®

*Lifetimes obtained using change in vibrational frequency as a function of the time delay. "Lifetimes

of PNA obtained from Gunaratne et al. ChemPhysChem 2005, 6, 1157-63.
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The vibrational band that appears at 1512 cm™ for PNA in DMSO, assigned to an
overtone of NO, wagging mode (vs), or a combination band of the NO, wagging with vi4
or a phenyl vibrational mode (vs2) by Kozich et al. , shows up at 1516, 1507 and 1492
cm for NNDMPNA, 2-MPNA and 2, 6-DMPNA respectively. In all the three
compounds, this vibrational mode exhibits the fastest rise and decay times among all the
vibrations that gain intensity during IC from the S; state. Only the decay profile of the
integrated intensity was fit for NNDMPNA which resulted in a decay life time of 4.2 +
0.2 ps. In case of 2-MPNA, this mode could not be characterized even using the average
peak intensity because of the weak signal and fast kinetics. In case of 2, 6-DMPNA, it
has fast rise and decay times of 0.3 + 0.1 and 2.9 + 0.3 ps respectively. Methyl
substitution does not affect the role of this vibrational motion as the primary accepting
mode during IC. The accuracy in assigning this band needs to be improved possibly using
isotopic substitution studies. Given the importance of NO, group out of plane motion in
PNA IC, this is most probably the overtone band of NO, wagging or this could as well be

due to the NO;, asymmetric stretching vibration (v33 in case of PNA).

The vibrational frequency of the intense band at 1310 cm™ due to NO, symmetric
stretch and Ph-NO, stretch is not affected upon methyl substitution, but the lifetimes are.
The vibrational mode in case of 2-MPNA has a longer intensity decay lifetime of 9.3 +
0.6 ps compared to that of 6.1 £ 0.3 ps in NNDMPNA and 5.7 + 0.5 ps in 2, 6-DMPNA.
Just like PNA, the lifetime obtained using the vibrational frequency evolution (6.7+0.4
ps) in NNDMPNA, is comparable to that from the intensity kinetics for this mode. But 2-
MPNA and 2, 6-DMPNA exhibit complex spectral evolution kinetics different from those

obtained using the intensity data. The transient vibrational frequency of the 1310 cm™
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mode approaches the equilibrium value significantly faster (2.9 + 0.4 ps) than the decay
of its intensity (9.3 + 0.3 ps) in 2-MPNA. The vibrational frequency of this mode in 2, 6-

DMPNA exhibits a bi-exponential life time of 0.3 + 0.1 ps and 3.6 & 0.5 ps.

The peak shift relaxes faster than the anti-Stokes Raman intensity. This difference
can be explained as follows using the analysis by Schrader et al.'® and Gunaratne et al.
For a given vibrational mode, the anti-Stokes Raman signal results only from population
in the excited vibrational states and its intensity scales as the vibrational quantum
number. As the excited vibrational levels relax, the intensity decreases going to zero
finally as all the molecules in that particular mode return to the ground vibrational state.
With increase in vibrational quantum number, the vibrational frequency decreases due to
diagonal anharmonicity as well as due to anharmonic coupling to other populated
vibrational degrees of freedom. So for a vibrational mode well coupled to other degrees
of freedom, the two time dependencies differ from each other. If the peak shift results
only from diagonal anharmonicity then the two time dependencies will be similar. Since
the diagonal anharmonicities are usually smaller than the off-diagonal anharmonicities,
the peak shift relaxation is a good indicator of vibrational coupling to other populated
modes. Hence, it follows that the methyl substitution on phenyl ring results in population
of new modes that couple to the NO, symmetric stretching mode contrary to that on the

amino nitrogen.

The vibrational band observed at 860 cm™ in steady state Resonance Raman
spectra of PNA in DMSQO is assigned to a phenyl breathing vibration (v;9 in PNA) with
contributions from Ph-NO, and Ph-NH; stretching motions. The vibrational frequency of

this mode is shifted to 855 cm™ in NNDMPNA, 934 cm™ in 2-MPNA and 947 cm™ in
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2, 6-DMPNA. This is the most intense transient anti-Stokes Raman band in the case of
NNDMPNA similar to PNA. The decay lifetime of this phenyl breathing mode observed
at 860 cm™ in PNA (~ 8.1 ps) is similar in all the three compounds with 10.2 + 0.4 ps in
NNDMPNA, 8.8 £+ 1.6 ps in 2-MPNA and 9.2 + 0.7 ps in 2, 6-DMPNA. The peak shift
relaxes faster at a bi-exponential rate with lifetimes of 0.3 + 0.1 and 3.2 + 0.7 ps in
NNDMPNA. The peak shift evolution could not be characterized for 2-MPNA and 2, 6-
DMPNA. The difference in the two time dependencies of NNDMPNA implies that this

mode relaxes via coupling to other degrees of freedom.

The transient anti-Stokes Raman spectra of 2-MPNA and 2, 6-DMPNA in DMSO
feature population in new vibrational modes at 815 and 771 c¢m™ in 2-MPNA, and 808
and 743 cm™ in 2,6-DMPNA not present in the case of PNA or NNDMPNA. The lifetime
of the first mode is similar in the compounds, 8.9 = 0.9 ps and 8.2 £ 1.4 ps in 2-MPNA
and 2, 6-DMPNA respectively. We were able to characterize the second mode only in 2-

MPNA with a life time of 9.5 + 2.6 ps.
6.5 CONCLUSIONS

Ultrafast time-resolved anti-Stokes resonance Raman studies of 2-MPNA, 2, 6-
DMPNA and N, N-DMPNA in DMSO have been reported with main focus on the effect
of methyl groups on the vibrational dynamics of 4-nitroaniline (PNA). Similar to the case
of PNA, a vibrational mode at about 1495 cm™, most probably due to an out of plane
vibrational motion involving NO; group acts as the coupling and primary accepting mode
during internal conversion of all the three compounds following photoexcitation. This

mode exhibits the fastest rise times comparable to the excited electronic state decay time
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and decays faster than the other modes observed in the resonance Raman studies. Based
on the kinetics of the NO, wagging overtone band at about ~ 1495 cm™, no significant
impact of methyl group substitution was observed on the electronic dynamics, but the
vibrational dynamics are affected to a large extent. The N-methyl substitution was found
to increase the cooling lifetimes of the vibrations possibly due to reduced H-bonding
ability. Methyl-group substitution on the phenyl ring at ortho position to the amino group
resulted in population of two new low frequency vibrational modes. Peak-shift and
intensity decay kinetics resulted in different lifetimes for the 1310 cm™ band due to
symmetric NO, stretching in 2-MPNA and 2, 6-DMPNA indicating the dominant off-
diagonal coupling of this mode to other populated low frequency motions. It is interesting
to note that in case of PNA and NNDMPNA the difference in lifetimes is more prominent
for the mode at about 860 cm™ due to phenyl breathing motion and not for the symmetric
NO; stretching band. These studies again confirm the importance of NO, group motion,
and the role of its coupling to the phenyl ring vibrations in the vibrational dynamics of

para-nitroaniline and its derivatives.
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APPENDIX 6-1

The Normal mode displacement vectors of the selected vibrational modes of 4-
nitroanilne (PNA), 2-methyl-4-nitroaniline (2-MPNA), 2, 6-dimethyl-4-nitroaniline (2, 6-
DMPNA) and N, N-dimethyl-4-nitroaniline (NNDMPNA) obtained from Gaussian 03
calculations at the density functional theory level with B3LYP functional and 6-31+G
(2d, p) basis set are presented as follows. The normal mode displacement vectors are

plotted using GaussView 3.0.

PNA:

PNA: v, at 765 cm’! PNA: v, at 857 cm’!

Figure A6 - 1 The Normal mode displacement vector images of PNA vibrations v;5 and vy at 765 and

857 cm™ respectively.
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PNA: v,; at 1301 cm! PNA: v, at 1342 cm!
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PNA: v;, at 1506 cm’! PNA: v,; at 1532 cm’!

Figure A6 - 2 The Normal mode displacement vector images of PNA vibrations v,;, v59, v3; and v3; at

1301, 1342, 1506 and 1532 cm™ respectively.
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Figure A6 - 3 The Normal mode displacement vector images of 2-MPNA vibrations vy, V19, V29 and v;

at 762, 766, 811 and 929 cm™ respectively.
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Figure A6 - 4 The Normal mode displacement vector images of 2-MPNA vibrations vj,, V33, V39 and vy

at 1300, 1339, 1501 and 1534 cm™ respectively.
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Figure A6 - 5 The Normal mode displacement vector images of 2, 6-DMPNA vibrations vy, vy, V23

and v,; at 728, 765, 805 and 947 cm™ respectively.
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Figure A6 - 6 The Normal mode displacement vector images of 2, 6-DMPNA vibrations vss, V37, V46

and v, at 1300, 1334, 1497 and 1520 cm™ respectively.
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Figure A6 - 7 The Normal mode displacement vector images of N, N-DMPNA vibrations vy, v,3, V37,

v46 and v4; at 765, 849, 1330, 1497 and 1520 cm?! respectively.
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