


RARIES

i

3 1293 01420 3180

This is to certify that the
dissertation entitled
CHARACTERIZATION OF METALLOPORPHYRIN SINGLET EXCITED STATE
VIBRATIONS THROUGH PICOSECOND RAMAN SPECTROSCOPY AND
NATURAL ORBITAL CALCULATIONS

presented by
Douglas H. Kreszowski

has been accepted towards fulfillment
of the requirements for

Ph. D. degree in _Chemistry

LAt

Major pr;fessor

Date.__|2 May 1995

MSU is an Affirmative Action/Equal Opportunity Institution o-12m



LIBRARY
Michigan State
University

PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES retum on or before date due.

DATE DUE DATE DUE DATE DUE

MSU Is An



CHARACTERIZATION OF METALLOPORPHYRIN SINGLET EXCITED STATE
VIBRATIONS THROUGH PICOSECOND RAMAN SPECTROSCOPY AND
NATURAL ORBITAL CALCULATIONS

By

Douglas H. Kreszowski

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

Department of Chemistry

1995




ABSTRACT
CHARACTERIZATION OF METALLOPORPHYRIN SINGLET EXCITED STATE
VIBRATIONS THROUGH PICOSECOND RAMAN SPECTROSCOPY AND
NATURAL ORBITAL CALCULATIONS
By

Douglas H. Kreszowski

Photosynthesis in bacteria proceeds through photoexcitation of the special pair
bacteriochlorophyll dimer (BChl) that is lodged within the reaction center. This dimer
resides in the excited singlet electronic state (S;) during the initial electron transfer to

bacteriopheophytin A (BPh,), and its conformation at the time of electron transfer is

I . Thus, a pi  laser system was developed that can utilize time-resolved
Raman techniques to characterize structures of singlet state intermediates, as well as to
investigate vibrationally excited species. Due both to the complexity of the reaction
centers, and the limited knowledge about singlet excited states, it became necessary to do
initial experiments on model porphyrins. The S, state of zinc(II) octaethylporphyrin
(ZnOEP) displayed Raman spectra that are dominated by totally symmetric modes, that

generally shift down in frequency, and have increased linewidths within the core modes .

This domi of totally ic modes suggest that, contrary to triplet excited states,

the S, state lacks significant Jahn-Teller distortion. The experimental results are in

with th ical predictions that configuration interaction (CI) in singlet states

agr

will act to diminish Jahn-Teller distortion. The downshift in frequencies of core vibrations

( s, V3, V3) suggest an overall expansion of the porphyrin ring in the S, state. This issue




had not been addressed in either theory or experimentation, so further experiments were

done involving ZnOEP, ZnOEP-d4, ZnOEP-'"*N,, zinc(1I) etioporphyrin (ZnEtio), and

ol

porphyrin (MgOEP). These additional experiments led us to

conclude that mode composition ch do not significantly contribute to the S, state of

these porphyrins. To assist in the interpretation, composite orbital diagrams were drawn
using natural orbital calculations that take into account configuration interaction betweeen
electronic transitions. The diagrams predict the experimentally observed ring expansion as
well as a small by, distortion in lower singlet excited states. We conclude that this
predicted structural inhomogeneity is reflected by the observed increased linewidths, and
that both the increased linewidth and the ring expansion are consequences of extensive

configuration interaction between the a;ue, and aze, transitions.
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CHAPTER 1

INTRODUCTION TO TIME-RESOLVED RAMAN SPECTROSCOPY

ABSTRACT
The reaction center in photosynthesis initiates charge transfer processes while its
special pair chlorophyll dimer resides in an excited singlet electronic state (S;). The role

of structural effects in this charge transfer step has been elusive but can be obtained

R e by
Bl P

py. In this thesis, a picosecond Raman system was
developed to study these photosynthetically active chlorophyll pigments, and porphyrins

were used to study structural changes in excited states of bi

Since two-pulsed picosecond Raman spectroscopy underwent large developments during
my tenure as a graduate student, and structural knowledge about excited states of
metalloporphyrins was relatively unknown, this chapter provides relevant background

information that will be helpful in perusing Chapter 2 through Chapter 5. Bacterial

reaction centers, the original focus of this project, are di d in detail. A psis of
the relevant uses of ultrafast time-resolved Raman spectroscopy (picosecond) on

biological and model sy is di d. Detailed understanding of structural changes in

the S state of model porphyrins requires a detailed understanding of dynamic and

structural behavior of ground state porphyrins. Thus, a section has been included in this

chapter that summarizes the ive literature background on lloporphyrins.




L INTRODUCTION

Free energy d by biological sy is ulti ly generated from solar

energy that is trapped by the process of pk ynthesis. Photosynthesis in green plants

results in evolution of oxygen through a deceptively simple redox equation:

H,0 + CO,—MY, (CH,0), (sugars) + O,

The actual mechanism is quite complex and requires the interplay of many proteins and

smaller molecules, involving coupled proton and el transfer reactions.” Purple

photosynthetic bacteria are a well studied example of photosynthesis that generates free
energy but does not evolve oxygen. The research project described in this thesis concerns
understanding the mechanism of primary charge separation within reaction centers such as
those of purple photosynthetic bacteria.?

The bacterial reaction center contains two closely associated bacteriochlorophyll
molecules that form a bacteriochlorophyll dimer (BChl). This dimeric species can be
photoexcited into its singlet excited state (S;). The bacteriochlorophyll dimer is still in the
S, state when it becomes the initial electron donor in rapid electron transfer to a
bacteriopheophytin (BPh).* This charge transfer initiates a series of chemical reactions
that eventually result in conversion of CO, into organic compounds and generation of free
energy. Protein x-ray crystallography has shown that reaction center components for
bacteria such as Rb. sphaeroides and Rps. viridis are highly organized structures.” The

structures of the redox intermediates in this series of chemical reactions are known to




3
regulate electron transfer rates.” Likewise, the initial electron transfer rate to BPh is

influenced by the structure of the BChl, dimer.” However, the structure of the inital S;
state of the dimer has not been found by using x-ray crystallography, and must be accessed
with other physical techniques. The method we have selected for this purpose is time-

resolved resonance Raman spectroscopy.

Resonance Raman spectroscopy is a powerful technique that probes molecul

vibrations coupled to electronic transiti When the hromatic laser freq is

brought into with an

of a species of interest, dramatic

enhancements in scattered intensity are observed for the selected molecular species. Time-
resolved resonance Raman spectroscopy is even more selective and can be used to
measure conformational and structural changes of transient species and excited electronic
states.® This technique can be appropriate for bacterial reaction center studies, but its

application at Michigan State University first required devel of a pi d time-

resolved resonance Raman system capable of studying S, states.

Investigation of primary charge separation in reaction centers through application
of time-resolved resonance Raman spectroscopy is the overriding goal of this project.
However, the initial experiments with the newly developed picosecond Raman
instrumentation were carried out on porphyrin model compounds. This was done for
several reasons. Inherent in the resonance Raman technique is the fact that structural
changes observed are localized. In the case of nn* resonance Raman within the porphyrin
ring, many structural similarities with the BChl, dimer exist. Moreover, porphyrins are

worthy of studies not only for their rel to biological L2101 byt also for




4
12,13

o 1

logy driven applications such as solar energy systems, ~ development of molecular

electronic switches,'* and medical utilization in photodynamic therapy.”® The universal
feature of these applications is that all involve fundamental processes such as vibrational
and electronic relaxation, photodissociation, and photoinduced energy and electron
transfer. This introductory chapter, as well as the remainder of the thesis, demonstrates
that these fundamental processes can be investigated by Raman spectroscopy. Since, at
this point in time, very little is known about the vibrational properties of singlet excited
electronic states of metalloporphyrins, much less the actual reaction centers, it became
necessary to use the relative simplicity of model porphyrins to aid in the analysis of excited
state structures.

This chapter gives a brief introduction to the bacterial photosynthetic system that
will be studied by using the Raman instrumentation described in this thesis in future

projects. Ultrafast time-resolved Raman sp: py has seen i I in

the last few years, so a brief resume of current results on biological and model systems are
included. The structural changes that are observed in the S, state are best understood in
relation to the structural behavior of ground state porphyrins, so a section summarizes the

basic and d ics of metalloporphyrins within the context of absorption and

Y

Raman spectroscopies.

II.  REACTION CENTERS
Photosynthesis is the process whereby light energy is transformed into chemical

energy. Two classes of organisms perform photosynthesis: green plants, which evolve




5
oxygen, and photosynthetic bacteria, which do not. Green plants contain two

photosystems, I (PSI) and II (PSII). Bacterial photosynthesis bears similarities to that of
green plants, but is simpler and contains only one photosystem. In purple photosynthetic
bacteria, a light-driven proton pump coupled to electron transfer drives the conversion of
light energy to chemical energy. The bacterial reaction center plays a critical role in this
process by absorbing photons, performing the initial rapid electron transfers, and providing
the initial site for proton uptake reactions. The coupling between electron transfer and
proton transfer is displayed in Figure 1.1. The initial photoexcitation of the special pair
dimer (BChl,), results in subsequent electron transfers through a bacteriopheophytin
(BPh,), and then quinone A (Q4) to produce doubly reduced quinone B (Qg), which is
bound near the cytoplasmic side of the membrane. Two protons bind to Qa*, and the
doubly reduced quinone then dissociates from the reaction center, and is reoxidized by the

h bley 1 leasing protons on the periplasmic side of the membrane. The

y
net result is proton transport across the membrane. The proton transfer is driven by
electron transfer occurring within the reaction center. The redox centers and
chromophores of the reaction center from Rps. viridis '° (Figure 1.2) are typical of
bacterial reaction centers and include the following cofactors: four bacteriochlorophylls,
two bacteriopheophytins, two quinones, and one nonheme Fe**. These species are bound
into two homologous protein subunits, L and M, that are not shown in Figure 1217
The arrangement of the cofactors in Figure 1.2 imply an apparent C, symmetry between
subunits L and M.

The L and M subunits each have five membrane-spanning helices that form the

core of the reaction center. A third protein subunit, H, contains only one







Figure 1.1

Representation of coupled electron and proton transfer in
bacterial photosynthesis. Photoexcitation of the special pair
dimer (BChl,) results in electron transfer through
bacteriopheophytin A (BPh,) and quinone A (Q,) to reduce

quinone (Qg), which triggers proton transfer across the membrane.

Diagram taken from Okamura, M. Y.; Feher, G.
Annu. Rev. Biochem. 1992, 61, 861-896.

Qu
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Figure 1.2

Reaction center structure of Rps. viridis. Structure taken from
Deisenhofer, J.; Epp, O.; Miki, R.; Huber, R.; Michel, H.
Nature(London) 19885, 318, 618-624.
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membrane-spanning helix and is asymmetrically located on the cytoplasmic side of the

complex overlaying the Q Fe** complex. Subunit H behaves as a cap over Q4 and

promotes proton transfer iation with Qg by shielding Q4 from the aq;

environment.

The arrangement of the cofactors within the bacterial reaction center (RC) are very
symmetrical, yet electron transfer is favored almost unilaterally down the L branch and not
the M branch. Environmental and structural factors between the reaction center and the
surrounding protein are used to explain this selectivity. Figure 1.3 summarizes the series
of electron transfer steps that occur within the RC. The primary charge separation step is
initiated by photoexcitation of the special pair dimer (BChl,). Since X-ray crystallography
has shown a separation distance of about 7 A between the central bacteriochlorophyll ring
positions of the special pair bacteriochlorophylls in Rps. viridis,'® excitonic effects are

p to infl the subseq electron transfer (the average bacteriochlorophyll

separation distance between rings is ~3.0 A).'”*" The special pair dimer then proceeds to
reduce the L-side bacteriopheophytin (BPh,) within 3 psec.
This short transfer time is surprising given the relatively large distance of 17 A

(between ring centers) between BChl, and BPh, and their small electron density

overlaps.”?' The bridging BChly, is believed to be involved in the el
transfer mechanism.”»***** One proposal suggests a two-step sequential mechanism, in

which BChl,™ serves as a transient intermediate state that has not been observed using

femtosecond spectroscopy. An alternative mechanism, called superexch prop







Figure 1.3

11

Electron transfer reactions in reaction centers of photosynthetic
bacteria. Transfer times for forward and recombination rates
are taken from Feher, G.; Allen, J. P.; Okamura, M. Y ; Rees,
D. C. Nature 1989, 339, 111-116.
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that electronic overlap between BChl,* and BPhA is enhanced by a virtual state

BChl,'BChly".

Electron transfer from BPh, to Q4 proceeds in ~ 200 psec. Qj transfers an
electron to Qg within a millisecond to complete the charge separation process. Qg then
interacts in the proton transport process. The function of the non-heme iron appears to be

regulation of environmental differences between the two quinones. The iron is ligated to

atoms on histidi idues that in turn are ligated to protein subunits L and M.
These polar interactions with histidine residues appear to stabilize the tertiary structure of
the L and M subunits.”*

Interest is taken in the bacterial photosynthetic reaction center, particularly as a

result of its usefulness in analogies to the more plex green plant pk y L
Structural and functional similarities b genic and non-oxygeni ion centers
begin with the pseudo-C; sy ic arr of chromophores, *** but are also

apparent in many other ways. For example, the simpler bacterial organisms obtain
reductants from organics and synthesize sugars through a single light reaction. The

I heti i not only fix the carbon, but also evolve molecular

oxygen in two light reactions associated with PSI and PSII. The L and M protein subunits
of bacterial reaction centers have been shown to have significant homology with the dimer

of proteins that enclose the reaction center of PSIL****' These structural similarities

suggest that PSI may have evolved from green photosynthetic bacteria, wi PSII

probably arose from purple photosynthetic bacteria.*> In any case, PSI and purple bacteria

appear to have a common ancestor.” The differences that exist in comparisons of
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quantum yield and energy conversion efficiency have been speculated to be due to the

differing environments between bacterial reaction centers and those of oxygenic
photosynthetic organisms. The bacterial organisms operate near unity quantum yield, but
this is done at the expense of energy conversion efficiency (~ 30%).” Plant systems have
higher energy conversion efficiency but a lesser quantum yield (~ 90%).*

These structural homologies suggest that calculated electron transfer kinetics are

sensitive to the of the iated intermedi Additionally, experimental

evidence suggests that structural changes occur during charge separation.**** For these

reasons, a ti lved Raman sp: opic app that could monitor both time and

structure of BChl; was designed. As will be shown in the following chapters, this was

successfully applied to BChl, like porphyrin molecules.””*** § I ch incurred

by BPh (and BChl,) upon reduction can also be monitored via Raman spectroscopy. This

combined dynamical information should give quantitative understanding of the mect

of the initial electron transfer step.

IIIl. ULTRAFAST RAMAN SPECTROSCOPY APPLICATIONS

Ti lved Raman Py bines the vibrational and structural

P

information gained through the Raman process with the ability to probe transient species

in pk hysical and photobiological p R Raman spectroscopy takes

advantage of the high selectivity and increased sensitivity gained by tuning the probe laser
wavelength to an electronic transition of interest. While the time resolution can include

q

to sub-pi ds, this review of experimental methods

time ranges from




will

1ob

ns

[a

i

cor

it

g



15
will be limited to recent applications that use pi d ti lved sp

Raman spectroscopy and gives a general overview of the techni and the appli

to biological and model systems.

Instrumental Techniques
For ti Ived pi ond Raman sp opy, lamp-pumped solid state
lasers, such as neodynium-yttri lumi garnet (Nd:YAG) or neodynium-yttrium-

lithium-fluroborate (Nd: YLF) lasers are the most commonly used laser systems, often in
conjunction with dye lasers and/or amplifiers. Laser pumped solid state lasers, such as
titanium sapphire lasers, have been more recently developed and are becoming increasingly
used for picosecond pulse generation. Currently, the most common approach for
picosecond Raman experiments involves spatially and temporally overlapping two pulsed
lasers with pulse widths in the range 4-30 psec.****! Single pulse picosecond experiments
have also been done. 4%

Pulse repetition rates and pulse energies used in ultrafast Raman spectroscopy vary
greatly among experimental setups. The choice of amplification scheme requires a

compromise between the need for higher peak power and the need for moderate average

power. High age power enh. high collection of Raman d light, but high
pulse energies can also destroy the sample through non-linear processes. The high
repetition rate (70 to 80 MHz) characteristic of source lasers like Nd:YAG or Nd:YLF
404244

can generate 50 Hz or near KHz repetition rates when used with various amplifiers.

However, amplified and slower repetition rate picosecond lasers bring higher pulse
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energies. Typical pulse energies for 50 Hz systems are on the order of 100’s of uJ, while

those with KHz amplification produce 5 to 20 pJ. Some research groups have neglected
the use of low repetition rate amplifiers and retained the MHz repetition rates of
picosecond lasers. The MHz systems typically have pulse energies on the order of tens to
hundreds of nanojoules.”" Single grating spectrometers and charge coupled device (CCD)
detectors or intensified photodiode array (IPDA) detectors are the most commonly
employed collection and detection devices used in these picosecond time-resolved
resonance Raman spectroscopy experiments. Different combinations of these lasers and
collection/detection devices have been used for various research projects. In order to
visualize the general impact of time-resolved Raman spectroscopy on research systems

more clearly, the following discussion will be divided into broadly based topic areas.

These areas include studies done on vibrational relaxation processes, ph

and photobiological

Y P Y

Vibrational Relaxation Processes

e | g

Vibrational relaxation is a process by excess energy from a

vibrationally excited molecule is dissipated to its surroundi Information on vibrational
relaxation can be obtained in different ways through time-resolved Raman spectroscopy.
Vibrational relaxation of vibrational modes is expressed as a sum of contributions from

population decay time, T, and pure dephasing time, T>*:

T, = QT +(T2*)?!
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Ti Ilved ti-stokes Raman sp py can obtain information on the

P

population lifetime (T,) of vibrational modes. This is of paramount importance for

ddressing state-selective chemistry. The decay time of vibrational modes are

1 g

reflected by their intrinsic linewidth. Raman bands of electronically excited molecules are
often much broader than those of ground state molecules.””******#¢4” Thjs indicates the
presence of additional mechanisms for vibrational dephasing in electronically excited
molecules. As an example, the vibrational dephasing in the C=C stretching mode of S,
trans-stilbene was explained within a dephasing model that supported theories addressing

the isomerization process from #ans-stilbene to cis-stilbene.**

Photochemical Systems
The ideal excited electronic state to be studied with time-resolved resonance

Raman spectroscopy should have the following traits: the excited state should be

produced in a photochemically simple process, the extinction coefficients of both the
ground and excited electronic state should be large, and preferably the excited state should
allow resonance Raman excitation in the near ultraviolet region. The strong absorption
and selective resonance Raman in the ultraviolet region would give high signal-to-noise
transient Raman spectra. Delocalized tn* transitions have all these qualities and are
particularly pliable for time-resolved resonance Raman studies.

Studies of an* excitation of trans-stilbene are especially amenable since the

spectroscopic properties are reasonably well understood.”** The time and solvent
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dependent changes of band shapes for C=C and C-Ph stretches have been noted for
stilbene.*® These experiments have also been done with structural analogues such as

1495152

paraphenylenes, biphenyl, and terpheny!

hl

The nn* itions of poly are also to Raman studies. In an attempt
to understand the pericyclic rearrangements relevant to vitamin D photochemistry,
Mathies and coworkers monitored several of these polyenes via picosecond ultraviolet
time-resolved stokes and anti-stokes Raman spectroscopy.“******** Their studies on
1,3,5-cycloheptatriene (CHT) first determined the kinetics of a sigmatropic shift on the
CHT ring.*** Later experiments on CHT characterized Raman scattering from an
electronically excited state populated by internal conversion from the initially prepared

electronic excited state, and vibrationally unrelaxed and relaxed ground states.“"** In

56,44b

with Raman analysis results, they concluded that ring

planarization of the polyene transpired prior to all pericyclic nuclear rearrangements.

Ensuing picosecond Raman results determined ion dynamics on ring-openings of 1,3-
yclohexadiene (CHD) and o:-phellandrene (o-PHE).”” Phc itation of these poly
Ited in a ring-opening that d in a co y (i.e. with a twisting of terminal

groups in the same direction) fashion. The conrotatory movements were shown to agree
with the orbital symmetry predictions of Hoffmann and Woodward.*® Interestingly, the
time-resolved Raman results on 1,3,5-cyclooctatriene (COT) show disrotatory rotation
upon photoexcitation of the ring.*** However, these results are also consistent with orbital
symmetry predictions.” Overall, their work is a good example of the utilility of time-

resolved stokes and anti-stokes Raman scattering for characterizing structural and
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vibrational relaxation kinetics of these photoproducts. Furthermore, this linking of

experimental results to theoretical predictions was implemented within this thesis

(particularly within Chapter 4 and Chapter 5).

Photobiological Systems

Pi d ti lved Raman studies have also been applied to

directly biological sy such as ids, bacteriorhodopsin, and heme

proteins. As noted earlier, single pulse picosecond experiments have been done on

metalloporphyrins. Two-pulse picosecond Raman experiments on metalloporphyrins have

only ly been pleted, and are di d in detail in Chapter 2 through Chapter 5
within this thesis.

Time-resolved Raman spectra have been obtained for photobiological sy such
as B and other b bound ids. Carc ids are of biological

importance since they perform as energy absorbers in the wavelength region 400-600 nm,
and subsequently transfer energy to chlorophylls and bacteriochlorophylls through their

singlet excited states. E ially, id the chlorophyll chromophores,

which are basically non-absorptive between the Soret and Q bands. Hashimoto ef al.***'

concluded from their time-resolved studies on carotenoids, that the lowest singlet excited

state was 2'A,, not the 1'B, orbital. Subsequent studies of ids have looked into
the relaxation of the 2'A, state to form a vibrationally excited 1'A, ground state. This is

of rell since the vibrationally excited ground state is thought to transfer energy to

bacteriochlorophyll. >
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Another photobiological system that has d interest involves photocycli

reactions in retinal proteins, such as the protein bacteriorhodopsin. Bacteriorhodopsin

(BR) is an integral protein in the purple it of Halob: ium halobium that, upon

photoexcitation, undergoes isomerization at the all-frans retinal protonated Schiff base
prosthetic group.***® This protein then behaves as a light-driven transmembrane proton
pump.® The reversible photocycle has generic labels for the numerous intermediates (I, J,
K, L, M, N, O) that are involved in the isomerization of all-trans BR and pump protons
across a membrane and drive ATP synthesis.” Time-resolved picosecond Raman studies

were essential in identifying the different conformations of early intermediates such as J

and K. Atkinson and coworkers initially identified the resonance Raman features of these
species, and established that neither J nor K contained all-frans retinal, but were both

conformationally distinct species.”® They concluded that the primary BR photocycle event
primary

must include a configurational change in the retinal ct phore. Subsequently, Mathi
and coworkers evaluated the structure and dynamics of the J and K intermediates of
bacteriorhodopsin by using stokes and anti-stokes Raman.”® They concluded that

isomerization induced several subtle changes that resulted in a greater n-electron

delocalization over the polyene. Strong mode intensities for the anti-stokes Raman
spectrum of the J intermediate were used to interpret J as a highly twisted chromophore
that is vibrationally excited, but cools upon formation of K. As judged by the out-of-plane

vibrational modes, K is a more planar intermediate and shows adjustment to protein

h in the local envi within 3 pi d
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Oxygen binding to heme proteins, such as hemoglobin and myoglobin, are another

le of the ful application of pi d Raman sp py to biological

systems. Time-resolved studies by Findsen et al.,” Dasgupta et al.,”" and Rousseau et

al.™ all indi time d dent Raman frequency shifts between photolyzed heme protein

P

and stable deoxy-heme protein. Interpretations of these changes were drawn mostly from

the v, and iron-histidine stretching fr They correlated these shifts to bond

distance changes in the central core of the heme. The collective results of these studies
suggest a recombination rate for the heme proteins that proceeds in the following manner.
The initial unligated photoexcited state of the heme protein forms within 50 fsec.® The
protein relaxes to its vibrationally excited ground state in less than 2.5 psec.” The
vibrationally excited bands in deoxy-hemoglobin have been studied by Lingle ef al.”"
using stokes and anti-stokes time-resolved Raman.

After vibrational cooling is lete, the v4 mode, which initially shifted down

upon ph itation, slowly i in frequency from ~10 psec to 10 nsec.”® This

suggests a second slower relaxation process in the protein. This relaxation process has
been attributed to a more global protein motion that induces a tilt in the proximal histidine
relative to the heme plane.” This theory is supported by correlation between iron-

and vy hing fr ies for a variety of heme structures.” Clearly, time-

b |

resolved vibrational information such as provided by Raman is essential to perform this
type of structural analysis.

While the previous discussion shows that excited electronic states of
49-59

photochemical systems have been studied rather effectively,” ~ and certain
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photobiological systems like bacteriorhodopsin have also been analyzed,** at this time

few studies had been done with singlet excited states of porphyrins. Since excited state
lifetimes of iron porphyrins are on the order of a picosecond,” heme protein studies were

3

limited to studying conformational ch of electronically relaxed proteins.*”*™ While

triplet excited states were accessible by nanosecond pulsed lasers,” picosecond
experiments on metalloporphyrins had been limited to d,d excited states,”** Since this

37,38,39

thesis presents the first picosecond results on singlet excited electronic states, a brief

discussion of porphyrin structure and dynamics is in order.

¥ METALLOPORPHYRIN STRUCTURE AND DYNAMICS
Porphyrins are aromatic macrocycles with four pyrrole rings connected by

unsaturated methine bridges at the four corners of a square (Figure 1.4a). The conjugated

phyrin shows three unique carbon sites that are

ycle of a Dy
distinguished by labels as C,, Cn, and Cy. This permits the assignment of vibrational
modes to observed Raman frequencies (Figure 1.4b). A typical porphyrin has 69
non-substituent vibrational modes, but five were of particular interest in this research
project. These five, the V4, V3, V2, V1o, and vy modes, predominantly reflect vibrational

hing (and hing force ) between different combinations of the C,, Cs,

and C,, atoms. An empirical correlation has been found between the vibrational
frequencies of the five modes listed in Figure 1.4b and the overall size of the porphyrin

ring.” Hence, these modes are commonly called the porphyrin “core size” skeletal mode




Figure 1.4
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a) Structural Diagram of a D4, metalloporphyrin. X and Y
indicates positions for peripheral substitution. Pyrrole core
carbons are assigned to a, b, and m positions to permit
interpretation of Raman peaks. b) Compositions of porphyrin
in-plane “skeletal” modes deemed important in S, state studies
within this thesis.
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1

frequencies. Moreover, these porphyrin Raman fe are very dep
upon the absorption characteristics.

The individual vibrational freq ies typically observed in a resonance Raman

spectrum arise from normal modes in the ground electronic state.” Shifts in these
frequencies can reveal information about ligation, oxidation, and spin states, as well as size
dimensions of the porphyrin ring (core size). The intensities of the Raman lines, and the
relation of Raman intensity between perpendicular and parallel polarized light excitation,
reflect the nature of the electronic excited states. In addition, most of the resonance
Raman bands have been assigned to metalloporphyrin normal modes on the basis of
isotope substitution and normal-mode coordinate analysis.””® This permits application of
resonance Raman spectroscopy to a wide range of structural studies.

Absorption characteristics for zinc(II) octaethylporphyrin (ZnOEP) are shown in
Figure 1.5 and are typical of normal metalloporphyrin absorption characteristics.
Metalloporphyrins typically have two visible bands (Qo, and Qq,;) in the 500-600 nm
region and have an intense band called the Soret near 400 nm. Transient absorption
spectroscopy of ZnOEP and many other metalloporphyrins in the S, and T, states has been
done.™*%2 Typical absorption spectra of metalloporphyrin in the So, S, and T, states are
shown in Figure 1.5.” The excited state metalloporphyrins have similar absorption
features, but peaks are usually shifted and broadened relative to the ground state spectra.”
These absorptions are normally interpreted within the context of Gouterman’s four-orbital
model (Figure 1.6).2*

G d an idealized Dy, y for the porphyrin ring, with excited

electronic transitions from the two nearly degenerate a,, and a,, HOMO ‘s into the







Figure 1.5
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Metalloporphyrin absorption characteristics for ground and
excited states. The spectra are simulated to represent those of
zinc(II) octaethylporphyrin in methylene chloride. The S, and
T, spectra are taken with reference to results of Rodriquez, J.;
Kirmaier, C.; Holten, D. W. J. Am. Chem. Soc. 1989, 111,
6500-6501.
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Figure 1.6
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Molecular orbital coefficients for the HOMO and LUMO orbitals
involved in lower electronic state transitions (as calculated

ab initio by Sekino, H.; Kobayashi, H. J. Chem. Phys. 1987,
86(9), 5045-5052.
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degenerate e; LUMO pair. The lowest singlet excited state configurations '(an,eg) and

!(azs,€,) are of the same E, symmetry and have nearly the same energies. As a result, these
transitions have strong electronic interactions and mix by configuration interaction. The
transition dipole moments add up for the Soret band, and nearly cancel for the weaker Qo
band transition. Vibronic mixing of the B and Qo produces the Qo,; sideband. The
symmetries of the vibrational modes that actively couple the E, states are A,; + A + By
+ By;. A coordinate operator with any one of these symmetries will be active in vibronic
coupling, and is quantified by the derivative of the electric dipole moment for the excited

state with respect to the normal coordinate:

Om,/dQ = m, < s / 6H/3Q/e >/ h(v; - V)

where 8H/8Q is the derivative of the Hamiltonian with respect to the normal mode, h is
Planck’s constant, e and s are excited and mixing state wavefunctions, V. is the excited
state frequency, . and m, are the frequency and electric dipole moment of the excited
state, and v, and m, are the frequency and electric dipole moment of the mixing state.

The ground state Raman spectra of metalloporphyrins are explained by using the

following formalism. Treating the substituent groups at the meso and P positions as point
masses, the metalloporphyrin with N = 37 atoms has 71 in-plane vibrations (2N-3), 35 of

which are Raman-active:*

Tinpine = 9A15 + 8A, + 9By + 9By, + 18E,
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Likewise, there are 34 out-of-plane vibrations (N-3):*

I‘.,...of.pl..., = 3A1u + 6A2.. + 5B1n + 4Bz.. + SEE

The resonance Raman frequencies below 1000 cm™ are dominated by the out-of-plane
bending or ring deformation porphyrin modes, and modes involving the heavy-atom metal
center. The resonance Raman bands in the 1000 to 1700 cm™ range are the in-plane
stretching C-C and C-N modes and are sensitive to the inner porphyrin environment,
responding according to Badger’s rule.”®

These modes are found to be affected by conditions such as the porphyrin core size

and metal complex spin state, metal oxidation state, porphyrin ring oxidation and
reduction, and ©t backbonding and doming effects. These modes are resonantly enhanced
by ntn” electronic transitions.

Since most of the spectra that are presented in Chapter 3 and Chapter 4 were taken
with Raman excitation wavelengths between 420 to 460 nm, consider the Raman spectrum
of Zn(II) octaethylporphyrin in tetrahydrofuran (Figure 1.7). The porphyrin was excited
at 413.1 nm with a krypton ion laser and illustrates effects of Soret enhancement upon
porphyrin Raman spectra. The totally symmetric bands become relatively more enhanced
when excited near the Soret. Specifically, the strongest band in resonance Raman spectra

excited near resonance with the Soret is V4, the C,-N stretching mode. This mode is often

called the & electron density marker or oxidation state marker because its frequency is
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Figure 1.7  Raman spectrum of zinc(II) octaethylporphyrin in tetrahydrofuran.
Taken with glass nmr tube in a backscattering apparatus at room
temperature (1877 triple spectrometer, 1200 grooves/mm,

A =413.1 nm, 10 mW, exposure time 60 seconds). Solvent peaks
are marked by an asterisk.
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responsive to shifts with electron density changes.** The v, frequency is dependent on the

oxidation state of the central metal atom, and typically increases with increase in oxidation
state for a given metal. Macrocycle cation and anion radicals show frequency shifts
relative to neutral metalloporphyrins that agree with electron occupancy arguments using
Gouterman’s four orbital model (Figure 1.6).”*** The HOMO for octaethylporphyrins
(substitution at the B position) is the a,, orbital from Figure 1.6, whereas meso substituted
porphyrins, such as tetraphenylporphin, have a,, as the HOMO.”***% Similiar effects on
the Raman spectra are observed with & backbonding but this occurs when d electrons on
the metal contribute to the 1t* orbitals of the porphyrin ring.* Doming effects (ruffling)
are smaller but occur when the pyrrole nitrogens follow out-of-plane motion of the central
atom.** Changing the metal complex spin state from low-spin to high-spin lengthens the
bond length to the metal, enlarging the core size and reducing the vibrational frequencies.
The aim of this work at the outset was to develop an appropriate picosecond time-
resolved apparatus capable of monitoring excited electronic states using Raman
spectroscopy. This introduction has shown that picosecond time-resolved Raman
spectroscopy has worked well for other chemical and biological systems, and porphyrins
have the optical characteristics that make them suitable for similiar studies. The intention
was to use this apparatus to characterize the vibrational and structural properties in S,
states of metalloporphyrins. Since vibrational characterization of model porphyrins had
not been previously addressed, this was a necessary prerequisite to bacteriochlorophyll
analysis. Once this characterization is complete, this experiment can be applied towards

understanding of the primary charge separation step in bacterial reaction centers.
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CHAPTER 2

INSTRUMENTATION

ABSTRACT

Time-resolved resonance Raman techniques applied to electronically excited
porphyrins has thus far been limited mostly to time-resolution in the nanosecond range,
and, correspondingly, the techniques that have been used typically involve low repetition
rate pulsed lasers. The research project described here extends time-resolved resonance
Raman to the picosecond regime, and opens up the ability to probe more dynamic
processes, such as vibrational relaxation in electronically excited molecules. This project
involved taking advantage of the high repetition rate characteristics of picosecond lasers
described in the experimental apparatus section. A rapidly flowing glass free jet cell
similar to that developed by Atkinson et. al. (Atkinson, G. H.; Brack, T. L.; Blanchard,
D.; Rumbles, G. Chem. Phys. 1989, 131, 1-15) was used in conjunction with a microscope
objective to refresh the sample between individual flashes in a series of laser pulses.
Implementation of a “quasi-simultaneous” technique analogous in purpose to that of Sato
et. al. (Sato, S.-1.; Kamogawa, K.; Aoyagi, K.; Kitagawa, K. J. Phys. Chem. 1992, 96,
10676-10681) was useful in dealing with the difference spectra associated with time-
resolved techniques. Spectrum Basic programs were written to process the data

accumulated through this technique.
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L EXPERIMENTAL APPARATUS

The experimental apparatus used for picosecond transient experiments is shown
schematically in Figure 2.1. An actively mode-locked Q-switched Coherent 76-s Nd:YAG
laser with built-in second harmonic frequency-mixing capabilities uses a standard KTP
crystal to generate 70 psec full-width-half-maximum, 76.5 MHz, 532 nm second harmonic
pulses. The output is directed through a Coherent third harmonic generator by using a
BBO crystal that mixes 1064 nm and 532 nm wavelengths to generate 355 nm. The 532
nm and 355 nm pulses are directed into two identical Coherent 702 tunable pulse dye
lasers with variable tuning ranges dependent upon dye selection. Photoacoustically driven
cavity dumpers on the 702 dye lasers are enabled by Coherent 7200 cavity dumper drivers
that permit selection of variable pulse repetition rates (38.25 MHz divisible by any integer
between 4 and 259). One Coherent 702 dye laser initially used rhodamine 6G (R6G)
dissolved in ethylene glycol and permitted a tuning range of 570-630 nm. Recent
characterization of pyrromethene laser dyes for ultrafast pulse generation suggests
exceptionally efficient power generation.! For this reason, in later experiments we
implemented pyrromethene 567, which was dissolved in propyl phenyl ether (PPH), and
has a tuning range of 550-600 nm. The other 702 dye laser used stilbene 420 dissolved in
ethylene glycol with tunability from 420-470 nm. All dyes and the PPH were purchased
from Exciton Corporation (P.O. Box 3126 Overlook Station, Dayton, Ohio 45431).
Figure 2.2 displays relative efficiencies as a function of emission wavelength for the dyes
used in our time-resolved experiments. R6G and pyrromethene 567 were pumped with ~2

W of 532 nm, while the stilbene 420 was synchronously pumped with ~1 W of 355 nm.



Figure 2.1
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Instrumentation used for time-resolved picosecond Raman
experiment SHG: second harmonic generator using KTP crystal,
THG: third harmonic generator using BBO crystal; Shutter driver:
homebuilt device to control mechanical shutters; PI/CCD:
princeton instruments charge coupled device detector; OPTICS:

a collimating lens (focus length = 2.5 inch, diameter = 2 inch),
and a focusing lens ( focus length = 12 inch, diameter = 2 inch).
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Laser dye efficiency curves for a) stilbene 420 in ethylene glycol
b) pyrromethene 567 in propyl phenyl ether (PPH), and

c) rhodamine 6G in ethylene glycol. Data were collected by
delivering 1 W 355 nm and 2 W 532 nm pulses from a Coherent
76-s Antares laser to a pair of Coherent 702 dye lasers with the
cavity dumper drivers operated at 3.825 MHz .



Relative efficiencies

0.18

0.16

0.14

0.12

0.10

0.08

0.06

0.04

48

/4

"

/4

b)

.

450

[£4

550

Wavelength (nm)

Figure 2.2

600

650



49
The relative efficiency is defined as dye laser output power (mW) divided by pumping

power (mW). Readings were taken with a Coherent 210 power meter. It should be noted
that dye laser companies normally specify dye efficiencies for continuous wave lasers,
whereas these efficiencies were taken at 3.825 MHz and thus appear comparatively lower.
Brief comparisons with the dye lasers set in continuous wave mode agreed with
documented laser efficiencies. The “red” pulses generated from either R6G or
pyrromethene 567 act as the pump beam in promoting molecules into electronic excited
states. The “blue” pulses from the stilbene 420 were used as the probe beam and take
stokes Raman spectra of the resultant excited state. The pulse energy dependence upon
cavity dumper repetition rate for the 702 dye lasers is shown in Figure 2.3, where pulse
energy (in nJ) reaches a maximum and then plateaus around 1.27 MHz.

Two identical Inrad model 5-14B autocorrelators, (purchased from Coherent),
monitor the pulse shape coming out of the dye lasers with cross-correlation full-width-
half-maximum of 7 psec. The cross-correlation shape has the general appearance of a
gaussian profile.

The two beams were spatially overlapped at a dichroic filter (yellow subtractive,
520FD22-508S, 1.0 mm thickness) and directed into the sample compartment. The
dichroic filter was purchased from the Andover Corporation (4 Commercial Drive, Salem,
New Hampshire 03079), and its spectral characteristics are shown in Figure 2.4. The
temporal delay between the pump and probe beams can be controlled both electronically
through the cavity dumper drivers, and spatially through an optical delay line. The relative
temporal position of pump and probe beams can be altered in 26.4 or 13.2 ns steps using

electronic delay switches on either 7200 Coherent cavity dumper driver. Finer delays can
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Pulse energies from Coherent 702 dye lasers as a function of
repetition rate for a) pyrromethene 567 in propyl phenyl ether
b) rhodamine 6G in ethylene glycol and c) stilbene 420 in
ethylene glycol. The pulse energy dependence was done at the
efficiency curve maxima of each dye, with2 W 532 nm and 1 W

355 nm pump pulses. The actual repetition rate equals
38.25 MHz/Repetition divisor.
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Spectral response curves for optical filters 520DFD22-50S and
505FD64-50S. The responsivity of the 520FD22-50S is shown
at incident beam angles of 0° and 45° to display the angle
dependence of transmission.
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be achieved through directing the pump beam down an optical delay line controlled by a

Klinger CC1.1 programmable motor-driven translation stage (Klinger Scientific, Garden
City, New York 11530). The time delay was monitored by sending the two beams into a
fast Hewlett-Packard 4220 photodiode detector with a rise time <1 nsec. The two pulses
were distinguished on a Tektronix DSA 602A Digitizing Signal Analyzer scope with
averaging and difference detection capabiljties, and real time accumulation up to 1 GHz.
When finer time resolution near zero-time overlap was desired, it was obtained by
a technique we loosely term “zero-time measurements”. Essentially, we use a simplified
transient absorption experiment in which we pump a molecule into an electronically
excited state with a “red” pulse, and monitor the intensity of the “blue” pulse. This blue
pulse is absorbed by the time-dependent electronic excited state but not by the electronic
ground state. Initially, the experimental apparatus used was that described in Figure 2.5,
and DODC iodide was used as a reference sample (purchased from Exciton). DODC
iodide is a commonly used laser dye that has strong ground state optical absorption at 580
nm and broadband excited state absorption around 450 nm, similar to the simulated plot in
Figure 2.6. Its excited state lifetime is ~ 2 nsec.? The two spatially overlapped beams are
tightly focused onto the sample, the pump beam intensity is filtered out, and the probe
beam intensity is directed into the Hewlett-Packard 4220 photodiode. The short pass filter
was purchased from Andover (505FD64-508, blue dichroic), and its spectral dependence
is shown in Figure 2.4. The probe pulse intensity can be monitored as a function of pump
delay on the optical delay line. A sudden decrease in probe intensity indicated absorption'

by the excited state and zero-time overlap. In later experiments, we monitored zinc(II)
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Figure2.5  Experimental setup initially used in determining zero-time
overlap through a modified transient absorption experiment.
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Figure 2.6 DODC iodide transient absorption. a) Simulated absorption
spectra representing optical behavior of DODC iodide.
b) Time-averaged voltage pulse of “blue” laser showing intensity
decrease when in temporal overlap with “red” pulses
(as seen on Tektronix DSA 602 oscilloscope).
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octaethylporphyrin through either a similar transient absorption setup or the actual time-

resolved Raman experiment to determine zero time. Each of these protocols performed
this zero time determination well, and enabled determination to within ~ 18 psec (270
counts on the Klinger programmable counter).

Scattering from the sample was collected through lenses designed to match the f/#
of 5.6 for the Jobin Yvon HR640 single grating monochromator. The monochromator
used a 2400 gr/mm grating and is of 0.64 meter focal length with a spectral resolution of
approximately 7 cm™ under typical experimental conditions. A charge coupled device
(Princeton Instruments, model LN/CCD 1152UV) was used to detect the Raman
spectrum.

Absorption spectra were recorded prior to and following the Raman studies to
confirm the integrity of the samples. UV/Vis spectra were recorded on a Perkin-Elmer
Lambda 5 spectrometer (resolution of 0.25 nm, + 0.3 nm wavelength accuracy, and stray
light of less than 0.001% at 370 nm).

Solvents used in these experiments were usually organics such as tetrahydrofuran
or pyridine, which were of reagent quality, purchased from Aldrich, and purified by
distillation, if necessary. The Raman spectra were observed through 90 degree scattering
and the sample was replenished by using a rapid flowing liquid jet system that was kept at

a constant temperature by cooling the sample reservoir either in or above dry ice.
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IL FLOWING LIQUID JET ASSEMBLY

Selecting an appropriate technique for monitoring time-resolved Raman
spectroscopy of liquid solutions can be critical. Several approaches exist. Dual-beam
flow experiments use continuous wave lasers which monitor intermediates on microsecond
and millisecond time scales.’ Nanosecond pulsed lasers operating at 10 Hz have also been
used for similar delay regions.** These approaches do not have the time resolution we
desire, which can only be offered by picosecond lasers. These lasers can function at 50 Hz
or near KHz repetition rates when used with various amplifiers.*” Other research groups
have neglected the use of low repetition rate amplifiers and retained the MHz repetition
rates of picosecond lasers.® We have selected to omit low repetition rate amplification and
use the megahertz repetition rates and nanojoule pulse energies which are intrinsic in
cavity-dumped picosecond dye lasers synchronously pumped by a mode-locked cw
Nd:YAG laser. High repetition rate lasers offer several advantages over comparable low
repetition rate systems.” The average power available is sufficient to generate resonance
Raman from intermediates with good signal-to-noise without the high pulse energies
associated with multiphoton processes. The high repetition rates utilized provide
improved signal averaging capabilities as long as the sample is not exposed to multiple
excitations by consecutive pulses. The stability of the picosecond laser system can be
optimized for high repetition rate, low peak power operation.

For time-resolved experiments on singlet and triplet electronic states of porphyrins
it is essential that the ground state does not bleach through multiple excitations by

consecutive pulses. To avoid multiple excitations we replenished the sample between
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pairs of pump-probe pulses by using a small irradiated volume and a rapidly flowing

sample. A high speed rotary pump (Gelber Industries (1136 Lloyd Rd., Wickliffe, Ohio
44092), Micropump 415 motor with a 120 magnet drive gear pump) flowed sample at a
rate of ~1.0 ml/sec through a 300 um diameter glass nozzle (Figure 2.7). This flow rate
was used since the jet quality for our chosen organic solutions were acceptable at this rate
and this rate was sufficient to avoid multiple excitations when the irradiated volume is
small enough. To reduce the volume of sample optically pumped and sampled, both laser
beams were spatially overlapped at a dichroic lens and then focused on the sample by
using a 5X microscope objective (569-199, by W. Nuhsbaum, 3918 West Main Street,
Mchenry, Illinois 60050, achromatically corrected at 546.1 nm, with a working distance of
6.2 mm and depth of focus ~280 um). The beam diameter of this microscope objective
can be measured by several techniques.'® The knife-edge technique was selected for its
ease of application."’

The knife edge experimental setup is shown in Figure 2.8a. A razor blade was
attached to a differential micrometer and translated horizontally across the laser beam
spot. Resultant beam intensities (read in mV) were monitored at incremental positions by
using a Tektronix DSA 602 oscilloscope and a Hewlett-Packard 4420 photodiode. The
pulse intensity is plotted versus relative translation distance in Figure 2.8b. The pulse
intensity of the unobstructed beam (I,), drops rapidly once the razor beam translates into
the beam pathway. The beam waist (wy) is determined by measuring the horizontal
translation difference between the 12% I, and 86.4% I, distances (the 1/¢* values).'"'?

Plots were generated with the razor blade at several different vertical positions so as to
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Figure 2.7  Flowing jet cell assembly used in high repetition rate
picosecond Raman experiments.
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Figure 2.8

04

Knife-edge technique used for determining beam waist size.

a) Experimental setup used with SX microscope objective(569-199).
b) Plots of beam intensity versus changes in razor edge translation
taken at four vertical positions. The vertical positions are listed

in reference to the position that gave the minimal beam waist

value of 13 pm.
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ensure convergence of the beam waist to the true bcam diamter. This was reflected by the
strongest slope, which gave a measured beam waist value of ~ 13 pum.
With this beam diameter the flow rates necessary for sample regeneration at

individual repetition rates can be calculated and are listed in Table 2.1.

Table 2.1 Flow Rate Requirements for Sample Replenishment.

+N | Repetition Rate | Pulse Train Gap | meters/sec ml/sec at 100%
sample replenishment
10 3.825 MHz 261.4 nsec 38.25 2.704
30 1.275 MHz 783.8 nsec 12.75 0.901
40 |0.956 MHz 1.051 psec 9.560 0.676
S0 ]0.765 MHz 1.30S5 psec 7.650 0.541
100 |382.5KHz 2.614 psec 3.825 0.270
200 | 191.2KHz 5.228 psec 1.913 0.135

Application of rapid flowing jet systems to spectroscopy requires consideration not
only of sample replenishment between pulses but also inherent restrictions on time delay
measurements owing to sample movement between the initial excitation by the pump pulse
and the delayed arrival of the probe pulse. Calculations in Table 2.2, using the typical
experimental flow rate of ~1.0 mU/sec, show the feasibility of time-resolved experiments

out to a time delay of about 350 nsec.
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Table 2.2 Flowing Jet Restrictions on Temporal Delay.

Delay time between pump and probe (nsec) | %Same Sample pump and probe
0.1 99.99
0.8 99.89
10 98.58
26.4 96.26
50 92.92
200 71.70
350 ' 50.47

After establishing the presence of singlet and triplet excited electronic state spectra
with the glass nozzle, we alternatively used a Spectra-Physiks dye laser nozzle. This
nozzle had a rectangular opening 200 um by 2 mm which brings the liquid to a focus ~1.5
cm beyond the nozzle opening. We originally were concerned about possible lack of
sample replenishment between pulse pairs, but failed to observe any presence of
photoaccumulated product at the flow speeds and repetition rates used for our
experimentation (normally 1.27 MHz and ~1.0 ml/sec). The rectangular flowing cell gave
‘us some advantages in minimizing background scattering from surface reflections at the
air-liquid interface.

Operating with repetition rates of 1.27 MHz or less, pulse energies of the pump
and probe lasers were typically ~45 nJ and ~15 nJ at the sample. The correqunding peak
powers are ~6.5 KW and ~2.1 KW. Under the experimental conditions that involved high
repetition rates lasers and a tightly focusing microscopic objective, as described above, the
flux densities are ~55 mJ/cm’ for the pump and ~ 20 mJ/cm? for the probe. These flux
densities, particularly for the pump, are comparable with other published values for time-
resolved Raman spectroscopy on porphyrin-like molecules.® Under these conditions it is
reasonable to carry out a calculation to determine the number of molecules that are

excited, and to calculate what percentage of molecules are excited. Figure 2.9 shows that
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Figure29  Molecular excitations expected under rapid flowing jet setup.
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Figure 2.9
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under the typical experimental parameters of the rapid flowing jet experiment there are
~10" molecules enclosed within the laser beam. A sufficient number of photons are
present in each laser pulse to excite virtually all molecules even at higher porphyrin

concentrations.

II. QUASI-SIMULTANEOUS ACCUMULATION

Even under optimal conditions, transient Raman spectra are dominated by ground
state and solvent features. Subtraction of ground state and solvent features ideally leaves
only transient features. However, for the long time exposures required for pump/probe
experiments that involve difference spectra determination, instabilities contribute noise to
the difference spectrum. Laser power fluctuations and temperature differences in optical
components become significant and reduce sensitivity and reproducibility of experimental
data." A technique has been applied that addresses these problems and improves signal-
to-noise in the difference spectrum. A rapid series of short time sample accumulations are
subsequently summed up to generate the long time exposure, in an approach similar to
that applied by Sato et. al.,'”* and called the “quasi-simultaneous” technique.'*'’ As
illustrated in Figure 2.10, two external mechanical shutters (Uniblitz VS14 models,from
A.W. Vincent Associates, 1255-T University Avenue, Rochester, New York 14607, with
total opening time 4.0 msec, closing time 3.0 msec, and capable of withstanding laser
energy up to 10 W/mm?), are placed in the pathway of the pump and probe beams. These
shutters are driven by a device constructed by the Michigan State Chemistry Department.
electronics shop and appropriately called the shutter driver. The schematic of the shutter

driver is given in Figure 2.11.



71

Figure 2.10  Simultaneous method implementing mechanical shutters
(SI and SII) within laser beam pathways.
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Figure 2.11  Schematic of shutter driver. a) voltage transformer.
b) analog switching permitting shutter operation.
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The shutter driver transforms incoming 120 VAC into 50 VDC and 5 VDC. The 5

VDC supplies two IC analog voltage switches while the 50 VDC is used to power the two
mechanical shutters.

A TTL pulse is inverted prior to entering IC1-A. The pulse is alternately
transmitted to IC1-B, an identical analog switch in series with IC1-A. The alternate pulse
from IC1-A also actuates transistor 1 (T1), which permits opening of shutter #1. IC1-B
performs a similar function for transistor 2 (T2) and shutter #2. Since IC1-B receives a
TTL pulse only every other cycle, the net result is that shutter #2 opens and closes half as
often as shutter #1. Thus, the shutter driver permits four possible combinations of shutter
switching, and these switchings are regulated by a TTL input pulse. This TTL pulse
originates from the NOTSCAN outlet from the Princeton Instruments ST130 controller,
and changes with every closing of the internal mechanical shutter associated with the CCD
detector. The shutter driver is sequenced to produce four partitions of time intervals, such

as shown in Figure 2.12, which can be sequenced with the CSMA software.

SHUTTER #1 (PROBE)  OPEN

CLOSE ! ) I

SHUTTER #2 (PUMP) OPEN

CLOSE

I 11 I v

Figure 2.12  Partitions of time intervals generated by shutter driver.
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These time intervals can be varied, but typically were run between 0.5-3 minutes.
Partition I has both shutters open and exposes the sample to both pump and probe beams.
Partition II has one shutter closed and consequently records the pump only spectrum. In
partition III the other shutter closes while the first one reopens and the probe only
spectrum is recorded. Partition IV has both shutters closed and dark counts are recorded.

Post data processing subsequently divides the accumulated spectra into
pump&probe, pump, probe, and dark spectra. The software associated with Princeton
Instuments detection systems is called CSMA (v3.0), and uses a programming language
called Spectrum Basic, which has written programs that perform the operations essential
to data acquisition, spectral processing, image processing, and reviewing acquired data.'®
It was necessary to write three additional programs to assist in processing of data
accumulated through the “quasi-simultaneous” technique. These programs are written in
Spectrum Basic and are listed in Appendix A.

Initially a program called Separate.pro was created to process spectra acquired by
using only one external mechanical shutter. The standard procedure is to first collect
continuously a series of short exposures independently stored into an even number of
frames selected by prompts from the CSMA software. The Separate.pro is a post-
processing program that separates even frames from odd frames, then adds up and stores
the individual frames into two newly created data files.

Quartiles.pro is a similar post-processing program that enables the use of two
external mechanical shutters and permits differentiation of consecutive data frames into
four separate data files. The only restriction is that the total number of selected frames
must be an integral number of four.

Additionally, it was useful to write a program that can edit the occasional bad
frame in an otherwise good series of spectra. Frmedit.pro is a modification of Replay.pi
which will perform this function.'® The usual sequence after starting this program is to
first type “Alt-M” to assume manual control over replay of frames in the unprocessed
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spectra. If one wishes to save the current frame displayed, one types “s” to save. The up
and down arrows, or “Pgup” or “Pgdn”, will move the displayed spectra to subsequent
frames. The “s” key must be hit for each frame you wish to store, and it is important to
retain the proper sequence of frames stored. When editing is finished, typing “Esc”
completes the process and terminates the program. The application of the “quasi-
simultaneous” method, along with some post-data processing, was found to be especially
useful in taking difference spectra.

This combination of features, a tunable pair of high repetition rate synchronously
pumped picosecond pulsed dye lasers, a flowing liquid cell that adequately refreshes the
sample, and a data processing technique that minimizes fluctuations, represents the first
combination of these techniques applied to studying Raman spectroscopy of
metalloporphyrins. The dye lasers offer broad selectable wavelengths for both pump and
probe beams. Time resolution of intermediates can be applied to within ~18 picoseconds.
The post-processing programs in conjunction with the high average powers and low pulse
energies of the dye lasers permit favorable signal-to-noise levels. Completion of this
experimental setup provides the flexibility to study shorter lived electronic species,'” as
well as a wider range of processes including vibrational relaxation.'>?*?' The following
chapters detail some of the initial applications of picosecond Raman spectroscopy at
Michigan State University.
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CHAPTER 3

RAMAN SPECTRA OF METALLOPORPHYRIN EXCITED STATES

ABSTRACT

Picosecond time-resolved resonance Raman measurements on Zn(II)
octaethylporphyrin are reported. The lowest excited singlet state (S,) is detected within
100 ps following laser excitation and intersystem crosses to the triplet (T,) state on the
nanosecond time scale. The Raman spectrum of S, is dominated by totally symmetric
modes that can be correlated with ground state porphyrin modes. Depolarized modes are
only weakly enhanced in S,, which indicates that Jahn-Teller distortion in this state is
essentially absent. By contrast, depolarized modes are prominent in the spectrum of T,
and indicate significant Jahn-Teller distortion, in agreement with previous
metalloporphyrin T, work from this (Walters, V. A., de Paula, J. C., Babcock, G. T.,
Leroi, G. E. J. Am. Chem. Soc. 1989, 111, 8300-8302) and other (Kumble, R., Hu, S.,
Loppnow, G. R,, Vitols, S. E., Spiro, T. G., J. Phys. Chem. 1993, 97, 10521-10523)
laboratories. These observations confirm theoretical predictions that the excited states are
influenced by Jahn-Teller effects, but that configuration interaction minimizes the

distortion in the S, state.
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L INTRODUCTION

Light induced charge separation in the photosynthetic reaction center is initiated by
photoexcitation of a chlorophyll complex into its first excited singlet (S,) state.' To
understand this critical biological process better, more insight into the electronic structure
and conformation of singlet excited porphyrin-like molecules is essential. Time-resolved
resonance Raman scattering is an ideal technique for providing this insight and has been
used recently to characterize the vibrational properties of electronically excited
porphyrins.>* However, due to a limited time resolution, this approach could only focus
on relatively long-lived excited states like the T, and d,d states of metalloporphyrins,**
and the S, and T, states of free-base derivatives.”** Moreover, dynamic processes, such
as vibrational relaxation of electronically excited macrocycles, could not be studied at all.
These latter issues are likely to be of fundamental importance in understanding the details
of the photosynthetic process.’ To increase the time resolution of the Raman technique
we have developed picosecond pump-probe methods® that allow us to monitor the time
evolution of a metalloporphyrin in its excited state manifold. Here, we present our initial
results on Raman scattering from excited electronic states of Zn(II) octaethylporphyrin
(ZnOEP).™®” In the S, state the number and symmetry of the bands indicate weak or
absent Jahn-Teller distortion. ZnOEP in the T, state, in agreement with previous work on
the ZnTPP T, state,? shows relatively strong enhancement of depolarized modes. Th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>