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ABSTRACT 

The initial photochemical and photophysica1 events of the 

Bacteriorhodopsin (BR) photocyc1e are investigated using resonance Raman 

spectroscopy. 

The salt water bacterium, Halobacterium halobium, converts light 

into chemical energy via this cycle. Light induced isomerization of the 

all-trans retinal chromophore causes proton translocation across the 

lipid membrane containing the protein. 

Absorption experiments reveal red shifts in BR absozption on a 

picosecond time scale. Picosecond time-resolved resonance Raman 

spectr.oscopy (PTR3 ) provides a vibrational probe of these changes. PTR3 

utilizes two tunable dye lasers in a pump-probe configuration. One 

initiates photochemistry while a second probes the chromophore. 

The vibrational spectrum of the K-590 intermediate present 50 ps 

after the initiation of the photocyc1e is obtained by PTR3 spectroscopy. 

The ability to separate photolytic excitation from the Raman probe 

facilitates the application of a quantitative model of the optical 

excitation process to time resolved vibrational measurements of K-590. 

These spectra are analyzed to find the isomerization state of retinal in 

K-590 by comparison with the resonance Raman spectra of model compounds. 

These resonance Raman results are compared to earlier measurements of 

the K intermediate. PTR3 spectra of K-590 present later in the 

photocyc1e are also obtained. These spectra remain unchanged over the 

period investigated (40ps-26ns). These results confirm that 

isomerization of the chromophore is one of the primary events following 
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initiation of the photocycle. 

Changes in relative Raman intensities observed earlier than 40 ps 

are discussed with reference to the photophysics of the optical 

excitation process. 

PTR3 techniques are applied to antis tokes Raman measurements of 

BR. The existence of a significant vibrationally excited population is 

revealed. Differences in the Raman band positions in the stokes and 

antis tokes spectra demonstrate that several quanta of the higher 

frequency modes in the BR Raman spectrum are excited. These modes decay 

with a time constant of ~7ps. These observations suggest the retinal 

chromophore does not experience rapid uniform internal vibrational 

redistribution following the internal conversion producing the 

vibrationally excited species. 
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INTRODUCTION 
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I Introduction: Raman spectroscopy and molecular dynamics 

The goal of chemical dynamics is to understand the molecular 

events which take a reaction from its initiation to its conclusion. To 

achieve this it is necessary not only to acquire knowledge of the 

molecular structure of the reactants and products but also to gain 

structural and kinetic information about transient chemical species. 

Time resolved vibrational spectroscopy is an important source of 

such information. Developments in laser and electronic technology have 

facilitated the application of resonance Raman spectroscopy to a variety 

of problems which require time resolved detection and structural 

characterization of transient species. A number of such studies have 

already been made [1-10]. 

Until the advent of laser the Raman effect, discovered in 1928 by 

C.V. Raman [11], was seldom exploited. The intense monochromatic 

coherent radiation available from a variety of lasers has made Raman 

spectroscopy a practical tool. Raman spectroscopy is ideally suited to 

time resolved applications where photophysical and photochemical changes 

in transient molecules may occur on very rapid time scales because it 

involves collection of scattered radiation. Raman scattered light 

contains vibrational information because, in contrast to elastic 

Rayleigh scattering in which light is scattered from a molecule with no 

change in energy, it has gained or lost energy during the interaction 

with the molecule. When the incident light loses energy the resulting 

Stokes scattering is spectrally shifted to the red of the incident light 

depositing a vibrational quantum of energy in the molecule. Similarly 
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if the scattered light gains a vibrational quantum from the molecule it 

is blue shifted relative to the incident light and is termed antis tokes 

scattering. These two processes are illustrated schematically in Figure 

1.1. Because the zero point, ground vibrational levels are populated to 

a much higher degree than excited vibrational levels, according to the 

well known Boltzmann distribution [12], the arttistokes scattering is 

usually insignificant relative to the Stokes scattering. 

Typically the cross section for normal Raman scattering is small 

enough that less than one photon in 100 million experiences a scattering 

event. If, however, the incident excitation light is chosen to match an 

electronic transition of the molecule there is an enormous enhancement 

in the observed resonance Raman (RR) signal. Often this resonance 

enhancement is as great as a factor of six orders of magnitude [13]. 

The Kramers-Heisenberg-Dirac dispersion relations [14] form the starting 

point for expressing resonance Raman intensities. For a randomly 

oriented sample, Pif' the Raman scattered intensity in photons per 

second for the transition from state Ii> to state If> emitted is given 

by [15] 

(1) 

I <flv><vl i> 
with O'if - 5.87 X 10-19 M4E~ EL I E (2) 

Iv 

Where I is the incident photon flux in photons per second per cm2 , M is 
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the electronic transition length matrix element evaluated at the ground 

state equilibrium position; ELand Es are the incident and scattered 

photon energies, ev and ei are the energies of the excited and ground 

state vibrational states Iv> and Ii> respectively; Eo is the energy 

separation between the lowest vibrational levels of the ground and 

excited electronic states and r is the homogeneous line width. The 

energies and line widths are expressed in wavenumbers (em-I), M in A and 

u in A2/molecu1e. The Born-Oppenheimer approximation and the Condon 

approximation have been employed in arriving at Equation 2. The Born

Oppenheimer approximation deals with the separability of the electronic 

and nuclear wave functions. The Condon approximation deals with the 

simplifying evaluation of the electronic transition length matrix 

element, M(Q), at Qo the equilibrium position of the vibrational 

coordinate Q. The origin of the resonance enhancement is shown in 

Equation (2); as the incident light energy, EL, is made equal to the sum 

of the molecular energy terms in the denominator the cross section 

becomes large and is limited only by the damping caused by the 

homogeneous line width r. 

The resonance Raman intensities also depend on the sums over the 

Franck-Condon factors in the numerator of Equation (2). For po1yatomic 

molecules with strong electronic transitions these integrals can be 

evaluated under an assumption of harmonic vibrations [16]. There is a 

simple geometric interpretation of these results. These integrals are a 

function of qi·D where qi is a vector representing the nuclear 
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displacements of the ith normal mode, and D, the origin shift vector, 

represents the nuclear displacements occurring when the nuclei relax to 

their new equilibrium positions in the excited state. Thus only those 

normal modes in which there is a significant shift of the equilibrium 

position upon electronic excitation will appear in the resonance Raman 

spectrum. For example, in the case of conjugated polyenes the ~ to ~* 

electronic transition has the effect of lengthening the C-C bonds and 

shortening the C-C bonds in the excited state. These vibrational modes 

involving C-C bonds and C-C bonds are, therefore, expected to have the 

most RR intensity. 

II Purple Membrane of Halobacterlum haloblum 

Since the realization in 1973 that the purple membrane of the 

bacterium Halobacterium halobium was involved in a process which 

converts sunlight into chemical energy many studies of the chemical 

reactions involved have been undertaken [17-20]. This system is of 

interest not only as an energy storing process but also as a model for 

understanding the biologically and medically important visual pigments 

which are very similar to the purple membrane. The primary energy 

converting reaction is believed to involve the photoisomerization of a 

protein bound visible chromophore [21]. The primary changes in the 

chromophore have been investigated by transient absorption techniques 

which have revealed that these changes are very rapid, occurring on the 

picosecond time scale [22]. Such studies do not supply the necessary 
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structural information needed to understand the molecular dynamics of 

this important energy storing process. The conformational changes 

involved in isomerization processes are well suited for study by RR 

spectroscopy and the ultrafast time scale of these processes make this 

system an excellent subject for the extension of time-resolved resonance 

Raman (TR3 ) techniques to the picosecond time domain.Most photosynthetic 

organisms use chlorophyll pigments to absorb light energy which powers 

the execution of a series of oxidation-reduction reactions that in turn 

establish an electrochemical proton gradient across the cell membrane. 

It is this gradient which provides the energy necessary to carry out the 

energy-storing ATP synthesis [25]. The halobacteria, which inhabit 

concentrated salt environments such as the Dead Sea and the Great Salt 

Lake, use another pigment, bacteriorhodopsin (BR) , for this purpose. BR 

permits the halobacteria to use sunlight to directly drive the proton 

gradient without intermediate redox steps [26]. The process using BR 

and related pigments in other halobacteria represents the only system 

found in nature, other than that of the chlorophyll containing 

organisms, to directly convert light into chemical free energy [27]. 

1. Structure 

The rod shaped cells of the bacterium are approximately 0.5 ~m In 

diameter and 4-10 ~m long. They are motile, containing polar flagella 

The BR pigment is contained in a purple lipid-protain membrane (PM) 

which is found near the surface of the cell beneath the cell wall. PM 

and the polar flagella constitute the only distinguishable organelles of 

these cells. The growth of this membrane is enhanced by environmental 
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conditions in which cell nutrition is inhibited while an adequate light 

level is maintained. PM can account for more than 50% of the total cell 

membrane. The color of the material is due entirely to the BR pigment 

which includes the chromophore retinal (see figure 1.5 for structure). 

BR is a protein so named because of its similarity with the retinal 

containing protein rhodopsin found in the retinae of the visual organs 

of animals. Within the membrane the protein is organized into patches 

of hexagonally packed trimeric units which form a two dimensional 

lattice. These patches remain intact and functional in solutions of low 

ionic strength unlike other cell membranes of H halobium which fracture 

at low salt concentrations. Seven to ten percent of the surface protein 

membranes of the bacteria contain a variety of carotenoids but these 

membranes disintegrate in solutions less than 2 M in NaCl. These 

characteristics permit the complete isolation of the PM from other 

membrane fractions. 

The isolated PM is similar in appearance to that in intact cells. 

Notably the membrane fragments remain as flat round or oval sheets 50-60 

A thick and approximately 0.5 ~m in diameter [28]. The crystal 

structure of the PM has been determined from light diffraction of 

electron micrographs and X-ray diffraction [29-31]. These studies have 

revealed a unit cell of 63 angstroms containing three molecules of 

protein and 12-14 molecules of lipid. The 40 angstrom long a1pha

helixes of the protein are situated perpendicular to the plane of the 

membrane suggesting that the protein spans the membrane which separates 

the cytoplasm from the external environment [30,31]. The alpha-helix 
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chain crosses the membrane seven times,each molecule forming what can be 

viewed as a series of nearly parallel columns clustered about the center 

of each trimeric unit such that each molecule contributes three inner 

columns forming a rough ring structure with the remaining four columns 

of each BR molecule external to the ring [31]. 

The location of the retinal chromophore is not revealed by 

electron microscopy or x-ray diffraction studies. However, neutron 

diffraction has determined that the beta-ionone ring of the retinal is 

located near the center of the membrane [32]. The retinal is covalently 

bonded to the protein with a Schiff base linkage [28]. Circular 

dichroism studies indicate that the chromophore forms an angle of 

approximately 24 degrees with the plane of the membrane [33]. The 

retinal then probably extends from the ring position to an amino acid 

position near one surface of the membrane. 

The amino acid sequence of BR has been determined by two research 

groups with only minor differences in their results [34,35]. Analysis 

of the residue sequence is in general agreement with the structural map 

obtained from the X-ray diffraction and electron microscopy described 

above. The results of Khorana et a1. [35] include an additional Trp 

after Trp 137 so that they report a sequence with 248 amino acids 

compared to 247 reported by Ovchinnikov [34]. Using the residue numbers 

of Khorana, the most likely location of the Schiff base linkage of the 

retinal chromophore is Lys 137 although there is some discrepancy over 

this, Lys 41 being also suggested. Both of these positions would place 

the chromophore so that the Schiff base end is near the cytoplasmic side 
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of the membrane [36]. 

2. The function of Purple membrane 

The presence of the visible chromophore in PM suggests strongly 

that the absorption of light energy is essential to its function. That 

such a function existed was also indicated by the fact that the cells 

were capable of producing such large amounts of the pigment. Three 

observations revealed that function. When cells are deprived of oxygen 

and nutrients the ATP concentration rapidly drops by 30%. Illumination 

of the cells resulted in the return of the ATP level to its initial 

value [37]. When respiring cells are illuminated the rate of oxygen 

consumption is reduced by up to 80% [38,39]. Under anaerobic conditions 

the pH of the bacterial suspension is observed to undergo a sustained 

decrease when illuminated [37]. These results clearly support the 

hypothesis that PM mediates ATP synthesis in cells by generating the 

proton gradient normally provided by aerobic respiration. PM functions 

as a proton pump transferring protons from inside the cell across the 

cell membrane to the environment. 

Further evidence for this hypothesis is supplied by experiments 

with vesicles preparx from the isolated PM. These vesicles are prepared 

by the excess addition of foreign lipids to a suspension of isolated PM 

sheets which by themselves remain flat but are able to take up the 

additional lipids and to form closed structures. Such vesicles are 

usually inside out compared to the orientation of the membrane in the 

cell. Under illumination these vesicles produced a proton gradient 

similar to that produced by the cells but in the opposite direction, 
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pumping protons from outside to inside the vesicle. These vesicles are 

also able to carry out phosphorylation under illumination if ATPase is 

incorporated into the vesicles [41,43]. 

III The Bacteriorhodopsin Photocyc1e 

The photocyc1e has been described in terms of a series of . 

intermediate molecular species, each identified by a letter followed by 

a number which represents the wavelength (in nanometers) of its visual 

absorption maximum. The major species are shown in Figure 1.3 which 

schematically represents the kinetics of the photocyc1e. Several 

additional species and associated side and back reactions have been 

suggested by several researchers. These have generated some 

controversy, and while the basic scheme presented in Figure 1.3 has 

achieved general acceptance [36] it is only offered to describe what is 

known about the system and not as a definitive scheme. In &ddition to 

the proton pumping photocyc1e which begins with BR-570 there is a 

secondary cycle, which does not appear to pump protons. This cycle 

begins with BR-548, dark adapted BR. This dark adapted form is contained 

in preparations of PM kept in the dark and rapidly converts to the light 

adapted form BR-570 after actinic illumination remaining in this form 

for up to several hours. The dark adapted preparation actually contains 

a 50% mixture of BR-570 and BR-548 [36]. This investigation will be 

restricted to the early events of the light adapted, proton pumping 

photocyc1e. 

Only the early part of the photocyc1e is light driven; after BR-

570 absorbs light the remainder of the photocyc1e proceeds thermally. 
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Early investigations into the photocyc1e determined that the 

intermediates involved in the primary, light driven, steps evolve with 

very fast kinetics requiring investigation with picosecond and sub

picosecond time resolved techniques [22-24,44,45]. Transient 

isomerizations are believed to be associated with most intermediates 

[28,36,45]. However, changes in protein structure are also suspected 

but are more difficult to determine. The all-trans configuration of the 

retinal chromophore was determined from extraction techniques [36,46]. 

Similar techniques subsequently determined that the configuration of the 

L-550 and M-410 intermediates are 13-cls [46,47,48]. These assignments 

have been confirmed by resonance Raman measurements [49,50,51]. The K-

590 intermediate is also believed to be in a 13-cis configuration the 

only evidence for this comes from resonance Raman measurements 

[51,52,53]. Unfortunately, the interpretation of the RR data in the 

case of K-590 is less certain than for the L-550 and M-4l0 spectra . 

It is now generally believed that the primary steps involve the a11-

trans to 13-cis isomerization of the retinal chromophore 

[28,36,51,54,55]. The isomerization is suspected to permit the 

deprotonation of the Schiff base nitrogen . The protonation state of 

the Schiff base in the primary intermediates K-590 and J-625 has been a 

matter of some controversy. There is, however, some RR evidence to 

support the claim that these two early species are protonated 

[50,51,54]. There is similar evidence that L-550 is protonated and M-

410 is not. Measurements of changes in pH associated kinetically with 

the formation of M-410 have provided direct evidence for deprotonation 
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occurring between L-550 and M-4l0 [56,57]. 

In summary, the light adapted BR photocycle consists of the 

formation of the excited state of BR-570 by absorption of light and the 

subsequent formation of a series of intermediates with varying visual 

absorptions and lifetimes. Several of these species are isomerized to 

l3-nis configurations and eventually the Schiff base proton is removed. 

The chromophore then reisomerizes back to an all-trans configuration and 

reprotonates to regenerate the starting species, BR-570. Presumably 

there are changes in the structure of the protein to accommodate or 

moderate the changes in the chromophore. The deprotonation of the 

chromophore probably is the first in a series of proton transfers 

involving the protein which result in pumping the proton to one side of 

the membrane while the uptake of a proton on reprotonation of the 

chromophore marks the removal of a proton from the cytoplasm on the 

other side. 

IV Transient Absorption Spectroscopy 

The visible chromophore in BR provides a valuable tool for 

investigating the BR photocyc1e and much of what is known about the 

kinetics of the photocyc1e has been gleaned from transient absorption 

measurements. The visible portion of the BR absorption spectrum, shown 

ill Figure 1.4 along with the corresponding spectra of several of the 

early intermediates, consists of a single broad, featureless band (3000 

cm-l FWHM). This absorption arises from the predominantly ~ to ~* 

transition from the lAg ground state to the lBu excited state of the 

retinal chromophore. The 570 nm maximum of this band is very red 
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shifted when compared to the 380 nm absorption maximum of the retinal 

molecule in solution. This large red shift is greater than the observed 

trend to longer wavelength absorption maxima which occurs when retinal 

is converted to a protonated Schiff base (490 nm) in model compounds. 

The additional shift is attributed to the effect of the protein 

environment on the chromophore and is termed the "opsin shift" [54,58]. 

There are several models that attempt to account for the opsin 

shift in terms of changes in electron delocalization due to the covalent 

bonding with the protein or electrostatic effects of fixed charges and 

counter ions located at various positions about the retinal moiety 

[54,55]. There has been considerable discussion in the literature over 

the merits of many of these models and no firm conclusions have been 

reached. The electrostatic models seem to have found considerable 

support from both theoretical and experimental studies but several 

different models have been shown to be capable of qualitatively 

accounting for the observed behavior of retinal both in BR and in a 

variety of visual pigments exhibiting a range of red shifted visual 

absorption maxima [54]. The shifts in the absorption maxima of the 

various species appearing in the BR photocycle, each associated with a 

differing configuration, conformation or relaxed protein environment can 

conveniently be rationalized on the basis of such an electrostatic 

model. The large blue shift occurring between L-550 and M-410 is 

consistent with the notion that deprotonation of the Schiff base occurs 

at this point in the cycle. 

The absorption spectra of J-625 and K-590, shown schematically in 
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Figure 1.4 are also broad, featureless and highly overlapped. This last 

characteristic makes the determination of the kinetic rates of formation 

and decay of these rapidly formed products difficult. Transient 

absorption experiments monitor changes in absorbance as a function of 

the time interval after the initiation of the photocyc1e. In the case 

of measurements designed to detect the early, picosecond, intermediates 

of the photocyc1e what is observed are changes in absorption due to the 

decay of BR-570, the rise and decay of J-625 and the rise of K-590. 

Since these species are spectrally and temporally overlapped and since 

the extinction coefficients, rate constants and quantum yields are not 

known it is not possible to obtain from such data an absorption plot for 

the transient intermediates without making use of a kinetic model which 

assumes some of these values. Therefore, the presentation of any 

absorption spectrum contains implicit assumptions about these 

parameters. 

There have been several measurements of the quantum yield of the 

photocycle and a wide range of values have been reported. These results 

depend on which intermediate of the cycle is measured as an endpoint and 

critically on the values of the extinction coefficients of all the 

intermediates and the precise reaction scheme employed. The situation is 

further complicated by the effects of the experimental techniques used 

since there are several reported back reactions and interruptions in the 

normal course of the photocyc1e that depend on the type of excitation 

used in each experiment [28,59,60,61]. Therefore, there is no general 

agreement over the value of the quantum yield of photochemistry for the 



28 

photocycle. However, most workers agree that the value does lie between 

0.3 and 0.7 [23]. In the analysis employed in this work a value of 0.4 

has been used when necessary. 

The observations of App1ebury et a1. [22] on the early parts of 

the photocyc1e with picosecond laser excitation confirmed earlier 

indications that a transient red shift occurred in the absorbance before 

the appearance of K-590 and decayed in accordance with the rise of K-590 

[44]. These results established the existence of the J-625 intermediate 

(originally termed S) as the first red shifted intermediate in the 

photocyc1e. No back reactions involving J-625 and K-590 were reported 

in this picosecond, room temperature experiment [22]. Subsequent 

experiments by other workers using a variety of ultrafast, picosecond 

and sub picosecond laser sources have confirmed the formation of the J-

625 transient. Although it has been suggested that J-625 may be an 

excited electronic state most discussions have treated it as a ground 

state species. Birge et a1. have observed a two photon absorption 

spectrum which they have attributed to the location of the excited state 

J species based on quantum chemical calculations [75]. Kaiser et a1., 

however, point out that the sub picosecond fluorescence lifetime they 

observe from PM suspensions decays too quickly to be associated with 

emission from J or K, were they excited state species, and conclude that 

J-625 is in its ground electronic state [23]. Also they observe the 

blue absorption of the first excited singlet state of BR (BR*) along 

with the ultraviolet emission resulting from BR* absorption so that they 

are able to differentiate BR* from J. The time resolved data of Kaiser 
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et al. with 0.3 ps resolution is analyzed with a kinetic model that is 

based on rate equations that describe most of the relevant processes 

that occur after excitation of BR. Using a values of 0.3 - 0.6 for the 

quantum yield of photochemistry they arrive at two families of 

absorption curves for J-625 and K-590. They prefer the family based on 

a quantum yield of 0.7 because of the shape of the resulting curves. 

Atkinson et al., employing apparatus with 1 ps resolution, have arrived 

at similar absorption curves for these picosecond species using a more 

detailed model but employing a quantum yield of 0.4 [74]. 

The existence of J-625 is based on the observation of the 

difference spectrum (change of absorbance VB wavelength) which is 

different at long and short delay times. This observation is confirmed 

in all subsequent picosecond time resolved (PTA) measurements Similar 

agreement is found for the appearance of the less red shifted difference 

spectrum assigned to K-590 which appears later in time and remains 

constant for at least hundreds of picoseconds. These two observations 

suggest the linear reaction scheme actually employed by all these 

groups, first suggested by Lozier et al. [76], 

BR-570 - -> BR*-570 - -> J -625 - ->' K-590. 

This basic scheme is well established in that it does not rely on 

controversial assumptions of quantum yields or back and side reactions 

to account for the fundamental observations common to all of the PTA 

experiments. Therefore, it forms a reasonable starting point for 
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discussion of the early energy storing events in the photocycle. Any 

mouel of these primary processes must describe the molecular changes 

that occur to cause the observed absorbance changes associated with each 

intermediate. Several models have been suggested. The isomerization of 

the chromophore to l3-cls [76] (see Figure 1.2) or l3-cls and l4-s-cls 

[77-79] has been employed to account for the change from BR to J. 

Deprotonation of the Schiff base [22], relaxation of the lysine linkage 

[68,24], relaxation of thermally excited protein [44], or relaxation of 

a strained, twisted chromophore [24] have been evoked to describe the J 

to K change. There have been conflicting reports of deuterium effect on 

the J to K kinetic rate when PM is suspended in DzO [22]. The presence 

or lack of such an effect could provide evidence for J to K 

deprotonation. Aside from this and the more general point that it is 

unlikely a deprotonated Schiff base would have an absorbance maximum as 

red shifted as K-590, little information about the nature of the changes 

occurring between these intermediates is provided by visible absorption 

spectroscopies. PTA measurements provide no direct structural 

information. Such information is necessary to evaluate models of the 

primary processes of the BR photocycle. 

V Transient Emission Spectroscopy 

Weak fluorescence emission has been observed when a PM suspension 

is optically excited with visible radiation [80-83]. The fluorescence 

induced in room temperature samples is broad and featureless extending 

from 640 nm to the near infrared and having a maximum at 741 nm [83). 

At cryogenic temperatures the emission spectrum is more structured with 



31 

at least three distinct peaks appearing in the 640 to 800 nm region 

[82]. The fluorescence lifetimes of the room temperature material have 

been reported with values between 15 ps and < 2 ps [84,85], while the 

lifetimes of cryogenic samples have demonstrated a strong temperature 

dependence, exhibiting values as long as 60 ps at 4 K [86]. No emission 

has been reported from the primary photoproducts of BR at low 

temperatures and several workers have performed experiments which 

demonstrate that the red shifted photoproducts that are stabilized at 77 

K do not emit fluorescence [81,87]. More recent work performed in this 

laboratory has detected fluorescence emission from picosecond 

photoproducts which is blue shifted by 17 nm from that of BR and has a 

quantum yield of fluorescence approximately twice that of BR [83]. The 

blue shifted emission appears with an approximately 3.5 ps rise time, in 

agLeement with that of K-590 measured in PTA experiments, and persists 

for at least 1 ns [74,88]. On the basis of these observations this 

emission has been assigned to the K-590 intermediate 

VI Kinetic Simulation Model 

A kinetic model of the primary events which occur to BR-570 upon 

optical excitation based on the rate equations which describe all 

photochemical and photophysica1 processes relevant to these events has 

been applied to the analysis of the picosecond time resolved (PTA) and 

picosecon1 time resolved fluorescence (PTRF) data [74,88] (see Appendix 

A). The processes incorporated into the model are illustrated in Figure 

1.5 which schematically displays the potential surface involved in the 

initial part of the photocyc1e. Table 1.1 lists the molecular 



32 

parameters used in the simulation model. The model calculates the 

instantaneous populations of each species as a function of time under 

the appropriate experimental parameters and uses these to fit the 

observed data. In order to fit both the PTA and PTRF data precisely it 

was found that it was necessary for the model to include the formation 

of vibrationally excited ground state species that are formed by the 

radiationless decay of excited state BR-570 (BR*-570) and K-590 (K~-

590). These vibrationally excited species, BR' and K' relax into their 

respective room temperature thermalized states in 7 ps and 8 ps 

respectively [74]. 

Although PTRF experiments have been able to provide new insight 

into the kinetics of the primary processes of the BR photocycle as well 

as information on the nature of the emitting excited states like PTA 

measurements it does not provide the structural information needed to 

fully understand the molecular dynamics of the primary processes. 

VII Resonance Raman Spectroscopy of BR 

Resonance Raman (RR) spectroscopy is a valuable probe capable of 

supplying the structural information needed to evaluate the primary 

process schemes of the BR photocycle. RR spectroscopy of BR is able to 

provide the vibrational frequencies of the chromophore of the BR 

molecule. If the Raman excitation frequency is chosen to coincide with 

the chromophore's electronic resonance there are no contributions to the 

RR spectra due to the large number of protein modes because the normal 

Raman scattering from these vibrations does not exllibit the intensity 

enhancement provided by the resonance Raman effect. This enhancement 



results in RR signals which are up to six orders of magnitude greater 

than those arising from the normal Raman process. The wide separation 

between the ultraviolet protein electronic resonance and the visible 

resonance of the chromophore make this isolation of the chromophore 

vibrational spectrum possible. 
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The first RR spectra of BR were obtained quite early in the 

history of BR research [90]. These results were analyzed to address 

important questions about the structure of the chromophore since RR 

spectroscopy probes the chromophore in vivo i.e. while it is attached in 

its normal way to the protein in the membrane environment. It was hoped 

that these measurements would confirm the all-trans configuraticn of the 

retinal and establish the protonation state of the Schiff base. 

Unfortunately, the information available for interpreting the RR spectra 

were not adequate for these purposes. Attempts were made to compare 

directly the BR spectra to those of model retinal compounds attributing 

similar features in the spectra to comparable modes in the different 

molecular species. Such a procedure while working well for interpreting 

a wide variety of model compounds and even, to some extent to the 

retinal chromophore in the visual pigments [91,93], breaks down when 

applied to BR [51]. This is because of the extensive coupling and 

mixing of modes. In order to interpret the BR RR spectrum it is 

necessary to establish which molecular vibrations are represented in 

each of the observed RR bands. This kind of information can only be 

obtained by analyzing the RR spectra of BR containing isotopically 

substituted retinal chromophores. 
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Studies which arrive at vibrational mode assignments for the RR 

bands of retinal [95], several Schiff bases [96,97], BR-570 [94], and 

dark adapted BR-548 [97] have been carried out by Mathies and coworkers. 

The spectrum of retinal itself is of course, the starting point for 

these investigations. Normal mode analysis of retinal is complicated by 

its lack of symmetry. The perturbation caused by the methyl groups of 

retinal prohibits the application of the approximate C2h symmetry of 

unsubstituted polyenes so that the only global nuclear motions are the 

c-c stretching vibrations [95]. For this reason the normal modes are 

best viewed as coming from potential and kinetic couplings of a small 

number of "local symmetry coordinates" which themselves are linear 

combinations of the internal coordinates [95]. Isotopic substitution 

can selectively alter the couplings and so can identify which local 

modes contribute to each observed normal mode. This procedure has 

identified the local motions which contribute to each of the observed RR 

bands. Although several such motions contribute to each band and in 

fact, the same local motion may contribute to several bands appearing at 

different frequencies it is fruitful to identify significant bands by 

their major local motion The all-trans configuration and protonation 

of the Schiff base nitrogen of the BR chromophore has been firmly 

established by this type of analysis [94]. Similarly the structure of 

BR-548, dark adapted BR has been determined to be l3-cis, IS-cis [97]. 

The assignment of the RR bands of BR-570 to specific local motions 

is the starting point for intelcpreting the RR spectra of the photocycle 

intermediates. Such spectra can be obtained by time resolved Raman 



L 

35 

spectroscopy (TR3). RR spectroscopy is particularly well suited for 

time resolved experiments because the scattering process, occurring on a 

less than 10-14 second time scale [51], ensures that the species excited 

by the pulse is not modified before the RR scattering is emitted. This 

is particularly important for ultrafast phenomena. 

Since the first TR3 laser experiments by Atkinson et al. [1) the 

technique has been applied to a wide variety of systems [9-10) including 

BR [5-8]. There have been two experimental approaches to TR3 

spectroscopy. The first utilizes a single excitation source to initiate 

the reaction of interest and also to act as the RR probe source. The 

second makes use of two excitation sources, generally at different 

wavelengths, so that one source independerit1y probes the reacting sample 

following photolytic initiation by the other. Time resolution is 

achieved in the single source case by limiting the duration of the 

sample's exposure to the exciting radiation. This can be accomplished 

by moving the sample past a continuous excitation beam thus limiting the 

sample exposure to its transit time· through the excitation beam, or by 

using pulsed radiation. These two exposure techniques are also 

applicable to two source measurements but the time resolution here is 

determined by the delay between the photolytic and probing excitations. 

This delay can be obtained by spatially separating the two beams in a 

continuous beam flowing sample experiment or by electronically or 

optically delaying the two pulses in pulsed radiation measurements. The 

excitation pulse width or the moving sample velocity relative to the 

beam diameter determine the limiting time resolution obtainable in the 
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two beam experiments but the ability to separate the pump and probe 

radiation in time greatly extends the ability to follow the course of a 

reaction and eliminates undesired production of scattering from all 

species present during the single excitation of the one beam 

experiments. In addition, the two beam technique allows the independent 

control of each excitation source so that wavelength, power, and beam 

diameter can be optimally chosen for each experiment. 

Both single and two beam measurements have been applied to BR 

using both the pulsed [98-106] and continuous beam, moving sample 

approaches [107-110]. The latter have been applied in studies of the 

intermediates found after several microseconds into the photocyc1e, such 

as L-SSO [111,112], M-41S [109,112], and 0-640 as well as in attempts to 

measure the later spectrum of K on these time scales [107]. 

The RR spectrum of L-SSO has revealed that this species has a 13-

cls configuration, has a protonated Schiff base and is minimally 

distorted out of plane as suggested by the lack of significant hydrogen

out-of-plane (HOOP) intensity in the spectra [Sl]. In addition 

comparison of the L-SSO spectra of native BR and that of BR suspended in 

deuterated water (so that the Schiff base is deuterated) has shown that 

the lSH and NH rocks are strongly coupled which implies that the Schiff 

base environment in L-SSO is significantly different from that of BR-S70 

which does not exhibit such behavior [Sl]. 

The RR spectrum of the M-4l2 intermediate has shown that it is 

also in the l3-c15 configuration and that its Schiff base is definitely 

deprotonated because its spectra show no changes in the case of 
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suspension in deuterated water [109]. 

The investigation of the early part of the BR photocyc1e by RR 

spectroscopy has been restricted to experiments using pulsed laser 

sources. There have been several attempts to measure the spectrum of 

room temperature K-590 with single beam experiments using nanosecond 

laser pulses as well as one two beam measurement using 26 ns pulses 

[103]. There have also been measurements of the red shifted intermediate 

observed in preparations of PM maintained low temperatures (77K) 

performed with nanosecond time resolution [115]. Only single beam 

measurements had been attempted using lasers with picosecond pulse 

duration [104,105] until the onset of the investigations reported here 

[8,6,98-101]. A discussion of these results appears in the sections to 

follow. 

It is the investigation of the early events of the BR photocycle 

by means of picosecond time resolved RR (PTR3) spectroscopy which forms 

the main body of this study. 



Figure 1.1 Schematic representation of stokes and antistokes Raman 

transitions. V-O, 1,2 represent vibrational levels. If the 

energy of the exciting light represent.9d by the upward 

directed vectors is chosen to match an electronic resonance 

then these illustrate resonance Raman transitions. 
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Figure 1.2 The retinal chromophore in Bacteriorhodopsin. The structures 

of the all-trans and 13-c1s isomers are represented. 
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Figure 1.2 
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Figure 1.3 Schematic representation of the BR photocyc1e. Photocyc1e 

intermediates are identified by a letter followed by a number 

corresponding to the maximum of the optical absorption 

expressed in nanometers. Not6 that only the first step in the 

cycle, the formation of the excited state BR* requires light 

activation. 
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Figure 1.4 The visible absorption curves of BR-S70 , J-62S, and K-S90 . 

The BR-S70 curve is obtained with a scanning UV-Vis instrument 

while the curves for the intermediate are taken from 

picosecond transient absorption measurements (see Ref.66 ). 
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Figure 1.5 Schematic representation of the potential energy surfaces 

together with the photophysica1 and photochemical processes 

occurring during the initial part of the BR photocyc1e. 

Vertical arrows refer to absorption (solid) and wavy and 

curved arrows refer to non-radiative (vibrational and 

chemical) relaxation. CES refers to the common excited state 

to which BR"', BR'''' and J'" FC refers to the Franck-Condon states 

initially populated by absorption. 
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Table 1.1 

Kinetic Simulation Parameters. 

Parameters 565nm 590nm 630nm 
(units) 

fBR (M-1cm-1) 62.5 50.5 13.3 

fJ (W1cm-1) 24.0 40.5 26.5 

fK (W1cm-1) 51. 8 51. 7 27.8 

rBR'" (ps) 0.5 0.5 0.5 

rJ (ps) 3.5 3.5 3.5 

t/Jc 0.4 0.4 0.4 

rJ'" (ps) 0.5 0.5 0.5 

rK'" (ps) 0.5 0.5 0.5 

t/JF(BR*) 1.0 1.0 1.5 

t/JF(J*) :::::0 :::::0 :::::0 .. 
t/JF(K*) :::::2.4 :::::2.3 :::::1.5 

~F(BR'*) :::::0 :::::0 :::::0 

~F(K'*) :::::0 :::::0 :::::0 

fBR' (M-1cm-1) 50.0 44.0 28.8 

fK' (W1cm-1) 53.8 51.8 28.8 

rSR' (ps) 7 7 7 

rK' (ps) 8 8 8 

rDR'''' (ps) 0.1 0.1 0.1 

rK'''' (ps) 0.1 0.1 0.1 

f1 is the molar absorption coefficient of species i at the given 
wavelength. 

~c signifies the photochemical quantum yield BR-570 ~ J-62S, 

~F signifies quantum yield of fluorescense. 

r1 is the lifetime of species i. 
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CHAPTER 2 : 

EXPERIMENTAL METHODS AND PROCEDURES 

This chapter describes the apparatus used to acquire resonance 

Raman (RR) data on the picosecond time scale. This encompasses the 

laser system used to produce picosecond pulses, the detection equipment 

and the associated diagnostic devices. Procedures and experimental 

protocols are described. The methods used to process the experimental 

results are explained. Finally, the preparation and characterization of 

the purple membrane sample is described. 



I Introduction: Experimental Requirements for Picosecond Time

Resolved Spectrosopy 

There are experimental considerations which are important in 

designing a system to acquire RR spectra of transient species which 

evolve on a picosecond time scale. These considerations influence the 

choice of excitation sources, experimental protocol, and methods of 

detection. 

45 

The energy delivered to the sample during laser excitation must 

produce a detectable transient population while remaining low enough to 

avoid damage to the protein and to minimize the possibility of driving 

photochemical side reactions [11,6]. Care must be taken to avoid re

exciting molecules which are not in the initial BR-570 state because 

they are completing the 5 ms BR photocyc1e previously initiated by the 

laser. Similarly, the radiation used to produce the RR signal must be 

of sufficient power to produce RR spectra of the transient species, 

which are generally present in concentrations below 10-5 MIL, while not 

of sufficient energy to significantly perturb the photochemistry. 

Additionally, the probing radiation must be synchronized with the 

excitation light so that only that sample which has been excited is 

actually probed. 

Picosecond time resolution generally necessitates the use of 

pulsed laser sources. The spectral resolution of RR measurements can be 

limited by the optical band width of the Raman excitation source. The 

inverse relationship betwaen bandwidth and pulse width imposed by the 
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uncertainty principle requires that the temporal resolution be limited 

by the spectral resolution of the RR measurement. The spectral overlap 

of the transient species of the BR photocyc1e requires good spectral 

resolution to allow differentiation between species and so imposes a 

limitation on the laser pulse width which can be usefully employed. The 

spectral tunability of the excitation sourceD is also an important 

consideration because it is necessary to both tune to the electronic 

resonance of those species which are being probed and optimize the 

choice of the wavelength used to initiate photochemistry for the best 

transient yield while avoiding spectral interference between the RR 

signals generated by the lasers. 

Finally, both the excitation sources and the detection apparatus 

must be chosen to be able to provide a spectrum with a good signal to 

noise ratio in a time short enough to permit the acquisition of many 

spectra from the same sample. The duration of the experiments is of 

considerable importance not only from the practical point of view of the 

experimenters but also because of the possibility of sample degradation 

and the necessity to maintain the BR in its light adapted form. 

II Instrumentation 

1. The Picosecond Laser System 

A schematic diagram of the entire PTR3 spectrometer is presented 

in Figure 2.1. The laser system begina with the continuous wave (cw) , 

flash lamp pumped, Nd:YAG laser (Quantronix model 416). This laser is 

mode-locked at approximately a frequency of 76 MHz with an intracavity 
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acousto-optic mode-locking device (Quantronix mode-locker model 3008). 

Mode-locking the Nd:YP..G laser produces a train of intense pulses of 1064 

nm radiation of approximately 100 ps pulse widths (full width at half 

maximum (FWHM». The 76 MHz repetition rate of the mode-locker produces 

a 13.6 ns delay between successive pulses in the train. The infra-red 

output of the mode-locked laser is approximately 10 Watts. 

This output is directed into a second harmonic generator 

(Quantronix 324) to produce the 532 nm radiation needed to pump the dye 

lasers. Within this device the infra-red radiation is tightly focused 

(5.0 cm focal length) into a KTP (Potassium titanium phosphate) crystal. 

The high power density provided by the focused 100 ps infra-red pulses 

causes the KTP crystal to up-convert the radiation to 532 nm through 

nonlinear optical effects. The 532 nm second harmonic is generated with 

an efficiency of approximately 15%. After recollimation with a second 

lens (4.0 em focal length) the 532 1un radiation is separated from the 

residual infra-red light by two dichroic mirrors. 

The 532 nm beam is sent to the two dye lasers through a beam 

splitter which permits the variable adjustment of the fraction of laser 

intensity directed toward each dye laser. The beam splitter consists of 

a polarizing beam splitter prism and two half-wave plates. The first 

half-wave plate is located before the prism rotates the linear 

polarization of the 532 nm radiation so the relative intensities of the 

vertical and horizontal components of the polarization provide the 

desired relative intensity ratio to be sent to each dye laser by the 

polarizing prism. The vertical component is sent to one laser (dye 



48 

laser 2 in Figure 2.1) while the second laser (dye laser 1 in Figure 

2.1) receives the horizontal component after it has been rotated back to 

a vertical polarization by the second half-wave plate. The dye laser 

configuration requires that the pump beam have a vertical polarization. 

The dye lasers (Coherent model 701-3) are synchronously pumped 

i.e. the optical length of the laser resonators is made equal to that of 

the Nd:YAG laser so a pulse of photons in the dye laser cavity 

originated by a YAG laser pulse pumping the dye returns to the dye jet 

just as the next YAG laser pulse in the train arrives (approx. 13.6 ns). 

This sudden arrival of photons when the gain in the dye medium is at its 

maximum causes the maximum stimulated emission. After several pumping 

cycles the intense circulating pulse is able to rapidly deplete the 

excited dye population so that the gain available falls below the 

threshold for lasing (below the loss line) so the pulse is subsequently 

shortened on its following edge. Ultimately the pulse attains a minimum 

stable width about an order of magnitude shorter than that of the YAG 

laser pulse. Minute adjustment of the dye laser's length, accomplished 

with an internal micrometer makes it possible to optimize the 

synchronous pumping effect. This produces a short well shaped pulse with 

no satellite peaks. Satellite peaks are formed when the length is 

mismatched so the gain in the dye medium rises above threshold after the 

main pulse initially depletes it. This occurs when the cavity length is 

too short because the initial depletion is restored by the continued 

pumping of the 70 ps YAG laser pulse. If the cavity length is too long 

the resulting pulse is broad with a sharp central peak (the so called 
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Prussian helmet shape). 

Both dye lasers utilize a flowing dye jet configuration. Ethylene 

glycol is used as the flowing dye medium. The dye recirculators 

(Coherent model 591) have been modified so the dye medium flows through 

an external heat exchanger which is in turn cooled by a refrigerating 

recirculator (Neslab model cft-75). This maintains the dye at a 

temperature of lOCo This low temperature improves the optical quality 

of the ethylene glycol jet stream. 

Rhodamine 6G dye (Exciton 590) or another Rhodamine dye (Exciton 

575) is employed in the measurements used here. The coated optics in 

both dye lasers permit a tuning range from 560 nm to 650 nm. Tuning is 

achieved by use of birefringent tuning filters. One, two and three 

plate filters are available. The three plate filter produces pulses of 

approximately 6 ps temporal width and 180 GHz (6 cm-1) spectral 

bandwidth. The two plate filter produces shorter pulses, 4 ps temporal 

width, but broader spectral band widths of (8 cm-1). The single plate 

filter permits pulses of temporal width less than 1 ps but of spectral 

bandwidth greater than 28 cm-1 • Such pulses are, in general, too broad 

for useful spectral resolution in these experiments. The single plate 

and to some extent the two plate birefringent filters require the use of 

a saturable absorber (DOTC! for R6G dye) delivered through a second dye 

jet within the cavity. The saturable absorber suppresses satellite 

peaks which develop in the dye laser cavity when the pulses are short 

and the intracavity power is high (as is the case with the more 

transmissive filters because they contain fewer elements). When the 



saturable absorber is used the dye laser pulses can be made transform 

limited, that is, the temporal pulse width is the minimum that the 

uncertainty principle allows for the spectral bandwidth of the light 

within the laser cavity. The spectral bandwidth, ~v (expressed as an 

optical frequency, Hz) and the temporal pulse width, ~t are related by 

the expression: 

~v~t - 0.441 Equation (2.1) 
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The spectral bandwidth is determined in these lasers by the birefringent 

tuning elements used. The measurements reported.here used the two and 

three plate filters exclusively. The two plate filter was used without 

the saturable absorber under conditions in which there were no satellite 

pulses. The 4-5 ps pulses available with the two plate filter without 

the saturable absorber are not transform limited i.e. the same spectral 

bandwidth could have been obtained with a shorter pulse (2 ps) using the 

saturable absorber. However the 4 ps pulse was acceptable and greater 

power is available and it is more convenient to operate the laser 

without the saturable absorber. 

Both dye lasers employ acousto-optic cavity dumpers (Coherent 

model 2200) to provide their output. The cavity dumpers are 

synchronized' to the mode-locker driver of the YAG laser and synchronized 

to each other. The electronics of the cavity dumper drivers permit the 

selection of trigger signals from the mode-locker which, in turn, 

enables the selection of dye laser pulse pairs originating from the same 
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YAG laser pulse. This allows pairs of dye laser pulses to be chosen 

which do not reflect the jitter which may be present within the YAG 

laser pulse train. The cavity dumper driver can also divide the pulse 

repetition rate by integers so only a fraction of the pulses which 

circulate within the dye laser cavity are permitted to leave through the 

cavity dumper. For the experiments reported in this work a 1 MHz 

repetition rate was selected for both lasers in most measurements. 

The output of one dye laser (dye laser number 2 in figure 2.1), 

the probe laser, is directed to an optical delay line. This delay line 

consists of a retro-prism (corner cube) mounted on a stepper motor 

driven aluminum translation stage (Velmex model B40420IJ) of 

approximately 1 meter length. The drive screw on the translation stage 

can be advanced a minimum distance of 0.0024 cm corresponding to a two 

way optical path of 160 fs when driven electronically by the stepper 

motor controller for a single step. This controll.er can be computer 

controlled by TTL pulses sent from a microprocessor. The output of the 

other dye laser (dye laser number 1 in Figure 2.1), the pump laser, is 

sent through a fixed delay path and directed through the rear of a 

pellicle beam splitter where it meets the output of the probe laser 

exiting the optical delay line. The positions of the dye lasers 

relative to the polarizing beam splitter used for the 532 nm pump beam 

and the length of the fixed delay path of the pump dye laser beam are 

carefully chosen so it is possible to find a position of the optical 

delay line which allows the pulses from each dye laser to reach the 

polarizing beam splitter simultaneously. The pellicle beam splitter 
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(Melles Griot 03BPL 001/3) is dielectrically coated to provide optimum 

reflectivity and transmissivity for the two wavelengths of the pump and 

probe beams. Coatings with reflectivities between 20% and 80% are 

chosen depending on the relative power requirements at each wavelength. 

In an alternative arrangement, chosen when power is a concern which 

overrides ease of spectral tunability, the pellicle beam spitter is 

replaced by a dielectrically coated right angle prism which intercepts 

the probe laser beam only. The pump beam is directed past the prism as 

near as possible to the edge from which the probe beam exits. These two 

non-parallel beams are then directed to a flint glass equilateral prism 

(Melles Griot OlPEHOll) oriented so it is at the angle of minimum 

deviation relative to the two beams which are oriented so the two colors 

emerge collinearly. 

These collinear beams are then directed to the sample region. The 

sample is located directly in front of the collecting lens which images 

the scattered light onto the entrance slits of the monochromator. The 

beams are reflected first horizontally relative to the table and then 

vertically by a right angle prism. This makes the beams parallel to the 

entrance slits and polarized in the plane normal to the optical axis of 

the monochromator. This orientation directs the maximum scattering 

intensity towards the monochromator. 
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2. The Detection System 

The detection system for the RR measurements consists of the 

collecting optics, the monochromator, and the diode array detector and 

.its associated controller and data storage devices. Similarly, there 

are collecting optics, optical filters, an amplified photodiode detector 

and a phase sensitive, lock-in amplifier with an associated computer 

interface for experimental control and data storage which are used in 

the transient absorption measurements. 

a. The Raman detection system 

The collecting optics consist of a conjugate lens system (Melles 

Griot model OlCMPl19) which is positioned so the illuminated region of 

the sample is imaged at the slit allowing the light entering the slit to 

fill the mirrors of the monochromator i.e. the lens is situated so that 

it has an f-number of one on the sample side and an f-number which is 

matched to the f-number of the monochromator on the other side. The 

triple monochromator (Spex Industries Triplemate) consists of two filter 

stages each employing a 600 grooves per mm ruled grating, one in 

dispersive and the other in subtractive mode, and a final dispersive 

spectrometer stage. The final stage has a choice of three turret 

mounted gratings, 600, 1800, and 2400 grooves per mm respectively. The 

0.75 meter monochromator has an f-number of 6.7. 

The intensified diode array detector (PAR reticon model l20lHQ) is 

mounted in the focal plane of the final stage of the Triplemate in place 

of the normal exit slits. A machined mount permits the adjustment of 
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the detector position relative to the focal plane. This device has an 

extended sensitivity in the red region of the visible spectrum. The 

sensitivity at 830 nm is 22 ~A/W and at 550 nm is 67 ~A/W. The use of 

a multichannel detector makes it possible to acquire dispersed spectral 

data simultaneously over a significant spectral range. If a 600 line 

per mm grating (low resolution) is employed the useful spectral range 

spanned by the intensified detector is about 40 nm (~1400 cm-1) while 

with the 1800 lines per mm grating (high resolution) the range is about 

5 nm (approx. 100 em-I). Only the central 680 channels of the 1024 

channel diode array in the reticon are intensified. The high resolution 

grating permits the use of all 680 intensified channels while the 40 nm 

maximum bandpass of the filter stages in the Trip1emate limits the 

illuminated field on the detector face to only the central 600 diode 

channels. There are several advantages to being able to acquire the 

entire spectrum of interest at once. First there is the Fe1gett 

advantage [117] i.e. the signal to noise ratio obtainable with such an 

arrangement is greater than that obtainable in collecting the same 

spectrum point by point over the same time period by a factor of n1/ 2 

(where n is the number of points). The second advantage which is 

particularly important for time resolved measurements is that transient 

features that appear at one end of the spectrum can be confidently 

compared to features which appear at the other end because the data was 

acquired simultaneously. Relative intensity changes are not due to 

changes in effective pumping or other factors which may change during 

the course of the measurement because the entire spectrum is recorded at 
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once. 

The reticon detector is controlled by an optical multichannel 

analyzer (OMA) (PAR model 1461) which is in turn controlled by a 

microprocessor (IBM AT). The OMA sets the scan conditions and 

temperature of the diode array. The optical signal is accumulated at 

the detector and read after a designated scan time. The accumulation 

time is chosen so the accumulated signal does not exceed the capacity of 

the OMA to transfer the digital signal from each channel to its memory 

during the data read sequence. This capacity is 16332 counts and 

usually an accumulation time is selected so 80% of this capacity is 

utilized. The results of successive scans are sunmled in the OMA until 

the scan sequence is complete. Communication with the OMA is made 

through the IBM AT. A homemade interface program maintains the 

connection to the OMA permitting the transfer and storage of data and 

transmission of instructions while permitting the viewing and processing 

of data already acquired. The acquired data is stored on disc. 

b. Transient Absorption Detection 

The transient absorption signal is obtained by monitoring the 

light translnitted through the sample. A microscope objective is used to 

refocus this light after it transits the sample. Two dispersive prisms 

are used to separate the transmitted pump and probe beams. The 

spatially filtered probe laser light is sent to an amplified photodiode 

detector (model HUV-2000B EG&G Photon Devices). The signal from this 

photodiode is sent to a lock-in amplifier (Ortec-Brookdea1 model 9505) 

which is referenced to a mechanical chopper placed in the pump laser 
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beam. This allows only changes in the transmitted probe intensity 

caused by the pump laser to be detected by the lock-in amplifier. The 

mechanical chopper is moved into the probe beam to independently record 

the transmitted signal of the probe laser without the pump. The 

transient absorption signal, defined as 8A, where 8A is the pump laser 

induced change in absorbance at the probe laser wavelength is calculated 

using 

aA = __ 1_ aII 
In 10 

Equation (2.2) 

where I is the transmitted probe intensity and aI is the change in the 

transimitted probe intensity caused by the pump-laser. 

Transient absorption measurements are not made simultaneously 

with the Raman measurements but rather sequentially because they require 

the use of the mechanical chopper. The purpose of performing the 

transient absorption measurements in conjunction with the RR 

measurements is to establish the degree of photolysis induced by the 

pump laser. The sequential acquisition of the transient absorption and 

resonance Raman data is adequate for this purpose. 

III Methods and Procedures 

1. Laser Diagnostics 

Performance and analysis of time resolved experiments rely heavily 

on the precision and accuracy of the laser parameters relevant to the 



measurements. These include temporal pulse widths, average powers, 

optical delay times, pulse jitter and wavelength. Evaluation of the 

degree of photochemistry induced by the pumping laser requires an 

accurate determination of the laser beam cross section. The spatial 

overlap between the two beams of a two color experiment must also be 

established. For measurements on the picosecond time scale the 

determination of these parameters requires specialized equipment and 

prxedures. The challenge presented by these requirements has been met 

in several ways. 
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The Nd:YAG laser pulse widths are measured and monitored by a fast 

photodiode (Antronics AR-S2) and a sampling oscilloscope (Tektronix 7603 

with a 7S11 sampling unit and 7T11 sample sweep unit). These devices 

have a combined temporal resolution of approximately 70 ps. The quality 

of the mode-locking is determined by monitoring the shape of the traced 

pulse on the sampling oscilloscope. Power measurements are made with 

either a surface absorbing device (Coherent, model 210) or a photodiode 

power meter (Coherent, model 212). The latter device requires a 1000 X 

radiation attenuator when used with the YAG laser output. 

Dye laser powers are measured with the model 212 photodiode power 

meter. A calibration curve giving the dependence of meter sensitivity 

on incident wavelength is supplied by the manufacturer and the 

appropriate corrections were applied to the measurements reported here. 

The dye laser pulse ~'~idths are measured by autocorrelation with a rapid 

scanning autocorre1ator (Coherent model 360). This device splits the 

dye laser beam sending one half through a periodically variable optical 
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path. This induces a continuously varied delay between the two halves 

of the beam. The halves of the beam are recombined by focusing into a 

KDP (potassium deuterium phosphate) doubling crystal. The crystal is 

oriented so only the ultraviolet light produced from the mixing of both 

beams can be detected by a photomultiplier. Such mixing is maximal when 

there is no delay between the two beams and falls off quickly as the 

delay is increased. The output of the photomultiplier is displayed on 

an oscilloscope against the sweep signal which controls the varying 

optical delay. The resulting trace is the autocorrelation of the laser 

pulse and represents a measurement of the pulse width. The 

autocorrelation trace can yield the true pulse width if the true shape 

of the pulse is known. Pulse shapes are often approximated as Gaussian 

curves because the deconvolution of two Gaussians is trivial; the FWHM 

of the pulse is 2-1/ 2 of the FWHM of the autocorrelation trace for 

Gaussian pulses [118]. The shape of pulses produced by mode-locked dye 

lasers is more closely approximated by a secant squared function but the 

Gaussian approximation is generally accepted as reasonable because of 

the ease of calculation it affords [118]. The autocorrelation trace is 

calibrated by inducing a fixed and well known delay into one or both 

beams within the autocorrelator by means of an optical flat of known 

dimensions inserted into the optical path. This calibration proved to 

be unreliable and is replaced by comparing the autocorrelation trace 

obtained with the autocorrelator and the autocorrelation width obtained 

by a slow scanning homemade device which relies on the translation of an 

optical delay line for its calibration. It is possible to use a digital 
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oscilloscope (Tektronix model 7854) to digitize the autocorrelation 

signal provided by the rapid scanning autocorre1ator. This trace can be 

conveniently signal averaged and transferred to the IBM AT for display, 

storage and automatic determination of the autocorrelation width and 

true pulse width. Generally the light which is not used in the optical 

train after the pellicle beam splitter is available for use by the 

autocorre1ator. This enables the constant (or alternating) monitoring of 

one dye laser beam or the other during the Raman measurements. 

The rapid scanning autocorre1ator is also used to measure the 

cross correlation between two dye laser pulses. When two collinear 

beams are directed into the autocorre1ator each beam is split into the 

two optical paths required for the production of the autocorrelation 

trace . Each beam will produce such a trace when the frequency doubling 

crystal is angle tuned for the wavelength of that beam. If the timings 

of the pulses from each laser are within 80 picoseconds of each other 

(the scanning range of the device) then there is a position of the 

doubling crystal which will produce a trace representing the cross 

correlation of the two beams. This position is between the positions 

for the two separate beams. The position of the crystal which 

accomplishes this efficiently mixes the frequencies of the two different 

pulses. Because there is light from each beam in both of the optical 

paths within the autocorre1ator the cross correlation trace will appear 

twice during each scan cycle; one trace corresponding to the mixing of 

the lower frequency light in one path with the higher frequency light in 

the other and the other trace arising from the reverse combination. One 
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trace occurs when one color is retarded relative to the other and the 

other when the other color is advanced relative to it. When the delay 

between the pulses in the two beams is made zero by the optical delay 

line these traces are superimposed. This determination is used to 

locate the temporal coincidence of the two pulses, which is the zero of 

time for the experiment. 

The cross-correlation trace obtained this way is broadened by any 

jitter between the two dye laser pulses because the rapid scanning 

autocorrelator averages over many individual laser pulses to generate a 

single trace on the oscilloscope. Considering the jitter between the 

two dye laser pulses to be adequately represented as a normal 

distribution of small delays centered at zero one can relate the 

measured cross correlation, Too, the autocorrelations, Tool and Tao2' of 

the pump and probe respectively, and th~ width of the Gaussian 

distribution of delays about zero, T j' by the eJtpression [119]; 

Equation (2.3) 

where the T'S are the full widths at half height for the traces or the 

distribution of delays representing the jitter. Equation 2.3 is used to 

calculate the experimental jitter from the autocorrelation measurements. 

Typical values of the jitter, Tj' for the dye lasers used in this work 

range from 4 to 8 ps. A value of Tj - 5 ps implies an uncertainty of ± 

2.5 ps in the temporal separation of the two dye laser pulses. 
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2. Wavelength Determination 

Raman shifts are calculated on the basis of wavelength 

determinations. The wavelengths of the lasers and the Raman bands are 

measured by assigning a wavelength value to each channel of the Reticon 

detector for a particular monochromator setting. This assignment is 

made using the identification of atomic lines provided by a gas 

discharge lamp, usually a neon lamp is adequate for this purpose. The 

maximum error found in this method of calibration is 0.1 nm for the 600 

lines per mm grating and 0.035 nm for the 1800 lines per mm grating. 

This translates to maximum errors of 2 cm-1 and 0.8 cm-1 in determining a 

Raman shift with each grating in the spectral region where the RR 

spectra of BR and the primary intermediates are found. 

3. Preparation of the sample 

PM is isolated from the Rl strain of Halobacterium Halobium by the 

same procedure described by Oesterhelt and Stoeckenius [126]. About 20 

g of the cultured cells are suspended in basal salt solution. These 

cells are dialyzed against distilled and deionized water for 15 hours. 

The PM is collected by centrifugation at 100,000 x g for 45 minutes and 

washed with 0.1 M NaCl solution three times before a final wash with 

sterile distilled weter. Further purification is accomplished by 

centrifugation in a sucrose density gradient for 15 hours at 140,000 x g 

using a swinging bucket rotor (Beckman). The gradient consists of three 

layers composed of sucrose with the following concentrations 1.15 M, 

1.25 M, and 1.5 M. The purified PM is collected from a layer lying 
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between the 1.15 and 1.5 M sucrose layers. This PM is dialyzed in H20 

to remove the sucrose and is recollected by centrifugation at 100,000 xg 

for 45 minutes. The PM is then suspended in distilled deionized water 

to yield a suspension with an optical density of 4.0 at 565 nm. The 

purity of the PM isolated by this procedure is monitored by absorbance4. 

The ratios of the absorbances, A~, at specific wavelengths, ~ (in nm), 

are taken to indicate the relative amo'unt of protein material to pigment 

and the degree of PM aggregation. These ratios are A280/AS6S and A700/AS6S 

respectively. The PM prepared for this work exhibits ratios of A280/AS6S 

= 1.8-2.0 and A700/AS6S - 0.08 - 0.1. The pH of the purified sample lies 

between 5.5 and 6.5 and is generally not adjusted although some 

experiments are performed with the sample titrated to a pH of 7 with 

.001 N NaOH. No differences in the PTR3 , PTRF and PTA spectra are seen 

over this pH range. 

4. Sample Delivery 

The PM suspension is maintained in a reservoir contained in an ice 

bath throughout the experiment. The sample is pumped from this 

reservoir by a micropump (micropump model 80512) and forced through a 

380 micrometer diameter glass nozzle. A teflon catch tube returns the 

circulating material to the reservoir. The head of the micropump is 

inserted into an ice bath. Thus the temperature of the sample in the 

reservoir is maintained at llC. These measures are designed to 

eliminate heating due to the mechanical pump and not the laser 

excitation. The laser excitation does not measurably change the 

temperature of the flowing sample. The sample experiences some 



63 

degradation, measured by a 10'- 30 percent loss of Absorbance at 565 nm 

after about 5 hours of circulation. 

Before Raman measurements are begun the PM sample is light 

adaptated. Light adaptation is necessay to insure that any BR-548 

present in the sample is converted to the all-trans BR-570 form. This 

is accomplished by illuminating the flowing sample with the light of a 

60 watt incandescent bulb. This bulb is held in a reflector assembly at 

a distance of approximately 30 cm from the sample for a period of 

approximately 20 minutes. This illumination is repeated periodically 

during the course of measurement. None of the single laser Raman 

spectra acquired this way have shown contamination by the presence of 

dark adapted BR features. 

The transit time of a volume element defined by the intersection 

of the focused laser beams and the flowing sample jet is critical to 

insure the sample volume element is illuminated by only one set of pump

probe pulses before it is replaced by a fresh volume element. The flow 

rate, the flowing stream diameter and the laser beam diameter must be 

controlled to ensure the sample volume is removed fast enough to permit 

the 1 Megahertz repetition rate used here. The flow rate is measured by 

timing the accumulated volume pumped from the pump reservoir into a 

separate vessel. This rate is found to vary between 90 and 120 

milliliters per minute. Some of this variation is due to differences in 

the nozzles used. Both the variations in the nozzle diameter and in 

length may affect the flow rate. The flow rate is checked for each 

nozzle when it is installed. The nozzles are cut from glass capillary 
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pipettes (Sahli 1525-1 20 cmm) and have diameters between 350 to 380 

micrometers. These diameters are measured by translating the flowing 

stream across the focused laser beam using a micrometer translation 

stage and by observing the onset and termination of the beam's 

deflection. This measurement determines the diameter of the actual jet 

stream to within 10 micrometers. This measurement agrees well with the 

direct measurement of the nozzle diameter using a microscope with a 

reticle. The maximum allowable beam diameter determined from the 

minimum flow rate and maximum jet diameter is 10 micrometers. 

The laser beam diameter both focused and unfocused is determined 

by translating a knife edge across the beam while recording the 

attenuated beam intensity [120]. Because the beam intensity across its 

circular cross section varies as a Gaussian function the intensity 

transmitted past the occluding edge is given by 

I(x,y) = Io exp ( -2 (x:
2
+ y2) ) 

Equation (2.4) 

where x denotes the coordinate along the direction of translation and y 

the coordinate parallel to the knife edge and where w denotes the beam 

radius at which the intensity has fallen to 1/e2 of its maximum. 

Integrating I(x,y) over the y coordinate gives I(Xl), the intensity 

transmitted past the knife edge located at position xl : 

I(x1 ) = (,) [~rS Io Z exp (-2 ~:) dx 
Equation (2.5) 

The integral in eq 2.4 is the complimentary error function, Erfc() 

[121]. From the tabulated values of Erfc(). and Equation 2.5 it is seen 
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that the value for x which I(x) - Imu/2 is 0, the center of the beam, 

while the value which corresponds to I(x) - 0.84 Imax is w12. Four 

times the distance between these two points is the beam diameter. The 

results of such a measurement are displayed in Figure 2.2, where the 

value for the beam diameter is found to be 0.4 cm. This value can be 

used to calculate the corresponding focused beam waist, wf' produced by 

the 5 cm focal length microscope objective using the expression for 

Gaussian beams [123] 

Equation (2.6) 

where f is the focal length of the lens and A the wavelength of the 

beam. For the 565 nm beam data presented here the focused diameter is 

calculated to be 9 micrometers while the 590 nm beam is (data not shown) 

found have a focused diameter of 8 micrometers. A computer driven 

piezoelectric device ( inchworm) is used to translate a razor blade 

through the focused beam. The results of these measurements agree well 

with the values calculated from the more reliable measurement of the 

unfocused beam yielding 12 ± 3 and 11 ± 3 for the 565 nm and 590 nm 

beams respectively. 

5. Raman Measurements 

a. Polarization Properties 

The depolarization ratio for Raman scattering is defined as I.L /111 

where I.L is the intensity of the scattered light with polarization 

perpendicular to that of the exciting laser light and III the 
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corresponding intensity with polarization parallel to that of the laser 

light. In order to neutralize the response of the detection system to 

light of each polarization these polarization measurements are performed 

with a polarization scrambler (Optics for Research DPU-lS) inserted into 

the optical train between the collecting lens and the monochromator. 

The scatterings for the perpendicular and parallel polarizations are 

selected by a dichroic polarizer inserted between the collecting lens 

and the polarization scrambler. The RR spectra collected for each 

polarization are very similar. There are no differences between the 

relative intensities of any of the major RR bands. The depolarization 

ratio measured from the c-c stretching band is found to be 0.13. This 

value is lower than the literature value of 0.22 [124]. This difference 

may be due to experimental error or to an increased degree of 

orientation of the PM patches in the flowing sample used in this work. 

The same value for the depolarization ratio is found in the antis tokes 

RR bands measured in the same way. Most of the results reported here 

are recorded without regard to polarization because the RR scattering 

from BR is so highly polarized. The polarization scrambler is generally 

not employed because it reduces the observed RR intensity due to 

reflective losses and the lower efficiency of the monochromator for the 

parallel polarization component of the scattered light. It is employed 

in the quantitative measurements of relative stokes and antis tokes 

intensities reported because they rely on the use of a calibrated 

unpolarized white light source. 

b. PTR3 Experimental Protocol 
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The following sequence of spectra are required to complete a time 

resolved RR measurement at a given delay: the pump and probe, the pump 

only, the probe only, and the dark background. This sequence is usually 

repeated in reverse order; the entire double sequence is then repeated 

until the required signal averaging is obtained. The results of each 

type of spectra obtained in a sequence are summed for this purpose. 

Figure 2.3 displays a sample of each of these data acquisitions. 

c. Treatment of Data 

The RR data obtained in this way are further processed by removing 

several contributions from the acquired signals. For the two laser PTR3 

data the presence of an unwanted optical signal from the pump laser 

necessitates a slight modification to the procedure used to treat the 

single laser data. The stored data, r, acquired from the Reticon 

detector through the OMA contain, in addition to the desired RR 

information, a small amount of random noise, wavelength-dependent 

signals arising from sensitivity variations among the diodes in the 

Reticon's array, and contributions from the electronic integration and 

storage processes which remain constant for a given collection period. 

A 17-point, weighted smoothing routine is used to treat the random noise 

[125]. The constant components of both the electronic and optical 

contributions to r can be empirically determined and removed by 

subtraction. For example, the electronic contribution to r is measured 

by obtaining the response of the detector and OMA with no light incident 

on the detector. This dark measurement, r(D), is obtained under 

identical conditions used to record r except for the absence of the 
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optical signal at the detector (see Figure 2.3). The constant optical 

contributions to r include the wavelength-dependent response of the 

reticon and the fluorescence background in the optical signal arising 

from the BR photocycle itself. The relative responsivity of the 

individual diodes of the detector array depends on variations in the 

sensitivity from diode to diode as well as the spectral response of the 

Reticon's intensifier relative to the dispersed optical signal. This 

response is measured by illuminating the slits of the monochromator with 

the continuum output of a tungsten lamp. The difference between this 

white light (WL) value for r and the corresponding r(D), is r(WL) 

(after normalization to a value of 1 at its intensity maximum). This 

optical contribution is removed calculating the ratio of r with r(WL). 

The PTR3 spectrum, 0, is then given as 

0- [r(A) - r(B)]/r(WL), Equation (2.7) 

where for the single-laser measurements, A denotes the collected 

radiation from the single-laser excitation and B the dark measurement 

and for the two-laser measurements A denotes the collected scattered 

radiation from excitation with both pump and probe lasers and B the 

scattering from the pump-laser excitation only. Examples of the results 

of these operations on the data presented in Figure 2.3 are shown in 

Figure 2.4. 

In the case of the two-laser measurements, subtraction of r(B) 

removes the contribution of the fluorescence and scattering induced by 
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the pump laser as well as the electronic dark background. 

In order to more clearly present the RR spectra, the contribution 

of the fluorescence background induced by the probe laser is removed 

from both the single and two-laser measurements by subtracting a third 

order fit to the baseline of O. There are differences in the 

fluorescence baseline of 0 obtained at different time delays in the two

laser measurements and in the single-laser measurements at different 

laser powers. These differences, arising primarily from the 

fluorescence of K-590 formed in the photocycle, have been investigated 

in previous studies [74,83] and do not appear in the PTR3 spectra as 

they are presented here. 

All of the RR spectra presented in the following chapters have 

been prepared using the methods described above. The vertical axis used 

in displaying RR spectra are identified as RR Intensity (a.u.) and 

represent 0 determined using Equation 2.7. When further subtraction 

procedures have been performed to separate overlapping RR contributions 

from different species present in the RR spectra these are identified as 

difference spectra. These difference spectra are prepared by 

calculating 01 - s·02 where 01 represents the RR data containing several 

contributions and O2 represents the RR spectrum containg the 

contribution to be removed from 01 and s is an appropriate scaling 

factor. 

d. White Light Response 

The response of the detection system to white light is used for 

two purposes in the work reported here. First, as described above, it 
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is used in a relative sense to account for the pixel to pixel response 

of the detector. Second it is used in an absolute sense to establish 

the instrument response function needed to evaluate relative Raman 

intensity ratios for bands that are measured at widely different 

wavelengths (i.e. stokes to antistokes band intensity ratios). For the 

first application a 60 Watt household incandescent lamp proves to be an 

acceptable light source while a more controlled source is needed to meet 

the more stringent requirements of second application. A 100 Watt 

quartz-halogen tungsten lamp (Osram HLX 64-625 FeR) operated with a 

stabilized 12.5 volt direct current power supply (Power mate corp 46204) 

is employed to determine the instrument response function. A typical 

white light spectrum for each of these sources is presented in Figure 

2.5. The differences between these two spectra reflect the different 

color temperature of each source. Both of these sources are good 

approximations to blackbody radiators (spectral emissivity of ~0.4) with 

color temperatures of about 2700-3300 K. The color temperature of the 

60 W lamp is unknown and undoubtably varies considerably with time and 

line voltage. Its spectral response is altered by the phosphors used in 

its construction. Although these characteristics make it undesirable 

for absolute calibrations it is suitable for determining the pixel to 

pixel response of the Reticon detector. This is because the errors 

introduced by these variations in spectral response will, in general, 

result in a uniform systematic error in the ratio calculated by Equation 

2.7. This error will be a smooth function of wavelength and will be 

removed by the same baseline subtraction used to remove the fluorescence 
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background from the PTR3 data. This use of this lamp over the better 

characterized quartz-halogen lamp is preferred for two pragmatic 

reasons. It is much cheaper to operate and the spatial distribution of 

the lamp output allows for routine uniform illumination of the 

monochromator slits without tedious alignment. 

The ratio of observed stokes to antistokes intensities can be 

corrected for the response function of the detection system by 

mUltiplication with a factor determined from measurements of the 

instruments response to a calibrated source at the wavelengths of the 

stokes and antis tokes Raman scattered light, As, and Ao respectively. 

This factor, F(As,Ao) is given by 

Equation (2.8) 

where Is and 10 are the measured white light intensities expressed in 

numbers of photons/unit wavelength, and dUs and dUo are the known 

spectral energy densities at As and Ao respectively. The values of 

dU(A)/dA are obtained from a calculation of the Planck blackbody 

radiation law corrected for the spectral emissivity of tungsten [124]; 

lW =e (A. T) (8 'nhC) [ e ~ j6A. 
I A.5 -he 

l- e "lkr Equation (2.9) 

where the spectral emissivity of Tungsten, f(A,T) is given by a linear 

interpolation of tabulated values [126]; 

dA,T) -{ [(7.l4xlO-s T) + 0.0156]/183} A + 0.551 Equation (2.10) 
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The validity of this calculation of dU(~)/d~ was tested by fitting the 

observed values for quartz-halogen lamp emission published in reference 

[127]. The observed (uncorrected) response of the detection system to 

the quartz-halogen lamp is displayed in Figure 2.6 along with the 

appropriate portion of the calculated blackbody curve for comparison. 

This data was obtained using the 100 W lamp coated with magnesium oxide 

which acts as a spectrally neutral diffuser [128]. The lamp was placed 

in the position held by the sample in RR measurements so the same 

collection optics could be used. The diffusing MgO coating reduced the 

light intensity entering the monochromator sufficiently to permit using 

the same slit sizes normally used for acquisition of RR data. The 

values of F(~a'~Q) obtained this way are reproduced in Table 2.1 for 

several appropriate wavelengths. Several of these values were tested by 

using them to correct the observed normal Raman band intensities for the 

stokes and antistokes scattering produced by the solvent, Toluene. The 

relative stokes to antistokes intensities corrected this way reliably 

agreed with those calculated from the expression for the intensity 

ratios for normal Raman scattering 

equation 2.11 

where va and va are the frequencies at which the respective stokes and 

antistokes scattering occurs for the vibrational band of frequency Vb 

and where p represents llkT, with k as the Boltzmann constant and T the 
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absolute temperature. 

6. Transient Absorption Measurements 

The kinetic simulation model used here to predict the population 

and relative RR contributions of the various BR species is based on 

transient absorption data recorded using much of the same apparatus 

employed in the RR measurements. Although care is taken to ensure that 

precisely the same experimental conditions are used for both 

measurements it is necessary to demonstrate that the same transient 

absorption results are obtained using the identical but separate sample 

delivery system employed for the RR work. The results of such a 

transient absorption measurement are displayed in Figure 2.7. The 

dashed curve in this figure is the simulation model's fit to this data. 

This demonstrates that the experimental conditions used for the RR data 

collection are the same as those used to develop the simulation model. 

This shows the degree to which the photochemical and photophysica1 

changes induced in BR by the laser excitation are the same in both sets 

of measurements. It is not possible to acquire the RR signal 

simultaneously with the transient absorption data because the 

measurement of the transient absorption signal requires using an 

mechanical chopper in the path of one of the lasers. The transient 

absorption results are also not routinely recorded with the RR data 

because the insertion of the optics used to collect the light 

transmitted through the sample prevents monitoring the position of the 

transmitted beams which must be checked over the course of the long 

lasting RR measurements. 
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7. Application of the Kinetic Simulation Model 

The kinetic simulation model predicts the time dependent 

population of each species, Ni(t), which is produced under the specified 

excitation conditions. A sample illustrating these populations is shown 

in Figure 2.8. The relative contribution, Ai' of each species to the 

measured RR scattering is given by 

A J. = B J. J Ni ( t) I (t) dt 

equation 2.12 

where Pi is the efficiency for RR scattering from species i and I(t) is 

the intensity of the probe-laser pulse which is assumed to have a 

Gaussian temporal distribution. Equation 2.12 can be used to analyze 

single-laser RR spectra obtained with varying pulse intensities if 

values of Pi remain independent of the intensity of the laser 

excitation. While the values of Pi are not known ratios of Ai 

determined at different powers provide information on the relative 

contributions to the RR scattering. For example, the ratio of the BR-

570 contributions at low and high powers can be used to scale the low 

power spectrum to represent the BR-570 contribution to the high power 

spectrum. Subtraction of the scaled BR-570 contribution from the total 

RR signal obtained at high powers results in a difference spectrum which 

represents the RR scattering from all other species present during the 

laser excitation. The relative contributions of these species can be 

evaluated in terms of the relative values of the Pi which must be 
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established independently. To a first approximation the Pi should scale 

as the absorption coefficients of these species since the RR intensity 

of BR-570 does follow the absorption curves [124]. For convenience and 

to provide a first approximation for the purposes of comparison the 

values of ~i calculated here are made replacing Pi with the appropriate 

absorption coefficient. Equation 2.12 can also be applied to the two

laser measurement performed at zero time delay if the values of Ni(t) 

used are calculated for the pump-laser excitation and I(t) represents 

the probe-laser pulse. 

Values of the relative RR contributions, Ai' obtained using 

Equation 2.12 for several excitation wavelengths are presented in Tables 

2.2 and 2.3 for single and two beam experiments, respectively. These 

results are used to analyze the time-resolved stokes and antistokes RR 

data presented in the following chapters. 



Figure 2.1 Two-laser, PTR3 and PTA instrumentation. This instrumentation 

is utilized to r,ecord PTR3 and PTA data sequentially on the 

same BR sample with the same experimental parameters. The 

mechanical chopper (CH) , used only for PTA measurements, is 

placed in two different positions: to intercept the probe beam 

(position 1) or the pump beam (position 2). The CH is not used 

for PTR3 measurements. ML: mode-locker; Hl: half wave plate 

(1064 nm); H2: half-wave plate (532 nm); Ml-M10: front 

surface, dielectrically-coated mirrors; PBS: polarizing beam 

splitter; CD: cavity dumper; T: timing synchronization; DL: 

optical delay line; RP: retroprism; P: prism used either for 

combining or dispersing pump and probe beams; FO: optics used 

for either focusing or collimating the pump and probe beams; 

SR: sample region showing collinear laser beams and flowing 

liquid jet of BR; D: sensitive photodiode; BD: beam dump; CO: 

collecting optics for scattered light; TRIP MONO: triple 

monochromator; R: intensified reticon; OMA: optical 

multichannel analyzer; LI: lock in amplifier; COM: computer. 
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Figure 2.2 Laser beam waist determination. The light intensity 

transmitted past a translating knife edge is plotted against 

the position of the knife edge expressed relative to the 

center of the beam. The marked points correspond to the 

positions where the intensity has fallen to 84 percent and 50 

percent. The difference between the knife edge positions for 

these points corresponds to one fourth of the beam diameter 

(see text). 
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Figure 2.2 
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Figure 2.3 Untreated time-resolved' resonance Raman data. These data 

acquired in a typical time resolved resonance Raman 

measurement sequence. These traces are the recorded 

intensities obtained with: A. the pump and probe lasers, B. 

the pump laser alone, C. the probe laser alone and D. no light 

incident on the sample (dark collection). 
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Figure 2.4 Treated time-resolved RR data. Typical RR data (see Figure 

2.3) after treatment following the procedure indicated by 

Equation 2. Trace A obtained with both pump and probe laser 

excitation, and trace B obtained with the probe laser alone. 

Traces C and D are obtained from A and B respectively by 

subtraction of the fluorescent baseline using the procedure 

outlined in the text. N.B. The large pump laser induced RR 

band appearing in trace A and B of Figure 2.3 does not appear 

in the treated data shown here demonstrating that the 

difference procedure employed here is effective in removing 

even large contributions from the pump laser. 
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Figure 2.5 White light spectra obtained with the reticon and optical 

multichannel analyzer. Intensities are normalized to 100 at 

the maximum of each trace. Trace A is obtained with a 100 W 

quartz-halogen lamp and trace B using a 60 W incandescent 

bulb. These data acquired using the 600 line/mm grating 

represent a spectral range of approximately 40 nm centered at 

620 nm. This spectral range corresponds to the region where 

the RR spectrum of BR is typically found using the excitation 

wavelengths employed in this work. 
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Figure 2.5 



Figure 2.6 The measured white light response of the detection system 

(solid trace). The broken trace represents the calculated 

spectral response of the calibrated quartz-halogen lamp used 

to acquire this data (see text and ref.127). 
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Figure 2.6 
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Figure 2.7 Picosecond transient absorption data (solid trace) obtained 

with the apparatus shown in figure 2.1, ~ is the change in 

the probe laser (590 nm) absorption induced by the action of 

the pump laser (570 nm) The broken trace is the fit to this 

data made using the detailed rate equation model which 

describes the optical excitation process (see text and refs. 

74,88). 
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Figure 2.8 The transient populations of the early photocycle species 

plotted a function of time relative to the pump laser pulse. 

These populations are obtained from the detailed rate equation 

model which simulates the optical excitation process in BR 

(see Appendix A and refs. 74,88). The primed letters denote 

the vibrationally excited species. 
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Table 2.1 

Raman Spectrometer Response Function. 

Wavelength (nm) Correction Factor 

Antistokes Stokes 
(F(~a,~a» 

590 670 0.837 

570 590 1.241 

570 624 1.639 

570 608 1.336 
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Table 2.2 
Relative Raman intensities calculated from 

Equation 2.12 and simulated populations for 570 nm excitation. 

Power BR BR' J K' K 
(mW) 

0.50 0.06 0.00 0.00 0.00 0.00 

1.00 0.11 0.00 0.00 0.00 0.00 

2.00 0.21 0.01 0.00 0.00 0.00 

3.00 0.30 0.02 0.00 0,,01 0.00 

5.00 0.46 0.05 0.01 0.02 0.01 

6.00 0.53 0.07 0.01 0.02 0.01 

7.00 0.59 0.09 0.02 0.03 0.01 

8.00 0.65 0.11 0.02 0.04 0.02 

10.00 0.75 0.16 0.03 0.06 0.03 ' 

12.00 0.84 0.22 0.04 0.09 0.34 

14.00 0.92 0.28 0.05 0.12 0.04 

16.00 0.96 0.40 0.08 0.06 0.02 

18.00 1.01 0.48 0.09 0.08 0.03 

20.00 1.06 0.56 0.11 0.09 0.03 

22.00 1.10 0.65 0.13 0.10 0.03 

25.00 1.14 0.77 0.15 0.13 0.04 



Table 2.3 
Relative Raman intensities 

calculated from Equation 2.12 and simulated populations 
for 570 nm pump and 590 nm probe excitation 

Power BR BR' J K' K 
(mW) 

1.000 0.108 0.002 0.001 0.000 0.000 

2.000 0.101 0.005 0.002 0.000 0.000 

5.000 0.086 0.010 0.004 0.001 0.000 

10.000 0.066 0.015 0.007 0.002 0.000 

20.000 0.045 0.020 0.008 0.006 0.002 

25.000 0.020 0.025 0.007 0.007 0.002 

86 
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CHAPTER 3: 

EXPERIMENTAL RESULTS: THE RR SPECTURM OF K-590 

This chapter reports the results of the time-resolved, PTR3, 

experiments. The spectrum of K-590 obtained from the time-resolved 

difference spectrum at 40 picosecond delay is described and analyzed. 

Changes in the K-590 spectrum relative to the BR-570 spectrum are used 

to demonstrate that the conformation and configuration of the K species 

is different from that of BR. The K-590 spectrum is shown to be 

consistent with that expected for a l3-cis isomer with a twisted 

conformation. Comparison to other RR spectra attributed to the K 

intermediate in the literature is made. 
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I Introduction; The two laser picosecond time-resolved experiment 

The two laser, picosecond time resolved resonance Raman (PTR3 ) 

experiment together with the quantitative kinetic model, described 

previously (see chapter 2, 111-7), makes it possible to obtain an 

unambiguous vibrational Raman spectrum of the K-590 intermediate of the 

BR photocycle in spite of the problems resulting from rapid kinetics and 

the high degree of spectral overlap of the BR-570 and K-590 absorption 

and Raman spectra. The model assumes that after the formation of K-590 

is complete, at delay times greater than 40 picoseconds, the only 

species present, for at least several hundreds of picoseconds, are BR-

570 and K-590. The relative populations of these two species are 

calculated for the experimental conditions appropriate to the particular 

PTR3 experiment. The difference spectrum which removes the known BR-570 

contribution from the total, two laser, PTR3 spectrum is prepared by 

scaling the low power, BR-570 spectrum by a factor representing its 

relative contribution and performing the prescribed subtraction. The 

picosecond time resolution and minimally perturbing probe laser 

excitation of the PTR3 technique make this approach possible. 

The K-590 spectrum obtained by this approach can be analyzed by 

comparison with the parent chromophore and with model compounds. 

Changes in the vibrational spectrum can be identified and used,to infer 

what structural changes have occurred to the chromophore. This is the 

first of three aspects of the K intermediate which can be directly 

addressed by this approach. Once the 40 picosecond intermediate's Raman 

spectrum and structure are characterized it becomes possible to apply 
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the PTR3 technique at various delays to determine if changes can be 

observed in K-590 as a function of time. The characterization of the K-

590 chromophore over the lifetime assigned to it on the basis of 

transient absorption studies is thus the second aspect of the early 

photocycle that exploits the time resolution of PTR3 spectroscopy. 

Finally, the relative intensities of the RR scattering obtained from K-

590 can be examined as a function of the pump probe delay. This 

provides a vibrational spectroscopic probe of the kinetics of K 

formation. 

II The RR spectrum of BR-570 

The resonance Raman spectrum of BR-570, the stable, parent 

species, of the photocycle is the natural starting point for a 

discussion of these PTR3 results. The RR spectrum of the BR chromophore 

obtained by low power pulsed excitation provided by the picosecond dye 

laser tuned to 590 nanometers is presented in Figure 3.1 in which the 

major vibrational features are identified by the descriptive names 

generally used in the literature. These include: the Fingerprint region 

(1100-1250 cm-1) consisting RR bands assigned to several C-C single band 

stretches which are considered to be sensitive to changes in the 

configuration of the Retinal chromophore [50,51,58], the C-NH stretch 

(1640 cm-1 ) , the coupling of the NH rock to this stretching vibration 

makes it sensitive to the protonation state of the Schiff base, the C=C 

stretching band 1526 cm-1 ) , the methyl rock (1008 cm-1 ) and the hydrogen 

out of plane modes (HOOP) (940 - 980 cm-1 ) whose intensity is enhanced 

when the retinal chain is distorted out of plane [132]. The assignments 
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of specific vibrations of local groups to these bands in BR-570 based on 

the isotopic substitution experiments of Smith et al. [94] are listed in 

Table 3.1. 

This spectrum compares well with similar data acquired under the 

same collection conditions using non-pulsed, cw, laser excitation [129]. 

BR-570 spectra obtained at several excitation wavelengths using pulsed 

excitation are displayed in Figure 3.2 for comparison. Over the range 

of 532 nm to 624 nm only very small (lor 2 cm-1) changes in band 

positions occur and no significant variation in relative intensity among 

the major RR bands is apparent. The 532 nm data (Figure 3.2 b) as well 

as the second 620 nm data (Figure 3.2a) are acquired using a laser 

repetition rate of 76 megahertz compared to the 1 megahertz rate used in 

the remaining measurements. 

Since the average powers used in all of these measurements were 

comparable the higher repetition rate excitations actually delivered 

much less energy per pulse (1/76) than in the 1 megahertz exper~ments. 

At 76 Megahertz the laser pulses reach the flowing sample volume 76 

times before it traverses the laser beam. This allows the excitation of 

material which has been previously excited within the preceding 

microsecond. Since the life time attributed to K-590, the second red 

shifted intermediate in the photocycle, is 2 microseconds it is possible 

that the 76 megahertz data is contaminated with some scattering 

originating from photoproducts. Comparison of these high repetition 

rate spectra with the cw spectra in the literature [94,129] reveal no 

such contamination in the case of data acquired at low average powers 
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(1-5 mW). The 1 MHz data in figure 3.2 acquired at different 

wavelenghts appears very similar to these 76 MHz data. At higher 

excitation powers distinct changes appear in the spectra. This is 

illustrated in the data presented in Figure 3.3 where the RR spectrum of 

the fingerprint region obtained with higher power excitation (25 mW) is 

displayed along with a corresponding low power spectrum for comparison. 

These results clearly show that at higher laser powers significant RR 

intensity appears in the region between the two main fingerprint region 

bands. This implies that at higher pulse energies RR intensity from 

species other than BR-S70 contribute to the spectrum. At the lower 

powers used to acquire the I MHz data in Figure 3.2 the yield of 

photocycle products is sufficiently low enough to preclude detection. 

These comparisons serve to establish an empirical basis for determining 

when a pulsed, picosecond excitation induces significant photochemistry 

for self detection (i.e. significant photochemical yield produce 

observable scattering by the same excitation source). 

The results presented in Figure 3.2 demonstrate that it is 

possible to obtain reasonable spectra of the BR chromophore with pulsed 

picosecond excitation sources at a variety of excitation wavelengths. 

This is necessary to provide a basis on which to compare the time

resolved results and, indeed, is essential to producing the time

resolved result since it is necessary to form difference spectra to 

isolate the RR scattering due to the photointermediate from that of the 

overlapping RR spectrum of the starting material. 

Additional higher resolution measurements of the fingerprint 
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region only are displayed in Figure 3.4, here 1 Mw 76 MHz and 1 MHz data 

are compared to the 1 and 5 Mw 1 MHz results. The higher power level 

was utilized in several time-resolved experiments in order to overcome 

the signal to noise problems due to the intense fluorescent background 

induced by the pump laser excitation. While the are no differences 

between the two 1 mY results (Figure 3.4 a and b) some filling in 

between the two large central bands is observed in the 5 mY measurement 

(Figure 3.4 c). While this may suggest that there is some photoproduct 

production (see Chapter 4) it presents no serious impediment to the 

experimental analysis since it is relatively small and because it 

represents a constant contribution to the BR-S70 spectrum produced by 

the probe laser so it will be removed by the subtraction in producing 

the difference spectrum. This result does imply, however, that the 

probe energy is high enough to produce detectable RR signals from a side 

reaction photoproduct which might be induced from the K-590 intermediate 

by the probe pulse itself. No such photoproduct is anticipated in the 

photocycle as it is currently understood in the literature (however, 

see chapter 4). In any case, the relative contribution of any such side 

product to the time-resolved spectrum is expected to be small for two 

reasons. As in the case of the BR-S70 spectrum the side reaction 

intermediate is represented by a small time dependent population 

compared to the comparatively large and constant population representing 

the K-590 population attained at a suitable delay from the pump 

excitation so the side product contribution should be as minor as the 

contamination observed in the 5 Mw data in Figure 3.4c. Also a side 
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photoproduct contribution should in fact be expected to be even smaller 

than this since it is unlikely that such a product would have as high an 

absorption cross section at the probe laser wavelength as either BR-570 

or K-590. 

III The Spectrum of K-590 

The applicability, to these experiments, of the detailed rate 

equation model describing all the known photochemical and photophysical 

processes for all species present on the picosecond time scale relies on 

its ability to simulate the results of transient absorption and 

fluorescence measurements [74,88]. In order to demonstrate that the 

precise conditions used to acquire the PTR3 data are the same as used to 

acquire the PTA and PTRF data the transient absorption measurement is 

performed on the sample in the same position used to acquire the RR 

data. This was accomplished by collecting the light transmitted through 

the sample and using the same detection apparatus as was used in the PTA 

experiments. The results of these measurements are the same as those 

obtained in the other PTA measurements performed in this laboratory. A 

sample of these results appears in Figure 2.7 along with the simulation 

of these data produced by the rate equation model. 

The detailed kinetic model describing the excitation process of BR 

(Chapter 1- VI) predicts that, under the pumping conditions used here 

(14 mW, 6 ps pulses of 570 nm radiation, 20 micrometer beam spot) the 

only species present 40 picoseconds after the excitation are BR-570, and 

K-590. It further predicts that BR-S70 accounts for only 64 percent of 

the total population and this situation remains unchanged for at least 
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several nanoseconds [74,88]. The strategy for obtaining the spectrum of 

K-590 is to acquire the two laser PTR3 spectrum using this 570 nm 

excitation as the pump and a low power 590 nm laser as the probe. This 

way the resulting PTR3 spectrum contains only 64 percent of the signal 

due to BR-570 relative to the total BR-570 signal present in the 

spectrum obtained with only the probe laser (100% of which is due to BR-

570). The K-590 spectrum is then found by subtracting the BR-570 

contribution (64% of the probe only spectrum) from the PTR3 spectrum. 

This analysis is only possible because the time-resolved measurement 

permits the separation of the excitation which initiates the photocycle 

from the excitation which induces the Raman spectrum. 

The two laser spectrum, i.e., the total probe induced scattering 

obtained with a 50 ps delay between the pump and probe radiation is 

presented in Figure 3.5 along with the spectrum obtained with the probe 

laser alone (upper trace). The results of subtracting the BR-570 

contribution, obtained by scaling the probe only spectrum, are presented 

in Figure 3.6 using a range of scaling factors from 10 to 90 percent. 

The 65 percent scaling factor corresponds to the prediction of the model 

(64% BR-570 at 50 ps). The remaining spectra in Figure 3.6 illustrate 

that the general features of the K-590 spectrum are not significantly 

altered in the results obtained with scaling factors around 60 percent. 

The low resolution, BR-570 and K-590 RR spectra over the 750 to 1700 cm-

1 region are reproduced in Figure 3.7 for ease of comparison. Higher 

resolution RR spectra of the (i) C-C stretching and Schiff base (1400-

1650 cm- i ), (ii) C-C stretching (1050-1300 cm- i ) and (iii) hydrogen out 
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of plane (HOOP) and CH3 rocking (750-1050 cm-1) regions are presented in 

Figures 3.8 - 3.10, respectively. The vibrational frequencies obtained 

from the RR features in these spectra are presented in Table 3.2. 

Several probe laser wavelengths have been used to record different 

regions of the K-590 RR spectrum in order to avoid spectral 

interferences from RR scattering generated by the pump laser. The 

frequency positions of the RR bands in the K-590 RR spectrum do not 

significantly vary over the range of probe laser wavelengths used, 590 

nm, 595 nm, 608 nm, as shown in Table 3.2. 

1.The C-C stretching region (1400 - 1650 cm-1) (Figure 3.8) 

The RR spectra of both BR-570 and K-590 are dominated by the 

strong C-C stretching band. This is typical of retinal containing 

chromophores and in the case of BR-570 is anticipated since the rr-rr* 

electronic transition responsible for the resonance enhancement is 

expected to result in significant displacements of the equilibrium 

positions of the C-C vibrational modes in the excited state. The RR 

enhancement is proportional to such displacements. Similar enhancements 

are not anticipated for the c-c single bond modes because they are more 

mixed then the C-C modes which remain the only global modes in a 

molecule whose symmetry is removed by the presence of the methyl groups 

on the polyene chain. The frequency position of the C-C band varies 

slightly (1-2 cm-1 ) as the excitation wavelength is changed from 590 nm 

to 608 nm (Table 3.2), but the small difference between the positions of 

this band for K-590 and BR-570 remains. The important C-NH mode (1640 

cm-1) associated with the Schiff base proton is clearly present in the 



BR-570 spectrum but is less obvious in the K-590 data where the region 

is obscured by the noise. There is, however, a weak feature 

consistently observed in the 1617-1638 cm-1 region for all three probe 

wavelengths (Table 3.2) which probably corresponds to the C-NH mode in 

K-590. 

2. The Fingerprint region (1050-1300 cm-1 ) (Figure 3.9) 
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The C-C single bond bands of the fingerprint region have been used 

to characterize the configuration of the polyene backbone of the retinal 

chrompohore since the coupling and mixing of the e-c, single bond 

vibrations are sensitive to isomeric changes about the C-C bonds [94]. 

The strong bands at 1200 cm-1 and 1169 cm-1 in the BR-S70 spectrum have 

been assigned to the all-trans retinal configuration [94]. The most 

distinctive features of the K-590 spectrum are a single strong band at 

1194 cm-1 together with a shoulder near 1170 cm-1 (Figure 3.9). The 

general appearance of the 1194 cm-1 band is largely unaffected by the 

scaling factor applied to the BR-570 spectrum for the subtraction used 

to analyze the PTR3 data. The relative importance of the 1170 cm-1 

shoulder, however, is strongly dependent on the percentage of BR-570 

subtracted, becoming a distinct band maximum for values less than 80 

percent, although it does not change qualitatively for values between 60 

and 70 percent. The signal to noise ratio in the K-590 spectrum 

prevents reaching any firm conclusion concerning the precise position of 

the weak bands in the 1250-1350 cm-1 region. 

3. The HOOP Region (750-1050 cm-1 ) (Figure 3.10) 

The HOOP and CH3 rocking modes assigned in the BR-570 spectrum 
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[94] define a spectral region in which significant differences appear 

for RR scattering from K-590. The HOOP band contribution in the 950-995 

cm-1 region is much larger in the K-590 spectrum than in the BR-570 

spectrum (Figure 3.10). The relative intensities of these HOOP bands 

are comparable with the CH3 rocking band at 1008 cm-1 which itself 

decreases in intensity with respect to the corresponding band observed 

from BR-570. The increased scattering in the 960-995 cm-1 region is 

particularly evident by the appearance of a new band near 985-993 cm-1 

and by the increased intensity of the 960-963 cm-1 band which is 

observed only as a weak feature in BR-570 at 957 cm-1 • Very weak bands 

also occur in the 870-900 cm-1 region, but no distinct maxima can be 

unambiguously resolved. Another weak feature, appearing near 802-803 

cm-1 , is sufficiently removed from spectral congestion to be assigned to 

an individual band. 

IV Discussion of PTR3 Spectrum of K-590 

In order to interpret the RR results presented above three 

comparisons should be made: (1) Several reports of RR measurements of 

the K intermediate are in the literature. [52,102-108] There are 

significant differences between the observations made here and these 

earlier works. These differences shall be discussed in terms of the 

experimental conditions used to acquire the data and the methods used to 

analyze the results. (2) As the BR-570 to K-590 formation occurs clear 

changes in the RR bands are observed. Direct comparison of these 

spectra will suggest what structural changes may have occurred following 

the optical excitation of BR-570. (3) Considering these spectral 
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changes in comparison with differences observed between model compounds 

with known structural differences will serve to support these 

interpretations of the RR spectrum of K-590. 

1. Comparison with previous reports of the RR spectrum of 

the K Intermediate 

The RR spectrum of K-590 presented here differs significantly from 

many of those in the literature previously assigned to the K 

intermediate [52,102-108]. These previously assigned spectra also 

differ significantly from each other. These differences can be 

attributed to several factors which varied between these studies. These 

include: (i) the optical excitation ~onditions used to initiate the 

photocyc1e and generate RR scattering (power, pulse width and 

wavelength), (i1) the methods used to separate the RR scattering due to 

K-590 from the total time-resolved signal and (iii) the preparation of 

the BR sample including the light adaptation which converts the BR-548 

present in the non-light adapted mixture to BR-570. It is assumed here 

that only the first two factors are responsible for the variations found 

in the K-590 spectral features discus~ed. 

Most of the early data were measured in single laser experiments 

where the same laser excitation is used to both initiate the photocyc1e 

and to induce the RR scattering. The wavelengths, pulse widths, and 

powers used in these experiments varied considerably, therefore, the 

distribution of photocyc1e species present in the sample during the 

Raman measurement may also have been very different. This, in itself, 

would make it difficult to compare results from one study to another. 
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Determining the correct contribution of each species to the single laser 

RR spectrum is problematic without the independent determination of the 

relative populations of BR-S70 and K-S90 obtained from the kinetic 

model's fits to the PTA and PTRF experiments made under precisely the 

same experimental conditions as used to acquire the Raman data. The 

rate equation model shows that the relative populations of the 

photocycle species present during the excitation pulse is a strongly 

varying function of time and excitation intensity. Previous workers 

used a variety of criteria to determine the correct BR-S70 subtraction 

to apply to the time resolved spectra in order to arrive at a K-590 

spectrum. In some cases the avoidance of negative RR features after 

subtraction formed the principal criterion, while in others several 

subtraction possibilities were presented since no firm basis for 

selecting a particular value could be established [l02~l07]. 

In contrast, the two laser instrumental configuration used here 

permits the separation of the optical pumping of the photocycle from the 

generation of the Raman probe signal. Consequently, the relative 

concentrations of the photocycle species can be controlled and modeled 

while the time dependent populations can be monitored with a well 

defined Raman excitation source since the response of the sample to the 

weak probing radiation can be determined independently. In this study 

the RR features assigned to K-S90 do not change significantly for the 

different laser powers, wavelengths and pulse widths used. This is a 

consequence of the rate equation model's ability to accurately account 

for the excitation variations and consistently predict the distribution 



of photocyc1e species for each set of experimental conditions. This 

consistency along with the simulations ability to independently model 

the PTA and PTRF experiments demonstrate that the correct subtraction 

factor is provided by the model. 
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The K-590 C-C band appears, in earlier studies, either (i) at 

1517-1519 cm- l with a shoulder near 1531-1533 cm- l [102,103] or (ii) 

between 1520-1528 cm- l [104-107]. In both of these cases, the relative 

intensities of these features vary with the experimental conditions and 

reaction time. In the K-590 spectrum presented here (Figure 3.8) the 

C-C band is found consistently at 1523-1525 cm- l for all of the 

excitation wavelengths used. The position of the K-590 C-C band in 

these previously reported results was shifted 8-10 cm- l to lower 

frequency than the corresponding feature in the BR-570 spectrum. This 

8-10 cm- l shift was found consistently even though different studies 

using a variety of excitation wavelengths (514.5-647 nm) have measured 

the BR-570 itself at significantly different positions ( 1526-1527 cm- l 

[102,103] to 1530 cm- l [104,107]). This large shift between the K-590 

and BR-570 C-C band positions has not depended on the measured position 

of the BR-570 RR band nor the excitation wavelength used to generate the 

RR scattering. The corresponding shifts in the C-C band positions for 

the data presented in Table 3.2 are only 2 cm- l for excitation 

wavelengths from 590 nm to 608 nm. The 1517-1519 cm- l and 1531-1533 cm- l 

measurements may be attributable to an overestimation of the relative 

amount of BR-570 in the reaction mixture and the consequent 

oversubtraction of the BR-570 nm C-C band from the time-resolved data. 
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Such an over subtraction could lead to the appearance of two band maxima 

on either side of the 1525 cm-1 band position. It should be noted, 

however, that the lower frequency, C-C band position (1517-1519 cm-1) 

can not be reproduced with any subtraction scheme using the two laser, 

PTR3 data produced in this study. This last point is an indication that 

there is an essential difference the between the unsubtracted raw data 

acquired in single laser and two laser, PTR3 measurements. 

In the fingerprint region (C-C stretches) the occurrence of a 

strong band maximum at 1194 cm-1 (Fig 3.8) reproduces earlier results 

[102-107] but the relative importance of the 1166-1172 cm-1 shoulder 

does not. Previous K-590 spectra have not always contained this feature 

[103]. It has been recorded either as a resolved band maximum at 1163 

cm-1 which changes into an unresolved shoulder at 1185 cm-1 between 7 ps 

and 200 ps [102] or as a resolved band maximum at positions between 1158 

cm-1 and 1178 cm-1 [104-106,107]. The absence of the 1169-1172 cm-1 

shoulder [103] in the earlier work may be associated with BR-570 

undersubtraction while the appearance of a resolved maximum at 1163 cm-1 

can be associated with the presence of species other than K-590 which 

have a substantial population during the 7 ps laser pulse used in the 

single laser measurement [5,102]. The time-dependent nature of this 

feature reflects the decay of the early transients and the subsequent 

formation of K-590. 

The relative intensities of the HOOP and CH3 rocking bands in 

previous studies have also varied [102-107]. The band near 1008 cm-1 

has been reported to be either a weak shoulder or of comparable 
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intensity to the adjacent HOOP bands depending on time delay (7 ps to 20 

ns) while in the results reported here this feature remains comparable 

in intensity with the 960 cm-1 and 985-993 cm-1 bands in all of the 

measurements. The effects of oversubtraction of the BR-570 contribution 

and transient contributions at both early times (within the 7 ps pulse 

width in single laser measurements) [5,31] and at delays greater than 

several nanoseconds where the KL-596 species may be present [130,131] 

may underlie these differing observations. 

In addition to the previous RR studies of room temperature BR 

already discussed measurements have been made on low temperature (77 K) 

samples of BR [52]. At low temperature the red shifted intermediate 

identified as K-625 is found to be trapped [52]. The RR spectrum 

recorded with excitation in the far red (676-752 nm) and assigned to the 

K intermediate in those studies differs front the K-590 RR spectrum 

presented here (Figures 3.6-10). The C-C band appears at 1517 cm-1 as 

observed for the for the K-590 species reported earlier [102,103,107], 

but in contrast to the 1523-1525 cm-1 position reported here. The major 

feature in the C-C stretching region at 1194 cm-1 is the same as that of 

K-590 (Figure 3.9), but the shoulder near 1170 cm-1 observed here has 

not been assigned to K-625. In the HOOP and CH3 rock region, strong, 

single bands appear at 1012 cm-1 and 958 cm-1 with no RR intensity near 

990 cm-1 • In addition the intensity of the 958 cm-1 (HOOP) band is 

comparable with the intensities of both the 1195 cm-1 (C-C) and 1517 cm-1 

(C-C) bands [52]. These HOOP and CH3 rocking features are not the same 

as those assigned to K-590 here. 
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These RR comparisons demonstrate that K-590 and K-625 (low 

temperature species) contain structurally distinct retinal chromophores 

which should be characterized separately. Even if it is assumed that 

the C-C band differences can be attributed to the same factors discussed 

above for the earlier room temperature studies of K-590, the strong, 

narrow bands in the HOOP and CH3 rock region indicate that the low 

temperature environment of K-625 restricts the out-of-plane vibrational 

degrees of freedom of the retinal to a fewer modes than in K-590. The 

absence of the 1170 cm-1 shoulder in K-625 also suggests that the C-C 

motions are more restricted at lo~ temperatures. The agreement in the 

observation of the strong 1194 cm-1 band in the C-C region, however, 

indicates that both species contain retinals with similar 

configurations. The sources of these differences may be traceable, of 

course, to modifications in the protein environment associated with the 

differences in temperature. The room temperature vibrational band 

widths, for example, may be partially due to chromophore site 

inhomogeneities provided by the protein which may be frozen out at low 

temperatures. Accommodations of the protein environment to the new 13-

cis configuration which follow the optical excitation may not be 

possible for the low temperature material which consequently would have 

a more strained retinal conformation. 

2. Comparison with the RR Spectrum of BR-570 

The 8-10 cm-1 change in the C-C frequency between BR-570 and K-

590, reported by previous workers [102-107], has been discussed in terms 

of the well known correlation to the opsin shift observed in the 
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absorption and vibrational spectra of different retinal containing 

pigments [58]. The term opsin shift has been applied to the red shift 

of the retinal absorption maximum induced when the chromophore is 

incorporated into the opsin. For a wide variety of pigments the degree 

of this red shift is correlated with the observed C-C vibrational 

frequency; the greater the red shift the lower is the C-C frequency 

RR measurements record the ground state vibrational frequencies while 

the differences in absorption maxima reflect changes in the relative 

spacing between the ground and excited state levels. The correlation 

between the opsin shift and the C-C frequency has been understood in 

terms of linking the lower C-C stretching frequency to an increase in 

electron delocalization in the chromophore induced by the protein. This 

delocalization stabilizes the excited electronic state more than the 

ground state thus shifting the absorption to the red. Based on this 

empirical model the red shift of the K-590 absorption relative to BR-570 

suggests a change to lower frequencies for its C-C band. This 

prediction is consistent with the observations made here and previously 

[102-107]. The smaller, 1-2 cm-1 frequency shift found in figure 3.6, 

however, suggests that the changes in electron delocalization between 

the ground states of BR-570 and K-590 are smaller than previously 

proposed [102-107]. A moderate degree of ground state stabilization 

with a more pronounced stabilization in the excited state is consistent 

with this smaller 1-2 cm-1 shift of the C-C band in K-590 in the face of 

the 20 nm red shift in absorption. The major influence of changes due 

to charge de localization is apparently found in the excited state 



involved in absorption. This interpretation is consistent with the 

observation that BR-570 and K-590 have distinct fluorescence spectra 

[83]. 
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The BR-570 bands in the fingerprint region found at 1201 cm-l 

and 1170 cm-l have been assigned to the C14 -Cl5 and ClO-Cll single bond 

stretches (see Figure 3.11) respectively [94]. Because of the high 

degree of mixing and coupling in these modes the positions of these 

bands are believed to be sensitive to the isomerization state of the 

adjacent C13-Cl4 double bond [50,52]. The disappearance of these bands 

and the observation of a new band at 1195 cm- l in the K-590 spectrum is 

the most significant difference between the BR-570 and K-590 RR spectra 

since it denotes a change in the isomerization state of the retinal 

chromophore occurring within picoseconds of photocycle initiation. The 

assignments of the single bond stretches to specific band positions in 

BR-570 was made on the basis of a series of RR experiments on pigments 

containing isotopically substituted retina1s [94]. Without analogous 

data for the K-590 intermediate it is not possible to similarly assign 

the bands in the PTR3 spectrum to specific vibrations. The difference 

between the observed K-590 fingerprint region and that of BR-570, 

however, does strongly point toward a significant conformational change 

in the chromophore. 

The changes in the HOOP and CH3 rocking region (1050-1800 cm- l ) 

have been interpreted to reflect significant distortion of the polyene 

backbone of the retinal [51,52]. These interpretations are based on the 

understanding that in order to have significant RR intensity a mode must 
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have a significant displacement of the equilibrium nuclear positions 

between the ground and excited states [132]. Since the HOOP modes in 

BR-570 have very low RR intensities an increase in HOOP intensity in an 

intermediate signifies that a geometry change has occurred along a 

normal coordinate in the ground and/or the excited states which changes 

the equilibrium position of one or more of the vinyl hydrogens. Out of 

plane twists along either single or double bonds will accomplish this in 

retinal. The assumption that chain distortion inferred from increased 

HOOP intensity occurs in the ground state is reasonable since the K-590 

intermediate is a ground state species which stores the energy that 

drives the photocycle. The increased intensity of the 960-963 cm-1 and 

985-993 cm-1 bands relative to the 1008 cm-1 band distinguishes the K-590 

intermediate from BR-570 (Figure 3.5). Such larger HOOP bands have been 

previously reported in the RR spectrum of K-590, but the relative 

intensities of the 985-993 cm-1 bands have not been firmly established 

s~nce the subtraction parameters and experimental conditions used have 

varied widely. 

3. Comparison of the K-590 Spectrum with That of Model 

Compounds 

Several conclusions concerning the structure of K-590 can be 

reached if the RR spectra presented here are compared with those of 

several model compounds. It has been possible to isolate several 

relevant stable isomers of retinal and its Schiff base and assign the 

appropriate vibrational bands of their RR spectra. Comparing the 

differences between the RR spectra of these compounds with the 
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differences between the spectra of BR-570 and K-590 can indicate which 

vibrational modes are likely to be represented in the observed spectral 

changes [97,133]. The Schiff bases (SB) of retinal and their protonated 

forms (PSB) are thought to be good models for the chromophore in BR 

since they represent a rudimentary form of the type of protein linkage 

found in the pigment. The red shifts of the absorption spectra that 

occur as first the retinal forms the Schiff base and then again when the 

Schiff base is protonated procede in the same direction as the more 

pronounced red shift occurring when retinal is incorporated into the 

opsin [54]. 

For the c-c stretching band the 1-2 cm-l frequency decrease 

observed for K-590 relative to BR-570 is the same as the corresponding 

shift observed between the all-trans and l3-cis PSB model compounds 

[133]. These PSB results indicate that isomerization from all-trans to 

l3-cis in retinal does not in itself cause a significant decrease in the 

observed c-c frequency. There is nothing inherent in the normal 

coordinate analysis of these SB isomers that requires a greater C-C 

frequency change to occur in the case of a Cl3-Cl4 isomerization. 

Considerable support for the assertion that the RR spectrum of K-

590 represents a species with a cis Cl3-Cl4 configuration can be found in 

the comparison of the fingerprint region bands of the PSB with the 

corresponding bands of K-590 and BR-570. The vibrational frequencies of 

the two large bands in fingerprint region of these species are 

represented schematically in Figure 3.11 where the major C-C stretch 

associated with each band is also indicated. The ClO-Cll band of the 
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all-trans PSB shifts 7 cm-1 to higher frequency upon C13-C14 

isomerization (all-trans to l3-cls) while C14-Cl5 band shifts 15 cm-1 to 

lower frequency [133,97]. Comparable shifts of the C1o -C11 (1170 cm-1) 

and the C14-C15 (1200 cm-1 ) bands observed in BR-570 would account for 

the changes observed in the K-590 fingerprint spectrum where the two BR-

570 fingerprint bands appear to collapse into each other to form the 

broad single feature centered at 1195 cm-1 (Figure 3.9). The 

applicability of these comparisons between the changes observed in the 

RR spectra of the PSB isomers and those seen in the BR-570 and K-590 

spectra is supported by the observation that the only difference seen in 

these vibrational frequencies between the PSB and BR-570 is a uniform 

increase of the PSB frequencies of approximately 10 cm-1 [94]. These 10 

cm-1 increase in vibrational frequencies appears to represent the effect 

of incorporating the retinal into the opsin rather than simply forming 

the PSB [94] and is attributed to the subsequent increase in the 

electron de10calization that also accounts for the large red shift of 

the absorption maximum observed in the pigment. 

The RR spectrum BR-548, the component of dark adapted BR believed 

to be in equilibrium with BR-S70 when the material is kept in the dark, 

can also be usefully compared to the K-590 spectrum. Attempts have been 

made to use the fingerprint region of its RR spectrum as to establish 

the l3-cls configuration of K-590 [104-107] since BR-548 is known to 

contain l3-cis retinal [28,51,97]. These efforts which presented a K-

590 spectrum with fingerprint region substantially different from those 

presented here and by others preceded the publication of the normal 
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coordinate analysis of BR-548. Based on isotopically substituted 

chromophores this analysis established that BR-548 has a cis C1s-N as 

well as a C13-C14 configuration [97]. The cis C1s-N configuration was 

found to have a pronounced effect on the C-C stretching bands of the 

fingerprint region. The C13 -C14 stretch was found to decrease by 9 cm-1 

in BR-548 compared to the frequency observed in the cis C13-C14 , trans 

C1s-N PSB while the C10-Cu and C12 -C13 stretches increased by 17 cm-1 and 

12 cm-1 respectively due to the this C1s-N isomerization. It is not 

appropriate to use the spectral shape of this region of the dark adapted 

spectrum as a diagnostic for identifying 13 cis chromophores in other 

species as has been attempted earlier because these frequency shifts due 

to the C1s-N isomerization cause these bands to move past each other in 

the RR spectrum. However, the BR-548 vibrational analysis does validate 

the comparisons made above between the spectral differences between the 

all-trans and 13 cis PSB and those between BR-570 and K-590. The 

success of that analysis demonstrates that the assumptions regarding the 

correlations of the PSB bands to the pigments were able to accurately 

predict the observed BR-548 spectrum whose vibrational assignments are 

verified by the RR measurements of the isotopically substituted species 

The extension of these comparisons to the analysis of the K-590 data 

where the isotopically-substituted data is not yet available gains 

support from the success of the BR-548 analysis. The major conclusion 

regarding the analysis of the C-C stretches is that "one diagnostic for 

a trans to cis double bond isomerization is a drop in the frequency of 

the adjacent C-C stretches" [94]. 
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For the 013-014 isomerization proposed for K-590 this involves a 

reduction in frequency of the °14-°15 band (1201 cm-1) and the 012-013 

band (1248 and 1256 cm-1) of BR-570. Such a reduction of frequency for 

the °14-°15 band agrees with the observed fingerprint band of the K-590 

spectrum (Figure 3.9). The 0 12 -°13 stretch observed at 1256 cm-1 in the 

BR-570 spectrum shown in Figure 3.9 does not appear in the K-590 

spectrum, however, this low intensity band could easily be lost in the 

noise of the time-resolved spectrum. If this mode dropped by the same 11 

cm-1 observed in the PSB or by the 14-21 cm-1 observed between BR-568 and 

BR-548 it too would be lost in the noise. Such a drop in frequency for 

the 012-013 stretch is not inconsistent with the data presented here. 

Another feature of these RR spectra which is diagnostic of the 

013-014 configuration is found in the 014H out-of-plane wag which in BR-

548 is found shifted to lower frequency (800 cm-1) compared to the 

corresponding band in BR-570 (882 cm-1) [97]. A similar change is found 

between the same mode between l3-cis and all-trans retinal [97,133]. 

This latter observation suggests that the differences in the position of 

the 014H mode seen between BR-548 and BR-570 are attributable to the 13-

cis isomerization and not the O-N configuration. Therefore, the 

appearance of a band at 802 cm_1 in the K-590 spectrum (Figure 3.10) and 

the absence of significant RR intensity in the 870-900 cm-1 region also 

supports the conclusion that K-590 contains a l3-cis chromophore. 



v The RR spectrum of K-590 as a Function of Time 

1. Early Time Data 
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The ability to acquire PTR3 data with separate pump and probe 

excitation provides the opportunity to follow the kinetics of K-590 

formation. PTR3 spectra of the fingerprint region taken with delays 

between 0 and 50 ps are displayed in Figure 3.12. The intensities of 

the RR bands measured at zero delay are significantly lower than the 

intensities recorded by using only the probe laser. The RR intensity of 

these bands increases as a function of time in each subsequent delay 

until the 50 ps delay where the RR intensity has nearly returned to that 

observed from the probe laser alone. The PTR3 spectrum at 50 ps (Figure 

3.12) shows the same indication of the formation of K-590 as the other 

fingerprint spectra presented earlier (Figure 3.9). This is represented 

in this data by the increased RR intensity in the region between the two 

main fingerprint bands of BR-570 (~ 1194 cm-1). The same indication is 

seen in the PTR3 spectra acquired at the earlier delays. 

While the kinetic simulation model can be used to determine the 

relative population of BR-570 and K-590 at times greater than 40 ps from 

photocycle initiation and thus permit the evaluation of the relative RR 

contributions of these species the application of the model to earlier 

times is more problematic. At times less than 40 ps the populations are 

not static but are rapidly changing functions of time and more species 

than just BR-570 and K-590 are present. Initially the observed growth 

of the total PTR3 intensity between zero and 40 ps was thought to 

reflect the formation of K-590 [98,100,101]. The large decrease in 
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intensity observed at zero delay is surprising. It represents a loss of 

RR signal. from BR-570 without significant replacement by intensity from 

other species. The 0.5 ps lifetime attributed to the excited state 

populated by optically exciting BR is too short to account for this loss 

of intensity. The initial formation of J-625 followed by its decay into 

K-590 is consistent with this observation since an RR signal from J-625 

would be reduced relative to BR-570 and K-590 with a 590 nm laser 

excitation while the return in intensity by 40 ps would reflect the 

formation of K-590. However, the 40 ps time for the return of the 

intensity to the original level is not consistent with the literature 

values of ~ 3.5 ps for the formation of J to K [23,24] nor with the 

values found from the PTA and PTRF experiments performed in this 

laboratory [62]. 

The decrease in RR intensity observed at zero delay and the 40 ps 

kinetics of the return of the RR signal to the level of the probe only 

spectrum are reflections of the same behavior observed in the power 

dependence of the RR intensity found in the single laser experiments 

(see Chapter 4). This behavior is seen to be due to the formation of 

significant populations of vibrationa11y excited BR during the laser 

pulse. The stokes cross sections for scattering from these levels is 

about 44 percent less than the normal cross section from ground state 

BR. This accounts for the decrease in RR intensity at zero time delay. 

The result of applying the simulation model to remove the BR 

contribution from the zero time PTR3 data are presented in Chapter 4 and 

show that the spectrum obtained this way matches the antis tokes RR 
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spectrum which arises from these vibrationally excited levels. The 40 ps 

decay time found for the increased antis tokes RR scattering arising from 

these excited vibrational levels corresponds to the rise time observed 

for the PTR3 intensity return (Figure 3.12). 

The observed kinetic behavior of the PTR3 data during the 

important zero to 40 ps interval is seen to be explained by the presence 

of significant hot stokes scattering from vibrationally excited BR. 

Such an explanation is consistent with the interpretation of the 

antis tokes data presented in Chapter 4 and with the kinetics for J and K 

formation in the literature as well as the kinetic simulation model. 

PTR3 spectra acquired in the other spectral regions demonstrate the same 

kinetic behavior. While all the early time data do suggest the presence 

of K-S90 the spectral congestion due to the hot stokes scattering during 

this period make it difficult to extract kinetic or spectral information 

regarding K-S90 or J-62S from this data. 

2. PTR3 Spectra at Longer Delays 

High resolution PTR3 spectra of the fingerprint region obtained at 

50 PS, 500 PS, and 26 ns are displayed in Figure 3.13. The delay used 

to obtain the 26 ns data was obtained by electronically selecting the 

probe laser pulse derived from a pulse two pulses further down the YAG 

laser pulse train from the pulse selected to drive the pump laser. 

These spectra are identical. The difference spectra obtained by 

removing the BR-S70 contribution from comparable low resolution 26 ns 

and 50 ps data are shown in Figure 3.14. These difference spectra show 

the same general features as seen in the K-S90 spectrum ( Figure 3.5). 
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These observations reveal that no significant decay in the K-590 

population has occurred over this 26 ns period. The observation that 

the spectrum of K-590 remains unchanged over this period implies that 

the chromophore is not undergoing any structural relaxation during this 

time. This further suggests that if by 26 ns a species identified by 

transient absorption measurements, KL-595 [130,131], has formed from the 

K-590 present earlier this species has essentially the same chromophore 

structure as K-590. The observed small change in the absorption maximum 

can then be attributed to changes in the protein environment which may 

have an effect on the electronic states of the chromophore without 

significantly altering the nuclear geometry. 



Figure 3.1 Low resolution RR spectrum of BR-570 obtained with a 3.5 mW, 

5 ps, 590 nm excitation with a 1 MHz laser repetition rate. 
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Figure 3.2 Low resolution (600 line/mm grating) spectra of BR-570 

obtained with a variety of excitation wavelengths ( all 

measurements use pulsed picosecond radiation (5-6 ps pulses) 

at a repetition rate of 1 MHz except where indicated): (a) 620 

nm (76 MHz), (b) 532 nm (76 MHz, 70 ps pulse width), (c) 602 

nm, (d) 575 nm, (e) 590 nm, (f) 570 nm, (g) 580 nm, (h) 563 nm. 
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Figure 3.3 Low and high power single laser RR measurements of BR in the 

fingerprint region. The solid trace is the BR-570 nm RR 

spectrum obtained with 1.5 mW, 590 nm 6 ps excitation and the 

broken trace is the corresponding spectrum acquired using a 25 

mW excitation. The spectra have been scaled together for 

comparison. The appearance of increased intensity in the 1190 

cm-1 region and small shifts in the positions of band maxima 

in the high power result signify the presence of species other 

than BR-570 during the excitation. 
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Figure 3.4 The fingerprint region of the resonance Raman (RR) spectrum of 

BR-570 obtained under low power excitation. All RR spectra 

recorded with 590 nm excitation (8 ps fwhm pulses ) and 

varying average power and repetition rate: (A) 1 mW, 76 MHz, 

(B) 1 mW, 1 MHz, and (C) 4 mW, 1 MHz. There are no significant 

differences between these three spectra in spite of the 

approximately 102 difference in peak power and repetition 

rates ( A cf. C) and the factor of 4 difference in average 

power ( A cf. B). 
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Figure 3.5 Time-resolved RR spectrum at 50 ps delay. The lower trace is 

the low resolution PTR3 spectrum obtained with 3.6 mW, 590 nm, 

5 ps probe laser pulses delayed by 50 ps from the 14 mW, 6 ps, 

570 nm pump laser excitation. This trace represents the total 

RR scattering induced by the probe laser and includes 

contributions from all species present 50 ps after the 

initiation of the BR photocycle. The upper trace is the 

spectrum of BR-570 obtained using the same probe laser 

excitation alone. 
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Figure 3.6 Two laser, PTR3 difference spectra. The difference spectra 

obtained by subtracting the scaled BR-570 spectrum (uppermost 

trace) from the corresponding two laser spectrum obtained with 

a 50 ps pump-probe delay. The following scale factors are 

applied to the probe data to produce each difference spectrum 

(a) probe spectrum (b) 0.3 (c) 0.4 (d) 0.55 (e) 0.6 (f) 0.7 

(g) 0.8 (h) 0.9. A scale factor of 0.55 corresponds to the 

simulation model's prediction for the excitation conditions 

used here (20 mW, 565 nm, 6 ps pulse width). 
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Figure 3.7 Low (1.7 cm-1/channe1) resolution RR spectra of BR-570 (top) 

and K-590 (bottom) recorded at room temperature ( ~10° C). 

The single excitation laser operated at 590 nm with 3.6 mW 

power and a 5 ps pulse width for the BR-570 data. The K-590 

data were recorded using a PTR3 configuration with the pump 

laser at 570 nm (14 mW and 6 ps pulse width) and the probe 

laser at 590 nm (3.6 mW and 5 ps). A 0.64 BR-570 subtraction 

value was used to extract the K-590 RR spectrum from the PTR3 

signal. 
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Figure 3.8 High (0.5 cm-1/channe1) resolution RR spectra of BR-570 (top) 

and K-590 (bottom) in the 1400-1650 cm-1 , C-C stretch region. 

The RR spectrum of BR-570 on a *5 scale is shown in the top 

panel. The BR-570 data were recorded with a single laser 

operating at 590 nm with 3.6 mW power and aSps pulse width. 

The K-590 data were obtained in a PTR3 experiment with a pump 

laser operating at 570 nm (14 mW and 6 ps pulse width ) and a 

probe laser operating at 590 nm ( 4 mW and 5 ps pulse width ). 

A 0.64 BR-570 subtraction factor is used to obtain the K-590 

spectrum. 



1 
-C 
s:: 
C) 

e_ 

en 
Q! 
Q! 

Figure 3.8 

BR-570 

K-590 ." 

~ -

1400 1450 1500 1550 1600 1650 

aii (em 1 ) 

122 



Figure 3.9 High (0.5 cm-1/channel) resolution RR spectra of BR-570 (top) 

and K-590 (bottom) in the 1050-1300 cm-1 region. The BR-570 

data were recorded with a single laser operating at 590 nm 

with 3.6 mW power and aSps pulse width. The K-590 data were 

obtained in a PTR3 experiment with a pump laser operating at 

570nm (14 mW and 6 ps pulse width) and a probe laser operating 

at 590 nm ( 4 mW and 5 ps pulse width). A 0.64 BR-570 

subtraction factor is used to obtain the K-590 spectrum 
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Figure 3.10 High (0.5 cm-1/channe1) resolution RR spectra of BR-570 (top) 

and K-590 (bottom) in the 750-1050 cm-1 region. The BR-570 

data were recorded with a single laser operating at 608 nm 

with 3 mW power and a 4.3 ps pulse width. TheK-590 data were 

obtained in a PTR3 experiment with a pump laser operating at 

570 nm (14 mW and 6 ps pulse width) and a probe laser 

operating at 608 nm (3 mW and 5 ps pulse width). A 0.64 BR-

570 subtraction factor was used to obtain the K-590 spectrum. 
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Figure 3.11 Schematic representation of C-C single bond stretching 

frequencies (cm-1) for fingerprint region modes for: (a) a11-

trans and 13-cis retinal protonated Schiff bases and (b) BR-

570 and K-590 (adapted from refs. 95,97). 
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Figure 3.12 PTR3 spectra of the fingerprint region of BR obtained at 

delays of 0 to 50 ps. Legend: 0 ps, solid trace; 10 ps, dotted 

trace; 20 ps dash-dotted trace; 40 ps, dashed trace; probe 

spectrum, dash-dot-dotted trace. The following excitation 

conditions are used: pump laser, 565 nm, 25 mW, 6 ps pulses; 

probe laser, 590 nm, 6 mW, pulses; repetition rates of 1 MHz 

are used for both lasers. 



Figure 3.12 

-

o 
o 
I"') ..... 

o 
to 
N ..... 

0 
0 
N ..... 

o 
to ..... ..... 

126 

~ 
..-
I 
E 
0 

'-"'" 

I~ 
<::] 



Figure 3.13 PTR3 spectra of the fingerprint region of BR obtained at 50 

ps, 500 ps and 26 ns. Legend: 50 ps, solid trace; 500 ps, 

dashed trace; 26 ns, dash-dotted trace; probe spectrum, dash

dot-dotted trace. There are no significant changes observed in 

this region over this relatively long time interval. The 

following excitation conditions are used: pump laser, 565 nm, 

25 mW, 6 ps pulses; probe laser, 590 nm, 6 mW, pulses; 

repetition rates of 1 MHz are used for both lasers. 
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Figure 3.14 Low resolution PTR3 difference spectra showing the K-590 

intermediate measured at 50 ps and 26 ns. The solid trace 

represents the 26 ns difference spectrum. There are no 

significant difference apparent in these data. 
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Table 3.1 

BR-570 RR Band Maximum Assignments 

Mode Position cm"1 

C=N stretch 1640 

C=C stretch 1527 

C'2-C13 stretch 1255 

C12-C13 stretch 1248 

C8-C9 stretch 1214 

C14 -C'5 stretch 1201 

C'0-C'1 stretch 1169 

CH3 rock 1008 

C'5 HOOP 1002 

C'2' C'1 HOOP 959 

C14' C'2 HOOP 882 

C'1' C'2' C15 HOOP 830 

Taken from ref. 94. 
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Table 3.2 

Resonance Raman (RR) band positions for BR·570 and K·590. Relative Intensities are 
estimated on a scale of very weak (vw), weak (w), moderate (m), strong (s), and \'ery 
strong (vs). Wavenumber positions are plven with errors of ±2 cm- l for vw and w features 

and ±1 cm- for m,s and vs bands. 

BR·570 K·590 

IreJ Probe Wavelength (nm) IreJ Probe Wavelength (nm) 

590 595 608 590 595 608 

w 802 803 802 

w 832t 832t 832t 

870 870 870 
w 879 881 879 vw I I I 

900 900 900 
w 958 957 957 m 960 963 963 

m 990 985 993 
s 1008 1007 1007 m 1010 1008 1008 

vw 1125 1122 1126 vw 1118 1124 1121 
s 1169 1171 1168 m 1170 1166 1172 

s 1194 1193 1194 
s 1200 1200 1200 1300 1300 1300 
# 1215 1214 1213 
w 1252 1252 1254 
w 1272 1270 1272 w 

vw 1325· 1323· 1321· 
w 1350 1347 1347 

vw 1453 1454 1456 1400 1400 1400 
vs 1525 1525 1525 vs 1524 1523 1525 
w 1579 1574 1581 w 1577 1570 1579 

1613 1617 1625 
w I I I 

w 1641 1637 1638 1631 1636 1638 

t Represents a broad feature containing small maxima at 824 em-I, 832 em-I, 
and 840 em-I 

• Represents a broad feature which was shown to contain distinct maxima at 1322 em-I, 
1324 em-I, and 1334 em-I • •• Several RR bands appear In this spectral region, but positions of Individual features 

cannot be assigned separately. * Shoulder adjacent to the 1200cm-1 band. 
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CHAPTER 4 : 

EARLY TINE RESULTS : ANTISTOKES SCATTERING 

This chapter describes the single beam resonance Raman 

measurements. The purpose of these measurements was to acquire the 

vibrational Raman spectrum of the transient species present during the 

4-7 picosecond pulse width of the laser excitation. The direct 

observation of vibrationally excited ground state retinal in BR (BR') by 

picosecond antis tokes resonance Raman spectroscopy is also described. 

This vibrationa1ly excited population is characterized on the basis of 

both single beam and two beam time-resolved measurements. The single 

laser stokes spectra is interpreted in relation to the contribution of 

the vibrationa1ly excited species to the stokes spectrum. The 

significance of these observations to both the understanding of the 

photocyc1e and the interpretation of early time events by resonance 

Raman as well as other time-resolved spectroscopies is discussed. 
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I Introduction 

Achieving time resolution by utilizing a single pulsed excitation 

source capable of initiating a photochemical change and simultaneously 

serving as a resonance Raman (RR) probe is an attractively simple 

approach to acquiring structural information of transient species. 

Investigation of the primary events in the BR photocycle appears to be 

well suited to this method since the overlapping absorption curves of BR 

and its primary photoproducts, J-625 and K-590 make it possible for a 

single wavelength to both initiate the photocycle and resonantly probe 

the evolving species. The primary process kinetics as understood from 

picosecond and femtosecond transient absorption experiments [23,24] 

involve a fast 1 picosecond rise-time of J-625 and its subsequent 3.5 

picosecond decay into K-590. The availability of ultrashort light 

pulses from mode locked lasers makes these species accessible to such 

single laser measurements. Several reports of such measurements are in 

the literature [102,104-107]. 

One disadvantage of the single laser measurement is that Raman 

scattering from all resonantly enhanced species will appear in the same 

spectral region relative to the excitation wavelength. This is 

unfortunate in the case of BR since the major Raman active bands of BR 

and the early intermediates are spectrally overlapped to a very high 

degree The universal approach to this problem has been to attempt to 

remove the contribution of the unphotolyzed material (BR-570) from the 

RR spectrum by subtraction [5,102,104-107]. The general method has been 

to use a low intensity excitation to acquire the spectrum of BR-570 
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alone. A high intensity spectrum is then obtained which because the 

greater degree of photolysis contains a significant contribution from 

photoproducts as well as from BR-570. A series of spectra are obtained 

by subtracting the BR-570 spectrum scaled by an arbitrary factor. This 

series is evaluated by various criteria and a subtraction value is 

chosen. Such a procedure has resulted in the assignment of RR 

difference spectra to the K-590 intermediate which differ significantly 

from each other [5,102,104-107]. 

The approach to this problem employed in this work and reported 

previously [5] has been to determine the contribution of BR-570 to the 

high power RR spectrum with the quantitative kinetic model which 

successfully simulated the observed picosecond transient absorption 

(PTA) and picosecond transient fluorescence (PTRF) data [62] (see 

chapter 2:ana1ysis procedures for details of the simulation model). 

Such a method is preferable to the use of arbitrary subtractions since 

it draws together the results of three independent but comparable 

measurements on the same sample. The simulation model is then required 

to fit all three types of observations. Inadequacies of the model are 

likely to become apparent in the attempt to consistently account for all 

three types of measurements. This is indeed what did occur in 

attempting to apply an early version of the model to the single beam RR 

data. The first attempt to use the simulation results to fit the RR 

data of the fingerprint region appeared to work very well [5]. 

Subsequent refinements of the kinetic model, the simulation calculation 

itself as well as improved PTA and PTRF data, however, resulted in a 
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model that was unable to adequately account for the observed single beam 

RR data. This discrepancy and an apparent discrepancy in the observed 

kinetic rates in the PTA and PTRF data together with the independent 

observation through antistokes RR measurements (to be described below) 

of vibrationally excited BR produced by the picosecond laser pulse 

resulted in reworking the kinetic scheme to include both vibrationa1ly 

excited BR (BR') and K (K'). In its present form the kinetic model is 

able to successfully account for the PTA, PTRF, stokes RR and antistokes 

RR data in a complete and consistent way. 

II Single Laser Stokes RR Results 

The low resolution (600 1ines/mm grating) RR spectra obtained at 

high (25 mW) and low (1.5 mW) powers with 570 nm 1 MHz excitation (6 ps 

pulse width) are presented at the top of Figure 4.1 (a and b 

respectively). The difference spectrum obtained by subtracting the BR-

570 contribution from the high power result is also displayed (Figure 

4.lc). The simulation model predicts that 68 percent of the scattering 

observed in the high power measurement originates from BR-570. The 

difference spectrum shown in Figure 4.lc is produced by subtracting the 

low power data (Figure 4.1b) scaled by a factor of 6.4. This factor is 

the ratio of the RR scattering due to BR-570, ABR-570, for excitations at 

25 and 1.5 mW obtained from the simulation using Equation 2,12. 

Difference spectra obtained by subtracting the low power spectrum scaled 

by successively higher values are presented in Figure 4.2. Trace d in 

Figure 4.2 employs the subtraction value which is closest to the value 

predicted by the simulation model. As can be seen in Figure 4.2 the 
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general shape of the difference spectra does not change significantly 

for a range of scaling values surrounding the value determined by the 

simulation. The difference spectrum obtained from a high power 

excitation similar to that used to acquire the data shown in Figure 4.1 

along with a corresponding low power, BR-570 spectrum are reproduced in 

Figure 4.3 where the Raman shifts of the major RR bands are indicated 

for comparrison. The somewhat better signal to noise ratio in this data 

more clearly shows the differneces betwen the two RR spectra. Higher 

resolution (1800 lines/mm grating) difference spectra of (1) the C-C 

stretching region and (2) the C-C stretching (fingerprint) and methyl 

rock region are displayed in Figures 4.4 and 4.5, respectively. The 

corresponding BR-570 spectra are overlayed with these difference spectra 

as an aid for comparison. The scaling values used in preparing the 

difference spectra presented in these figures are the same employed in 

preparing the low resolution difference spectrum (Figure 4.1). 

These difference spectra contain the RR scattering due to all 

species except for BR-570 present during the 6 ps excitation. 

Differences in all of the major bands can be seen between the BR-570 

spectra and the difference spectra. Each of the major bands of the BR-

570 spectrum appear in the difference spectrum shifted to lower 

frequency by 4-10 cm- l . The positions of these bands are shown in Table 

4.1, where in labeling the modes it is assumed that bands appearing in 

each region represent the same vibrational modes in the BR-570 spectrum 

and the single laser difference spectrum. 

The identity of the molecular species probed by these single laser 
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experiments can also be explored by examining the power dependence of 

the total RR signal (data such as the 25 mW spectrum, Figure 4.1a). The 

double bond, C-C stretching band intensity is plotted as a function of 

excitation power in Figure 4.6. Intensity is determined by integration 

of the band profile between 1475 and 1595 cm-1 ; the general shape of 

this power dependence curve is found not to be sensitive to small 

changes in the frequency width used for the integration and, indeed, 

very similar results are obtained if the band heights alone are used. 

Similar results are obtained if the other major RR bands in the spectrum 

are analyzed this way. These data show that at higher excitation powers 

the total C-C RR signal deviates significantly from the linear behavior 

that would be anticipated if the only effect of increasing the laser 

power was to increase the measured RR signal. The simulation's 

predicted BR-570 contribution to the RR band at each laser power is 

shown as the dashed trace in Figure 4.6. The difference between these 

curves represents the RR contribution of all other species present 

during the excitation pulse. 

III Two Beam RR Results at Early Times 

A distribution of BR species similar to that created in the single 

laser experiment is probed in the analogous two beam experiment in which 

a high power pump excitation not delayed relative to the probe beam 

(zero delay), is used to create the evolving populations and a lower 

power probe beam is used to generate the RR scattering. The results of 

such a measurement in the fingerprint region are displayed as the solid 

trace in Figure 4.7. The RR spectrum induced by the probe laser alone 
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is sh~wn as the upper trace (dash-dot-dot trace). The difference 

spectrum obtained by subtracting the calculated BR-570 contribution to 

the zero ps data is shown as the lower trace (dash-dot trace) in Figure 

4.7. The BR-570 contribution is determined by scaling the low power 

data obtained with the probe laser alone by a factor of 0.55. This 

factor is obtained from the simulation model using Equation 2.12. The 

same data are reproduced in Figure 4.8 where the difference spectrum 

representing the contributions to the RR signal of all species other 

than BR-570 is displayed as the broken trace. The overlaid solid trace 

in Figure 4.8 is the analogous single laser difference spectrum (Figure 

4.5) displayed for comparison. The similarity of these early time 

spectra is apparent. These data demonstrate that the two-laser 

measuremnt at zero ps delay probes the same molecular population probed 

in the single-laser experiment. 

IV Antistokes Resonance Raman Results 

The spontaneous antistokes RR spectrum of retinal recorded with 4 

mW, single-laser 590 nm excitation at a 1 MHz repetition rate together 

with the corresponding stokes RR spectrum are presented at the top of 

Figure 4.9. The weaker antistokes scattering is scaled up by a factor 

of 50 in order to facilitate comparisons. The 1 MHz stokes and 

antistokes spectra can be characterized in two ways: (i) frequency 

positions of band maxima differ, with those in the antistokes spectrum 

appearing 2-7 cm-1 lower than the corresponding stokes bands (Table 4.2) 

and (ii) the overall intensity of the antis tokes RR scattering is ~50 

times smaller than that measured as stokes RR scattering. 
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The 590 nm stokes and antis tokes spectra obtained with a 76 MHz 

repetition rate are displayed in the bottom of Figure 4.9. The two 

stokes spectra (1 MHz and 76 MHz) have been scaled to appear with the 

same 1526 cm-1 band (C-C stretch) intensity. Since these 76 MHz data 

are recorded with the same 4 mW average laser power as that used for the 

1 MHz data, the energy in each 6 ps laser pulse is ~76 times smaller 

than in the 1 MHz case. Comparisons of the 76 MHz and 1 MHz data, 

therefore, reflect a variation of laser pulse energy available for both 

exciting Sl and generating RR scattering. 

The frequency positions of band maxima in the 76 MHz antis tokes 

spectrum are within ±l cm-1 of the positions observed in the 

corresponding 76 MHz stokes spectrum (Table 4.2), an observation which 

is in contrast with the 1 MHz stokes and antistokes spectra. 

Differences between stokes and antis tokes RR band maxima positions are 

observed even in the 76 MHz data, however, when the pulse energy of the 

76 MHz excitation is increased. The RR antistokes data collected at 

increasing laser powers (successively higher pulse energies) for 76 and 

1 MHz laser repetition rates are displayed in Figure 4.10 and 4.11 

respectively. Both sets of observations show that the measured band 

maxima shift to smaller displacements with increasing pulse energy. 

The relative band intensities within the antistokes RR spectrum 

also change qualitatively as the laser pulse energy increases. This 

dependence can be seen by comparing: (i) the 76 MHz and 1 MHz antistokes 

spectra shown in Figure 4.9 and (ii) antistokes RR spectra recorded at 

76 MHz with a variety of laser pulse energies shown in Figure 4.10. In 
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both cases, the relative intensities of major RR bands change as a 

function of pulse laser energy (cf. intensities of the C-C band near 

1520 cm-1 and the methyl rock band near 1008 cm-1 in Figure 4.9). When 

large increases in pulse energies are compared (e.g., by a factor of 76 

from the 76 MHz to 1 MHz data), these relative band intensities change 

by more than a factor of 10. For smaller increases in pulse energies 

obtained by varying the power of 76 MHz excitation from 20 mW to 45 mW, 

changes in the relative band intensities of a factor of ~2 are measured. 

As these changing pulse energies become smaller, as for power variations 

between 3 mW and 20 mW at 76 MHz, no significant changes in relative 

band intensities occur (Figure 4.10). 

The quantitative dependence of antis tokes RR band intensities and 

frequency positions on the laser energy can be determined in both one or 

two laser (pump/probe) experiments. For single laser excitation, the 

intensity of the C-C stretching band increases with an approximately 

quadratic dependence on laser pulse energy (Figure 4.12). This result 

is anticipated when a single laser pulse is used both to create the 

vibrationally excited ground state population (So(v*» (through 

relaxation of the optically-generated Sl population) and to generate the 

antistokes RR signal. The dashed line in Figure 4.12 represents the 

antis tokes intensity that is predicted by the kinetic simulation model 

which takes into account the optically induced population changes at 

each laser power. It is obtained by scaling the curve calculted using 

Equation 2.12 for the vibrationally excited BR species, BR' as a 

function of laser power. 



140 

A different functional dependence is observed with two laser, 

pump-probe experiments since the laser energies and wavelengths used to 

excite Sl and to generate RR scattering are separate. In this case, the 

So(v*) is varied by the pulse energy of the pump laser while the probe 

laser output used to generate the observed RR scattering is fixed. The 

dependence of the C-C band intensity on pump laser power is shown in 

Figure 4.13 where the antistokes RR spectrum recorded at a 0 ps time 

delay with variable pump laser power (570 nm, 6 ps pulses) and 3 mW of 

probe laser power (602 nm, 4 ps pulses) is presented. The frequency 

position of the C-C band is the same as that observed in the 4 mW probe 

laser only spectrum (Figure 4.9), but the total antistokes RR signal is 

about twice as large. The increased antis tokes RR scattering reflects 

the larger So(v*) population produced by the higher power excitation 

into Sl' Quantitatively, this dependence is found from pump-probe 

experiments to be linear with respect to the pump laser power (Figure 

4.13) indicating that the largest part of the So(v*) population from 

which antis tokes RR scattering originates is directly proportional to 

the Sl population produced in pumping. 

The intensities of antistokes RR bands also exhibit a time 

dependence. As the time delay between the pump and probe laser pulses 

increases over the initial 40 ps after Sl excitation, the antis tokes RR 

signal decreases monotonically until it reaches the level of the 4 mW 

probe laser only. No further band intensity changes are observed for 

time delays between 40 ps and 1 ns. This functional dependence is 

illustrated for the antis tokes RR band near 1520 cm-1 assigned to the 
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c-c stretching mode presented in Figure 4.14. 

The antistokes RR spectra obtained with moderate power excitation 

energies at 1 MHz repitition rates at several wavelengths between 563 

and 590 nm are displayed in Figure 4.15. These spectra are very similar 

in general appearance showing approximately the same relative 

intensities between the major RR bands (the small differences that are 

observed are probably due to errors in baseline subtraction and spurious 

Rayleigh scattering from the dye lasers). Moreover, these data all 

demonstrated similar larger than expected antis tokes signals relative to 

their respective stokes bands. 

V Discussion 

Since the interpretation of the early time stokes RR data 

will rely heavily on the kinetic simulation model which itself depends 

on the existence and dynamics of vibrationally excited BR and K during 

the excitation process it is, perhaps, simplest to begin with the 

discussion of the antistokes results. These data will confirm the 

existence of this optically excited, vibrationally hot population and 

further characterize these species. 

1. Antistokes Scattering 

The assignment of the observed antistokes RR scattering to excited 

vibrational populations in the ground-state of retinal, So(v*), is based 

on four observations repor.ted here: (i) the differences in relative 

intensities and frequency displacements in stokes and antis tokes spectra 

(Figure 4.9 and Table 4.2), (ii) the analogous differences between the 1 

MHz and 76 MHz antistokes spectra (Figure 4.9), (iii) the dependence of 



the C-C antistokes RR band intensity on laser power (Figure 4.12 and 

4.13), and (iv) the time-dependent decrease of antistokes RR band 

intensities over the initial 40 ps (Figure 4.14). 
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The first observation would appear to be the simplest to analyze 

since in the non-resonant case, the relative strength of antis tokes and 

stokes Raman scattering is determined solely by the relative populations 

of the vibrational levels monitored. With only popUlation differences 

to consider, the observed antistokes RR signals (Figure 4.9) can be 

assigned to vibrational popUlations that are ~5 times larger than those 

present in a therma1ized, 100 BR sample. In this comparison, the 

contributions of the v 4 frequency dependence for Raman scattering and 

the wavelength dependence of the detection system (spectrometer and 

reticon detector) response have been removed from the measured data. 

The data presented here, however, do involve resonant enhancement 

and therefore, the relative RR cross sections for ground and 

vibrational1y-excited retinal levels must be quantitatively considered. 

This question has been recently addressed and a general formalism 

describing the contributions of resonance enhancement has been derived 

[134]. Underlying this formalism is the selection of excitation 

wavelengths which experimentally compensate for differences in the RR 

cross sections monitored by stokes and antistokes RR scattering. This 

is accomplished by acquiring the antis tokes RR signal for an individual 

vibrational band using an excitation source tuned to the wavelength at 

which the corresponding stokes scattering appears. This necessitates 

that the stokes excitation wavelength be chosen to be the same as that 
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of the antis tokes scattering for that band (see the insert in Figure 

4.16). When a set of excitation wavelengths such as these are employed 

the expressions that sum over vibrational states in the calculation of 

the po1arizabilty tensor (RR cross-sections are proportional to the 

square of this quantity) become equal for the corresponding stokes and 

antistokes transitions. This simplification of the expressions for the 

RR cross-sections results in the following relationship for the relative 

RR intensities for antistokes and stokes scattering: 

= e-PY .( V )2 
V -V a 

Equation (4.1) 

where Ia(v-va) and Is(v) are the antistokes and stokAs RR intensities 

for excitations at the wavelengths corresponding to that of the stokes 

and antis tokes RR scattering, respectively, va corresponds to the 

vibrational frequency of the band under investigation and v the 

frequency corresponds to the stokes excitation wavelength, and where ~ 

is the normal Boltzmann factor, 11kT, with k the Boltzmann constant and 

T the absolute temperature. This relationship is completely general and 

is valid at the same level of approximation as the usual expressions for 

RR intensity derived from the dispersion relations (e.g. equation 1.1), 

The RR spectra from BR which fulfill these criteria are presented in 

Figure 4.16 together with a schematic representation of the excitation 

wavelengths. When analyzed, these data confirm that even after 

differences in resonance effects are considered, a substantial So(v*) 

population is formed photophysically after optical excitation of Sl' 
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Using equation 4.1 the C-C antistokes RR band is found to be ~3 times 

more intense than can be attributed to a vibrational population 

thermalized at 100. An even larger So(v~) population is reflected in 

the 1 MHz data shown in Figure 4.9 since the optical pumping is ~3 times 

larger (due to the higher extinction coefficient at 570 nm) than that 

utilized for recording the RR spectra in Figure 4.16. 

Applying Equation 4.1 to the observed relative antistokes 

intensity ratio, 1.48 X 10-3 (after correcting for the instrument 

response), yields a temperature of 328 K. These applications of 

Equation 4.1 demonstrate that the observed antistokes scattering arises 

from BR population at a higher temperature than the sample. This 

calculation of a temperature is not a correct application of Equation 

4.1. This is because in applying Equation 4.1 it is assumed that the 

probed molecular population is a single thermalized population. For 

these picosecond measurements the observed RR scattering originates from 

two independent classes of BR molecules. The antis tokes scattering 

arises from excited vibrational levels that are achieved in the set of 

molecules which have undergone optical excitation previously during the 

laser pulse while the stokes scattering has contributions from this set 

of molecules (hot stokes scattering) and the population that has not 

been excited (the normal 100 thermalized BR population). These two 

populations are likely to be thermally isolated on the picosecond time 

scale because the chromophores are separated by the protein and lipid 

environment which may not act as an efficient thermalizing bath as would 

a solvent. Therefore, the calculated value of 328 K represents a lower 
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limit for the temperature of the portion of the sample that is optically 

excited. 

The differences observed between the 1 MHz and 76 MHz data in 

Figure 4.9 are attributable to (i) the higher pulse energies available 

at 1 MHz which produce larger Sl popUlations and (ii) the direct 

dependence of So(v~) on the magnitude of the Sl popUlation. The 

difference in repetition rates, and thereby the pulse intervals of 13 ns 

and 1 ~s, does not influence the formation of either Sl or So(v~). The 

competing molecular processes in BR-570 occur on the same time scale as 

the 6 ps excitation (i.e., Sl lifetime is 0.5 ps and So(v*) vibrational 

relaxation time is ~7 ps [this work]). As a consequence, the 

photophysica1 relaxation within BR-570 initiated optically by one 6 ps 

p\llse is completed before the arrival of the next laser pulse at the 

sample. The antistokes RR scattering, therefore, can be attributed to 

the So(v~) present during the 6 ps laser pulse. Since the low-energy 

pulses in the 76 MHz excitation produce a negligibly small So(v~), the 

76 MHz antistokes RR spectrum (Figure 4.9) contains scattering from only 

a predominately room temperature, thermal popUlation of vibrational 

levels. The relative intensities of RR bands in the 76 MHz spectrum 

(Figure 4.9) are consistent with such a thermally-equilibrated sample. 

Here the intensity of the observed bands appearing at lower frequencies, 

such as, the methyl rock band (1003 cm-1) exceed that of the C-C 

stretching band (1522 cm-1 ) which is consistently the strongest feature 

in the stokes RR spectrum of retina1s. Independently, the absence of 

frequency shifts between band maxima in the stokes and antis tokes 
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spectra measured at 76 MHz (Figure 4.9 and Table 4.2) suggest that only 

the lowest-energy vibrational levels comprising a thermally-equilibrated 

sample are present. This thermal population appears to be preserved for 

76 MHz excitation with powers between 3 mW and 20 mW since the relative 

RR band intensities remain unchanged. At higher, 76 MHz pulse energies 

with powers exceeding 20 mW, however, relative band intensities do 

change (Figure 4.10) indicating that a more highly excited vibrational 

population (i.e, So(v*» is formed. When much larger pulse energies are 

utilized with 1 MHz pulses (Figure 4.11), a substantially larger So(v*) 

is created. 

Other comparisons support this interpretation. For example, the 

overall antis tokes RR intensity of the 1 MHz spectrum is ~5 times 

greater than that observed in the 76 MHz antis tokes spectrum indicating 

that a larger So(v*) population is directly related to larger Sl 

populations attained during the higher energy pulses. The reversal in 

the intensity ratio between the methyl rock band (1003-8 cm-1 ) and the 

c-c stretching band (1523-7 cm-1 ) in these two RR spectra (Figure 4.9) 

also suggests that the relative contribution of RR scattering from 

molecules at a higher internal temperature increases with pulse energy. 

Finally, the 2-7 cm-1 shifts of band maxima positions to lower frequency 

displacements in the antis tokes spectrum when 1 MHz excitation is used 

independently demonstrates that this RR spectrum contains a higher 

percentage of scattering from more highly excited vibrational levels. 

The frequency shifts are attributable to the vibrational anharmonicities 

of the level comprising So(v*). The magnitude of this shift is 



consistent with the anharmonicity (~ 2 cm-1) observed in the overtone 

transition of the C-C stretching mode at 3056 cm-1 [124]. 
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There are several aspects of the antistokes RR data recorded at 1 

MHz that are fruitful to explore: (i) the shifts to lower frequency 

observed in most of the relatively high frequency modes suggesting that 

levels of So(v*) higher then v-1 for these modes are populated during 

the excitation, (ii) the apparent change in relative intensity and band 

positions observed between the lower and higher power antis tokes spectra 

(Figure 4.11) and (iii) the apparent lack of sensitivity of the relative 

RR intensities of the antistokes bands to excitation wavelength (Figure 

4.15). The issues raised by these points center on the nature of the 

population of vibrationa11y excited levels probed during the laser pulse 

width. Do the relative intensities of the modes that are observed 

reflect a thermally equilibrated molecular population? 

The 1 MHz antis tokes RR spectrum acquired low and high powers are 

reproduced in Figure 4.17 with the c-c stretching bands normalized to a 

value of one in order to facilitate comparison. The relative 

intensities within these spectra appear to differ and the C-C band in 

the higher power data appears to be significantly broader than the 

corresponding band in the low power spectrum. The apparent change in 

relative intensities can be explained qualitatively by considering the 

contribution of the nonperturbed population thermalized at 10e to each 

spectrum. At low excitation powers this population may contribute 

significant intensity at the lower frequency end of the observed RR 

spectrum because of the higher thermal population of these levels 
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compared to those which give rise to the higher frequency bands such as 

the C-C stretch (c.f. the observed relative intensities in the 76 MHz 

data). At higher powers the RR spectrum is dominated by the signal 

originating in the vibrationa11y excited population produced by the 

excitation. The antis tokes scattering from this optically excited 

population far exceeds the contribution originating in the 100 thermal 

population. In order to compare the relative populations of each mode 

produced by the low and high power excitations it is necessary to remove 

the contribution of the 100 therma1ized population from at least the 

low power data. This contribution is represented by the antis tokes 

spectrum acquired with using a 76 MHz excitation source whose low energy 

pulses do not significantly perturb the thermal population. The result 

of subtracting this contribution from the low power data is shown in 

Figure 4.18 where the high power spectrum is also displayed for 

comparison. Viewed this way the relative intensities within each 

spectrum are approximately the same implying that the relative 

population of each mode excited by the pulse does not change as the 

average power is varied from 1 to 25 mW in this 1 MHz data. The 

broadening apparent in the C-C band of the high power spectrum is be 

discussed below. 

This lack of a dependence on the excitation power observed for the 

relative population achieved in each detected vibrational mode suggests 

that the distribution of excess vibrational energy is controlled by the 

molecular dynamics rather than the optical pumping process. Such 

molecular control over the relative populations in each mode may be 
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achieved two ways. First the distribution of electronic energy into 

particular vibrational modes will depend on the dynamics on the excited 

state surface and the matrix elements which control the internal 

conversion process. The observed relative populations of the 

vibrational modes may be a direct reflection of these dynamics. 

Secondly, this uniformity of relative population for each mode may 

reflect a rapid redistribution of the vibrational energy originally 

deposited into the retinal by internal conversion. This latter process 

may occur on a short time scale compared to the probing laser's pulse 

duration and a slower vibrational relaxation process occurring between 

the internally equilibrated chromophore and the protein environment. 

Such a scheme involving the rapid intramolecular redistribution of 

vibrational energy following internal conversion has been modeled 

recently for large dye molecules [135]. In this scheme the multitude of 

low frequency modes act as a heat sink able to respond to the sudden 

appearance of excess vibrational excitation more quickly «1 ps) than a 

solvent. Even an isolated excited po1yatomic molecule may rapidly 

redistribute its excess vibrational energy using itself as a bath so 

that the occupation numbers of the vibrational modes will follow a 

Boltzmann distribution at some elevated temperature. Here the term 

temperature is meant in an unusual sense since the lack of true a 

solvent bath in this ultrafast time scale. Such a temperature can be 

thought of as an "internal temperature" which reflects the internal 

therma1ization of the excess vibrational energy supplied by the internal 

conversion process [135]. 
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An examination of the relative intensities of the observed 

antis tokes RR bands may provide some insight into the role of 

intramolecular vibrational redistribution (IVR) in removing the excess 

vibrational energy deposited into higher frequency modes in the 

chromophore. Here the term, intramolecular, is employed in a limited 

sense to refer to processes occurring solely within the chromophore even 

though it is covalently linked to the protein. If the retinal 

chromophore is viewed as an isolated moiety which redistributes its 

excited vibrational energy among its various vibrational degrees of 

freedom then the antis tokes RR spectrum could be expected to reflect a 

popUlation distribution thermalized at some high temperature [134]. The 

relationship between the relative populations of two vibrational modes 

under a harmonic oscillator approximation is given by : 

Equation (4.2) 

where NiB is the population of vibrational level i in mode a and beta is 

the normal Boltzman factor. Such a relationship could be applied to the 

relative intensities of the antis tokes RR data of Figure 4.18 if the 

relative RR cross sections can be established. The relative cross 

sections for the major antistokes RR bands can be calculated by applying 

equation 4.2 to the relative intensities of the 76 MHz antistokes RR 

data for T-283 K. If it is assumed that the same cross sections are 

applicable to the transitions appearing in the 1 MHz excitation then the 

temperatures shown in Table 4.3 for several modes are obtained. 
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Since the relative RR intensities between modes imply different 

internal temperatures it may be concluded that the chromophore is not 

completely internally therma1ized by IVR. However, the indication, from 

the shifted antistokes band positions, that the observed antistokes 

transitions arise from several excited levels in each vibrational mode 

may imply that these antistokes transitions have relative RR cross 

sections different from those expressed in the 76 MHz data. This may 

invalidate the calculations presented in Table 4.3. Without more 

information regarding the RR cross sections from these levels it is not 

possible using these relative band intensities to determine with 

certainty if the observed antis tokes RR bands reflect an internally 

therma1ized retinal chromophore. 

While an analysis of the relative intensities within the 

antistokes RR spectrum may not resolve this issue, the observation of RR 

scattering from higher levels of these higher frequency modes, itself 

suggests that the internal distribution of vibrational energy during the 

laser excitation period is not therma1ized. Simple consideration of the 

temperature required to allow significant population of the v-2 level of 

a 1500 cm-1 mode using a Boltzmann distribution reveals that a very high 

value is needed. Using the usual Boltzmann factor, exp(-v/kT), to 

represent the relative populations, Nt or Nj , of any two successive 

levels, i, and j, yields for Nt/Nj - 0.1 a temperature of approximately 

900 K. While such a temperature would explain how the antistokes 

transition from v-2 to v-1 might be observed ( approximately 10% of the 

v-1 to v-O transition assuming the RR cross sections are the same) any 
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antis tokes transitions originating from higher levels would not be 

observed ( e.g. the v-3 population is only 1% of the v-1 population at 

this temperature). A N1/No ratio of 0.1 would be consistent with the 

populations predicted from the BR simulation model but the significantly 

higher ratios that would be required to account for observed RR 

scattering from levels higher than v-2 would not. The observed shifts 

in the antistokes band positions relative to the corresponding stokes 

positions show that a significant portion of the antis tokes signal is 

due to transitions originating in at least the v-2 level. The strength 

of this argument also relies on assumptions of uniformity for the RR 

transition probabilities between these higher vibrational levels but 

within this constraint these features of the antis tokes data do suggest 

that the retinal chromophore in BR has not completed its internal 

vibrational redistribution during the 5 ps laser pulse. 

The broadening apparent in the antis tokes C-C stretching band 

(Figures 4.9 and 4.14) is seen to occur only on the low frequency side 

of the band and is seen to increase with increasing excitation 

intensity. This broadening is attributed to increased scattering from 

higher, anharmonic levels of the ground state. Higher and higher levels 

contribute to the scattering as the power is increased resulting in 

contributions to the scattering shifted to lower frequency because of 

the decreasing energy intervals between the higher inharmonic 

vibrational levels. This phenomenon is a consequence of both the 

molecular relaxation dynamics and the dynamics of the laser excitation. 

Its explanation relies on photolytic interruption of the vibrational 
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relaxation process occurring at higher laser powers. As the laser 

intensity is increased the total population of Sl and hence relaxing 

So(v*) molecules also increases. This higher population experiences the 

higher photon flux and consequently a greater proportion of the relaxing 

species is re-excited during the pulse. These re-excited molecules 

enter Sl and subsequently relax into the upper levels of So(v*) where 

they may be re-excited again. In this way the distribution of BR' 

within So is photolytically biased toward higher vibrational levels. 

This power dependent broadening may also reflect differences in 

the excited state dynamics related to the different regions of the 

excited state potential surface reached when vibrationally relaxed or 

excited molecules are optically excited' (see Figure 1.5). As described 

above at higher laser fluxes vibrationally excited So(v*) molecules are 

more likely to be re-excited before relaxation is complete. This 

excitation carries the chromophore's excess vibrational energy into the 

excited state. Since the excited modes observed in the ground state are 

the higher frequencies, between 950 to 1700 cm-1 , they are not expected 

to be excited in Sl upon optical excitation from vibrationally relaxed 

BR. The excitation from So(v*) accesses a very different portion of the 

Sl surface. This is schematically illustrated in Figure 1.5 where FCl 

represents the Franck Condon region of Sl reached by optically exciting 

BR while FC2 represents the region accessed when BR' is optically 

excited. The same rapid (200 fs) relaxation that occurs from the FCl 

region may occur along the same nuclear coordinates from FC2. The 

relaxation of the additional high frequency modes of FC2 may occur much 
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more slowly perhaps on the same slower time scale (7 ps) seen in the 

relaxation of So(v*). This differential relaxation may result in 

internal conversion of molecules already carrying significant excess 

vibrational energy. In this way the vibrational energy deposited into 

the twice excited chromophore by the second internal conversion is added 

to the that acquired from the first optical excitation provided that the 

second excitation is accomplished before vibrational relaxation is 

complete. 

The observation of broadening as a function of power can be 

accounted for by the process of photolytic interruption of vibrational 

relaxation described above without the additional discussion of the 

excited state dynamics. The proposed slow relaxation of the higher 

frequencies modes from FC2 which provides for the storage of additional 

vibrational energy by repeated excitation of BR' does have a basis in 

these observations. This process provides for the appearance of RR 

scattering from yet higher vibrational levels at high laser flux 

conditions. Scattering from higher more anharmonic levels of So(v*) 

would more fully account for the magnitude of the observed broadening at 

high powers. Differentiating the excited state dynamics in the Fe1 and 

FC2 regions also provides an explanation for the wide discrepancy 

between the relaxation times observed in the excited state by 

femtosecond transient absorption [72,74,136] and those seen in the 

antistokes RR results presented here. Whatever the actual relaxation 

time within So(v*) is a value as small as the 200 fs time observed in 

the excited state would not permit the measurement of any antistokes 
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scattering from such short lived vibrational states during the 5 ps 

pulse. The model describing the primary events of the photocycle is 

relieved of this discrepancy by assuming the vibrational excitation not 

common to FCl and FC2 can relax at a different rate . 

Taken together, these single beam antistokes data provide 

compelling support for the conclusion that the antis tokes signal 

observed at 1 MHz arises from an vibrationally-excited, ground 

electronic state (So(v*» population in retinal. 

Several other, more quantitative characterizations of So(v*) can 

be derived from the time-resolved and power-dependent antis tokes RR data 

presented in Figures 4.12 and 4.11. The monotonic decrease of the C~C 

antistokes RR band intensity over the initial 40 ps to the level 

measured with the weak, probe laser only (Figure 4.14) unambiguously 

demonstrates that a transient So(v*) is present and that it relaxes at a 

rate of ~7 ps. The quantitative relationship between So(v*) and the Sl 

excitation process can be found in the power-dependencies observed in 

both two laser, pump-probe ( Figure 4.12) and single laser (Figure 4.13) 

experiments. The linear increase of the antistokes RR signal (at 0 ps 

time delay) with the pump laser power in pump-probe data (Figure 4.13) 

shows that So(v*) is linearly dependent on the Sl population. The same 

general dependence can be seen in the single laser data although the 

relationship is quantitatively distinct (Figure 4.12). The 

approximately quadratic increase of the antistokes RR signal with laser 

pulse energy derives from the dual role of the single, 6 ps pulse in 

both pumping the Sl population and generating ant is tokes RR scattering 
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from the resultant So(v*) population. In both cases, it is evident that 

So(v*) is produced by photophysical relaxation from the Sl states 

populated by optical pumping. 

The detailed mechanism by which vibrational energy is transferred 

within BR remains to be established. From the results described here, 

however, it appears likely that the ~7 ps vibrational relaxation process 

involves primarily energy transfer from the retinal chromophore to its 

protein environment. Such relaxation suggests that the retinal 

chromophore is relatively isolated from its protein environment, 

undargoing vibrational relaxation through higher-frequency modes by 

intramolecular vibrational redistribution within the chromophore before 

the protein becomes competitively involved. Such an isolated 

chromophore has been discussed in as part of a recent femtosecond 

transient absorption study [73]. Other interpretations, however, have 

not been definitively eliminated including the subpicosecond transfer of 

energy from retinal to the protein environment which subsequently 

transfers the energy back to retinal in order to form So(v*). In the 

latter case, the observed ~7 ps decay would reflect the relaxation of 

the entire equilibrated chromophore-protein moiety. 

2. Hot stokes Scattering 

The single laser stokes RR data is now evaluated in terms of the 

contribution to the stokes scattering of transitions originating in 

excited vibrational levels of the ground state, So(v*). Such 

transitions are analogous to the antistokes transitions described above. 

A schematic representation of these transitions is shown in Figure 4.19. 
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Within the constraint set by differences in absolute cross sections at 

any particular wavelength stokes transitions should be observed which 

originate in the same excited vibrational levels as seen in the 

antistokes spectra. These hot stokes transitions should spectrally 

overlap the stokes transitions which originate from the zero points of 

each mode with the same small 2-7 cm-1 shift of band maxima caused by 

the anharmoniclty of these upper levels. Unlike the situation for the 

antistokes data at low to moderate powers such hot stokes transitions 

account for only a small part of the observed scattering which should be 

dominated by the normal stokes RR bands. At higher laser powers the 

relative contributions from these level should increase as the relative 

populations of So(v*) is increased by the optical pumping process. 

The contribution of hot stokes intensity to the RR signal can be 

examined by considering the power dependence exhibited in the single 

laser RR intensity of the C-C stretching mode presented in Figure 4.6. 

The simulation model's predicted RR intensity due to scattering from BR 

alone (the dashed curve in Figure 4.6) fails to follow the observed RR 

intensity falling off at higher powers. The relative contributions to 

the RR signal from each of the species present during the excitation 

pulse are appear in Table 2.2 for several excitation powers. These 

values have been calculated using Equation 2.12 and are based on the 

populations predicted by the simulation model. These calculations 

assume that the relative RR cross sections scale as the absorption 

coefficients of each species. For hot stokes scattering, as for the 

analogous antis tokes scattering this assumption is not warranted. This 
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means that the values for the relative contributions for the hot stokes 

scattering are incorrect by a constant scaling factor which adjusts 

these values for the RR cross sections. However, these values do 

correctly calculate the relative scattering probabilities in relation to 

the time dependent population and laser intensity. If a scaling factor 

of 0.44 for the contribution of all the species except BR is applied to 

the values in Table 2.2 the predicted RR signal as a function of power 

is found to agree closely with the observed power dependence. This can 

be seen in Figure 4.20 where the power dependent data and predicted BR 

and adjusted BR' values from Table 2.2 are reproduced. Since the 

contributions from all species besides BR' and BR are small except at 

the highest powers this result indicates that the average RR cross 

section from the vibrationa11y excited levels of So that do contribute 

are approximately 44% that of the normal stokes values. 

Earlier versions of the simulation model which do not include the 

vibrationa11y hot species are able to fit the transient absorption data 

quite well but not the transient fluorescence data (PTRF) which is more 

sensitive to the hot species. These models are also not able to provide 

a reasonable fit to the power dependent RR data. An example of this 

failure of the model to account for the stokes RR power dependence is 

presented in Figure 4.21. These simulations consistently overestimated 

the BR-S70 contribution to the RR signal at higher laser powers so that 

the predicted contribution of BR-570 alone significantly exceeded the 

total measured RR signal for laser powers in excess of 8 mW. Similarly, 

these models are unable to account for the observed decrease in the 
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total RR intensity observed in the two beam, time resolved experiments 

when the pump and probe beams are overlapped in time (zero delay e.g. 

see Figure 4.7). In this data the total RR signal induced by the probe 

laser in the presence of the pump laser is ~ 30% less than that observed 

with the probe beam alone (Figure 4.7). By using the values for the 

relative contributions from each species calculated with the final 

version of the simulation model which includes the vibrationally excited 

species it is found that, under these pump probe conditions, the 

weighting of the contributions of BR', J, K' and K by the same value of 

0.44 found in the power dependence data above accounts for this 30% 

decrease in the total signal. 

The same simulation values are also able to model the power 

dependence of the C-C stretch band antistokes RR intensity (Figure 

4.12). The broken trace shown in Figure 4.12 represents the scaled 

contribution of the calculated BR' population to the antistokes RR 

signal plotted as a function of the laser excitation power. The good 

fit of the calculated and measured power dependence of the antis tokes 

intensities represents another demonstration of the simulation models 

ability to account for a variety of observations. The simulation model 

is seen to describe three independent experiments: the power dependence 

of RR signals for the hot stokes scattering and the antis tokes 

scattering, and the zero time pump-probe result. This agreement between 

the model and experiment supports the hypothesis that the observed 

stokes data is "contaminated" by substantial hot stokes scattering 

originating from the same excited vibrational population that gives rise 
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to the antistokes scattering. 

Further support for this hypothesis is found in the similarity 

between the stokes and antis tokes data in the broadening of the C-C RR 

band observed as the power is increased. The C-C RR band contours for 

low and high average excitation are displayed in Figure 4.22. These 

data have been normalized for comparison and the analogous antis tokes 

data is also shown. Just as in the case of the antistokes results the 

higher power excitation biases the scattering population towards higher 

levels of So(v*) to produce a RR band broadened by the decrease in 

vibrational frequency associated with anharmonicity. 

If the BR-570 contribution to the high power single laser RR data 

is removed by subtraction the resultant intensity is predominately due 

to scattering from the vibrationally excited population. This means 

that the difference spectra presented in Figure 4.1 - 4.5 represent the 

hot stokes spectrum composed of RR transitions originating in excited 

vibrational levels of the ground state. The difference spectrum of 

Figure 4.1 and the antistokes spectrum obtained at the same excitation 

frequency (Figure 4.9) are reproduced 

in Figure 4.23. The close agreement between these two spectra See Table 

4.5 for comparison of peak positions) leave little doubt regarding the 

common origins of the transitions which give rise to both sets of data. 



Figure 4.1 Low and high power single laser RR spectra of BR. Trace a is 

obtained using an excitation of 25 mW of 570 nm laser 

radiation (6 ps pulse width, 1 MHz repetition rate). Trace b 

is obtained at higher power using 25 rnW of the same laser 

excitation. Trace c is the difference spectrum obtained by 

subtracting the BR-570 contribution to the high power 

spectrum. This contribution is obtained by scaling the low 

power BR spectrum by a factor of 6.4, determined from the 

kinetic simulation model for these excitation conditions. 
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Figure 4.2 Single laser difference spectra for several subtraction 

values. The difference spectra obtained by subtracting the 

BR-S70 spectrum from the high power single laser data 

presented in figure 4.1 for a series of successive scaling 

values is shown. The two spectra are normalized together so 

as to have equal intensities at the maximum of the C-C band 

and then the low power spectrum is scaled by values in 0.1 

increments from 0.3 to 0.9 of the full intensity to produce 

the difference traces (a) through (g) respectively. 
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Figure 4.3 Low and high power single laser spectra of BR. The upper 

trace is obtained at low power (2 mW, 590 nm, 6 ps pulse) and 

represents the RR spectrum of BR-570. The lower trace is the 

difference spectrum obtained by subtracting the BR-570 

contribution to the high power (25 mW, 590 nm, 6 ps pulse). 

The BR-570 contribution is obtained by scaling the low power 

BR spectrum by a factor (0.7) given by the simulation model. 
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Figure 4.4 High resolution single laser difference spectrum obtained from 

a high power (25 mW) excitation showing the C-C region (left) 

and the corresponding band in the BR-570 spectrum (right). 
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Figure 4.5 High resolution single laser difference spectrum obtained from 

a high power (25mW) excitation showing the Fingerprint and 

methyl rock and HOOP regions (solid trace). The broken trace 

represents the low power, BR-570 spectrum. 
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Figure 4.6 The C-C RR band intensity obtained with single laser 

excitation plotted as a function of laser power. The 

simulation model's predicted RR intensity from BR-570 only is 

also shown (triangles). The observed band intensity at higher 

powers is not accounted for by scattering originating from BR-

570 only. 
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Figure 4.7 PTR3 spectra of the fingerprint region obtained within the 

cross-correlation time of the two lasers (0 ps delay). The 

total observed scattering at 0 ps delay (solid trace) is 

significantly less than the signal observed with the probe 

laser alone (dash-dot-dotted trace). The difference spectrum 

displayed (dash-dotted trace) is obtained by subtracting the 

predicted (0.55) BR-570 contribution to the 0 ps spectrum. The 

simulation model used includes the important contributions of 

vibrationally excited BR' and K'. 
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Figure 4.8 PTR3 difference spectrum obtained of the fingerprint region 

for 0 ps delay is compared with the single laser difference 

spectrum. The PTR3 difference spectrum for 0 ps delay (from 

figure 4.7) is displayed as the broken trace and the single 

laser difference spectrum is displayed as the solid trace. 

The simulation is able to predict BR-S70 subtraction values 

for both the single laser and two laser, PTR3 measurements 

which yield the same results. 
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Figure 4.9 The stokes (right) and antis tokes (left) RR spectra obtained 

with 4 mW (average power), 5 ps pulses of 590 nm laser 

radiation at a repetition rate of lMHz (top) and 76 MHz 

(bottom). The antistokes spectra have been scaled up by a 

factor of 50 to facilitate comparisons. The larger overall 

intensity and the increase in the relative intensity of the 

high frequency C-C band in the 1 MHz antistokes spectrum 

reflect the increased So(v*) population achieved by the higher 

energy pulses of the 1 MHz excitation. See Text. 
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Figure 4.10 Antistokes RR spectra of BR obtained with 76 MHz laser 

excitation at 570 run. Data have been scaled so that the 

intensity of the 1008 cm-1 , methyl rock band is the same. 

Spectra obtained at average powers from 5 to 40 mW show little 

variation in relative intensities across the spectrum. 
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Figure 4.11 The antistokes RR spectrum of BR obtained at low and high 

powers using a 570 nm with a 1 MHz repetition rate. Legend: 

a, 18 rnW; b, 12 rnW; c, 4 rnW. The spectra have been scaled so 

that they have the same intensity at the C-C band, 1519 crn-1 • 

Significant broadening is observed on the low energy side of 

all RR bands at higher powers. 
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Figure 4.12 The C-C antistokes RR band intensity as a function of laser 

power for single laser RR measurements (570 nm, 6 ps pulses, 

1 MHz repetition rate). The predicted values are obtained by 

scaling the values for the BR' relative contribution to the 

antistokes RR signal calculated using Equation 2.12 assuming 

only this species contributes to the antis tokes scattering. 

The nearly quadratic behavior is due to the dual role of the 

single laser as a pump and probe excitation source. 
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Figure 4.13 The C-C antistokes band intensity as a function of power for 

the two laser, pump/probe measurements. The RR scattering 

excited by the 602 nm probe laser, 3 mW (average power), 5 ps 

pulses, I MHz repetition rate is plotted as a function of the 

570 nm pump laser power. 
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Figure 4.14 Antistokes PTR3 spectra showing the strong c-c vibrational 

band obtained at the indicated pump-probe delays. The decay of 

the initially excited vibrational population created by the 

pump laser is demonstrated by the return at a delay of 40 ps 

of the PTR3 signal to the level obtained by the probe laser (4 

mW, 6 ps, I MHz repetition rate) alone. 
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Figure 4.15 The antistokes RR spectra of BR obtained at several excitation 

wavelengths. The normalized antistokes obtained under similar 

laser pulse conditions at the following excitation 

wavelengths: (a) 590 nm , (b) 580 nm , (c) 575 nm , (d) 570 nm 

and (e) 563 nm , appear very similar. The band positions and 

relative intensities are approximately the same in all 

spectra. 
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Figure 4.16 Stokes (top, 570 nm excitation) and antis tokes (bottom, 624 nm 

excitation, scaling factor of 100 ) spectra of BR sample. 

These excitation wavelengths are selected in order to directly 

compare the stokes to antistokes intensity ratio of the C-C 

band (1525 cm-1 ) to a thermalized Boltzmann population 

distribution. The RR enhancement is the same for the 

transitions monitored at these wavelengths [134]. The 

antistokes intensity is approximately 3 times greater than 

would be predicted from a 100 BR sample. 
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Figure 4.17 The 1 MHz, antistokes RR spectrum of BR obtained at high and 

low average powers. The broken trace represents the higher 

power (18 mW) data and the solid trace represents the low 

power (4 mW) results. Both excitations used 6 ps pulses of 570 

nm laser radiation at a 1 MHz repetition rate. These data are 

overlaid to emphasize the difference in relative intensity 

between the c-c band (1519 cm- l ) and the Methyl rock band 

(1000 cm-1). 
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Figure 4.18 The low power (4 mW) antistokes RR spectrum obtained after 

removing the contribution of the room temperature thermal 

population of BR-S70 which contributes preferentially to lower 

frequency bands of the low power spectrum (Broken trace). 

This thermal contribution is removed by subtracting the 

spectrum obtained with a 76 MHz repetition rate excitation 

(see Figures 4.9 and 4.10). The higher power result (solid 

trace) is overlaid for comparison. 
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Figure 4.19 Schematic level diagram illustrating the antistokes and 

corresponding stokes (hot stokes) transitions that can occur 

from excited vibrational levels of a ground state manifold. 
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Figure 4.20 Single Laser power dependence. The total a-a stretching band 

(1525 cm-1) stokes RR intensity (open circles) plotted as a 

function of laser power (590 nm, 6 ps, 1 MHz excitation). The 

predicted RR intensity due to only the BR-570 species is also 

plotted (open triangles). These predictions are based on a 

kinetic simulation which does not take into account the 

vibrationally excited species, BR', and K'. At higher laser 

powers this model predicts significantly more scattering from 

the BR-570 component than the observed scattering from all 

species present during the 6 ps excitation. 
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Figure 4.21 Single laser power dependence. The total C-C stretching band 

(1525 cm-1) stokes RR intensity (open triangles) is plotted as 

a function of laser power (570 nm, 6 ps, 1 MHz excitation). 

The kinetic simulation's predictions for the RR intensity due 

to all species present during the excitation are also plotted 

( open squares). The kinetic simulation model used here 

includes the contributions of the vibrationa11y excited 

species BR' and K'. These contributions are weighted by an 

empirical scaling factor of 0.44 relative to the BR-570 

scattering intensity (see text). 
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Figure 4.22 The Antistokes (left) and stokes (right) c-c RR bands (1519 

and 1526 cm-1 respectively) at low (3 mW)(broken traces) and 

high (18 mW) (solid traces) power excitations. Note that both 

stokes and antis tokes data exhibit the same broadening at the 

low frequency side of this band. 
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Figure 4.23 Single laser low resolution difference spectrum (Figure 4.1) 

upper trace and the corresponding antistokes data (also see 

Table 4.4 for band maxima positions). The Stokes data 

represents hot stokes transitions from the same vibrational 

levels which give rise to the antis tokes signals. 
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Table 4.1 
Measured RR Band Maxima Positions of Early Photo cycle Species 

in the Single Laser Difference Spectrum. 

Vibrational BR-570 Stokes 
Band Spectrum Difference 

Spectrum 
(cm"1) (cm"1) 

C=NH Stretch 1638 1629 

C=C Stretch 1525 1518 

Fingerprint 
C14-C15 1202 1194 
C1o-C11 1169 1161 

Methyl Rock 1005 1001 

HOOP 958 946 
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Table 4.2 

Observed Positions of Major BR Resonance Raman Bands. 

Excitation Repetition Rate Observed Band Maxima 
Wavelength (nm) (MHz) (em"') 

Stokes Antistokes 

590 1 1526 1523 

1201 1199 

1169 1165 

1006 1003 

590 76 1527 1527 

1201 1201 

1170 1171 

1007 1008 

570 1 1525 1523 

1200 1194 

1170 1168 

1006 1002 

624 1 1525 1518 

1200 1195 

1169 1165 ' 

1005 1002 



Table 4.3 
Temperature Calculated Using Equation 4.2 

for these modes relative to 
the C=C stretching mode (1525 cm-1

) 

Modes Temperature 
K 

Methyl Rock 1170 

1008cm-1 

C14-C15 928 

1201 cm-1 

C15H 531 

959cm-1 

186 
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Table 4.4 
Comparison of Antistokes and Hot Stokes RR Band Positions 

Vibrational BR-570 Stokes Antistokes 
Band Spectrum Difference Spectrum 

Spectrum 
(em·') (em·') (em·') 

C=NH Stretch 1638 1629 1629 

C=C Stretch 1525 1518 1520 

Fingerprint 
C'4-C'5 1201 1191 1191 
C,o-C" 1169 1161 1163 

Methyl Rock 1008 999 1000 

HOOP 959 946 953 
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CHAPTER 5 : 

CONCLUSIONS 



189 

The work presented here demonstrates a synthesis of observations 

and hypothesis which has been made possible by the application of the 

two-laser pump probe technique to time resolved spectroscopy. The PTR3 , 

PTA, and PTRF measurements have been intimately interconnected. The 

PTRF experiments, for example, arose from the first observations of 

fluorescence emission from K-590 which occurred in the course of 

developing the PTR3 experiments. The interpretation of the PTR3 results 

depends critically on the results of the kinetic simulation model 

derived from the PTA and PTRF experiments. Finally, the kinetic 

simulation model itself is supported by the observation of significant 

antistokes scattering from vibrationally excited BR, BR' produced by the 

optical excitation. 

The major conclusions based on the antistokes measurements 

reported here are: the RR scattering observed with I MHz laser 

excitation represents scattering from vibrational levels not normally 

populated at room temperature ; the scattering observed using lower 

energy pulses at 76 MHz appears to arise from the expected room 

temperature vibrational distribution; the vibrationally excited levels 

include several quanta of relatively high frequency modes; this excited 

vibrational population decays with an ~7 ps time constant; the 

population of these excited vibrational levels is achieved as result of 

the optical excitation and represents the conversion of the electronic 

energy deposited in the chromophore through the ~-~* transition into 

vibrational energy via the process of internal conversion; this 

vibrational excitation of the retinal chromophore appears to be not 



completely equilibrated within the molecule by IVR on the picosecond 

time scale. 
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The existence and characteristics of this vibrationally excited 

population have important implications for the understanding and 

modeling of the optical excitation process. This is evidenced by the 

need to incorporate the vibrationally excited species into the kinetic 

simulation model in order to model the PTA and PTRF data. The 

possibility of altered kinetics or reaction paths must be considered in 

experiments using ultrashort laser excitations because the optical 

excitation process can involve re-excitation of previously excited BR 

molecules which have not fully relaxed. The re-excitation of these hot 

molecules accesses a different part of the excited state potential 

surface, FC2 in Figure 1.5. This may affect the photochemistry and the 

photophysical relaxation process as suggested by broadening of the high 

power antis tokes measurements observed here. The possibility of 

investigating the excited state relaxation process from the FC2 region 

should the dynamics prove to be different is an interesting prospect 

independent of the implications to the BR excitation process. Future 

investigations into this aspect may prove interesting for chemical 

dynamics. 

The relatively long lifetime of BR' and the apparent lack of rapid 

"self thermalization" of the vibrational energy among the low frequency 

modes by IVR is very interesting. Previous studies of dye molecules 

have found that such a process of internal thermalization occurs very 

rapidly «1 ps) resulting in a molecule thermalized at a higher 
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temperature while undergoing slower intermolecular relaxation to a 

solvent [135]. Other studies on large po1ya1kenes (m'~\lecull:lr weight -

50,000) have found that IVR has varied from < 1 to 25 ps depending on 

the number of CH3 groups in the molecule [137] The relaxation of CH 

stretching modes in these molecules proceeds through bending vibrations 

coupled to the CH3 side chain groups. In BR the energy deposited into 

specific ground state modes by internal converslon from Sl may remain 

localized in these initially populated modes for several picoseconds 

because of poor coupling to low frequency modes. The retention of 

vibrational excitation in these high frequency modes may result from the 

protein environment. Such an effect may occur because the protein 

isolates the retinal so that collisions necessary to stimulate the 

exchange of vibrational energy between modes occur less frequently. On 

the other hand, the protein may constrain the chromophore somehow 

limiting its motions or altering the intramode coupling. These 

possibilities could be explored by investigating the antis tokes 

scattering from the isolated chromophore perhaps as a Schiff base in 

solution or, more ambitiously, in a molecular beam or free jet expansion 

experiment. Recently, similar hot vibrational antistokes bands have 

been observed in membrane bound carotenoids [138]. The investigation of 

chromophores in solution and bound may also prove illuminating. 

The single laser RR stokes measurements reported here and 

elsewhere [5,102,104-107] are to be re-evaluated in light of the 

antistokes RR results described here. Because the contribution of hot 

stokes scattering originating in the excited vibrational levels of the 
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BR ground state dominates the RR difference spectra for measurements at 

high laser fluxes previous assignments of these difference spectra to K-

590 must be discarded. Because of the unfortunate coincidence of the 

appearance of the fingerprint region band in the K-590 spectrum at 1194 

cm-1 and the shift of the hot stokes band from 1201 cm-1 to 1196 cm-1 

(the same position as observed in the antis tokes spectrum ) it has been 

quite easy to accept the these data as representing the RR spectra of K-

590. 

Both J-590 and BR' are produced within 0.5 ps of the optical 

excitation. Therefore, the increased time resolution available from 

lasers with smaller pulse widths than those used here can not be 

exploited to isolate the J-625 RR spectrum. The predicted relative 

contributions of these species to the RR spectrum obtained at even red 

wavelengths chosen to enhance the scattering from J-625 show that a 

single-laser RR difference spectrum will be dominated by thp. BR' 

contribution. It is unlikely that a single-laser measurement will be 

able to provide a spectrum of J-625. By using separate pump and probe 

lasers it may be possible to select a probe wavelength sufficiently far 

to the red so as to selectively enhance scattering from J-625. With the 

pump wavelength and pulse energy are chosen to optimize the population 

of J-625 a spectrum containing a substantial contribution from J-625 

may be obtained. Even such a spectrum will be contaminated with a 

substantial contribution from BR' but this contribution may be 

subtracted away if the spectral profile can be established. The 

antistokes spectrum taken under these conditions may provide this 



profile. Such experiments are extremely difficult and there 

accomplishment will likely require improvements in the apparatus 

available for making PTR3 measurements. 
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These conclusions based on the antis tokes measurements reported 

here have implications regarding the BR photocyc1e itself. It is not 

likely that the high concentrations of BR' produced by picosecond laser 

excitation are achieved in PM in sunlight therefore the chemically 

interesting fate of re-excited BR' is not a concern as far as the 

photocyc1e in nature is concerned. Depending on the actual quantum 

yield for the formation of J 40 to 60% of the BR excited does return to 

the BR ground state passing through the vibrationa11y excited level of 

BR' on a time scale equivalent to the measured K-590 formation time 

It is interesting to speculate on the possibility that this is important 

to the photocycle. It is possible that the J-625 species is only a 

subset of the BR' population and that the isomerization associated with 

K-590 formation occurs through vibrational energy redistribution in the 

chromophore on the ground state surface. Viewed this way the optical 

excitation serves the purpose of delivering a large quantity of 

vibrational energy to the chromophore without having to heat the entire 

protein to achieve this degree of excitation thermally and thus damaging 

the membrane. Although this last point is intriguing it is not likely 

that such a functional role for BR' exists. If the isomerization were 

to occur thermally on the ground state surface this would not be a very 

efficient process since only several picoseconds are available to 

randomly move the vibrational energy to the reaction coordinate also the 



additional undesired isomerizations are likely to occur at the same 

time. 
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Another interesting possibility is that the J-625 species is not a 

separate ground state species at all but rather a form of vibrational1y 

excited K-590. The J-625 identified by PTA measurements would then 

represent a subset of relaxing K' molecules whose absorption maximum is 

red shifted relative to K-590. The 3.5 ps J to K decay time would 

represent the relaxation of this subset into lower excited levels of the 

ground state surface of the K intermediate from which relaxation may be 

slower and which have a less red shifted absorption. While there is no 

direct evidence for this scheme it is consistent with all the 

observations. If the isomerization occurs in the excited state and the 

species that is formed after 0.5 ps is already isomerized it i.s not 

clear what structural change may be occurring between J and K. If J 

actually is just a more highly excited form of K' there no longer is a 

need for a structural difference between J and K. At this time this 

view of J-625 remains speculative. Perhaps the search for the RR 

spectrum of J-625 will shed some light on this issue. 

The two-laser PTR3 experiments together with the results of the 

kinetic simulation model have established both the method for obtaining 

a spectrum of K-590 in the picosecond time domain and what the spectrum 

is. This two-laser data is clearly distinct from the earlier single 

laser work and has provided for the first time an unambiguous way of 

separating the overlapped BR-570 and K-590 spectra. The conclusions 

that have been made on the basis of this spectrum are that: the 
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fingerprint band appearing in the K-590 spectrum at 1195 cm-1 is 

consistent with a l3-cls C15N antl configuration; the enhanced HOOP 

intensity observed in the K-590 spectrum indicates a chromophore with 

significant out of plane distortion which appears even in the PTR3 data 

at short time delays « 40 ps) and remains at long delays (26 ns); the 

small change to lower frequency for the c-c stretching band in the K-590 

spectrum reflects a relatively small change in electron delocalization 

in the ground state of K-590. 

The most significant aspect of these conclusions is that the 

change in the chromophore configuration has been detected unambiguously 

at times at least as short 8S 40 ps after initiation of the photocycle. 

This establishes the isomerization as the primary photochemical event in 

the photocyc1e. The lack of change in the K-590 RR spectrum over the 40 

ps to 26 ns range also supports this view and further suggests that any 

changes which may be occurring over this time involve the protein and 

not the chromophore structure. The retention of the distortion signaled 

by the enhanced HOOP bands even at long times suggests that this out of 

plane distortion is not simply an accommodation to an unrelaxed protein 

pocket but rather that it serves some function in relation to the 

photocyc1e. Since the HOOP bands that appear enhanced include motions 

of the C14 and C15 hydrogens it is possible that the out of plane 

distortion is isolated to the region near the Schiff base and may 

reflect changes in the counter ion environment caused by the 

isomerization. These changes and the twisted conformation of the 

chromophore may be necessary for the proton transfer which is, after 



196 

all, the reason for the isomerization. 
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APPENDIX A 

RATE EQUATIONS OF THE KINETIC SIMULTION MODEL 

The kinetic simulation model appears elsewhere in detail [74,88]. 

A brief description including the rate equations that are used to model 

the excitation process are given here for convenience. The model used 

in the analysis of the stokes and antis tokes RR results is based on the 

system of coupled differential equations which describe the time 

dependent populations of all molecular species present during the 

excitation pulse. Solutions to such equations are also necessary for 

the interpretation of transient absorption data from picosecond 

measurements of the primary products of the BR photocycle. The computer 

program which performs the simulation calculations numerically solves 

these equations for the specified experimental conditions [74,88]. The 

resulting transient populations (see Figure 2.8) are then used to 

simulate the PTA or PTRF results by using these populations to calculate 

the instantaneous change in the probe laser absorbance or induced 

fluorescence emission assuming a gaussian temporal laser pulse shape. 

The processes described by the rate equations are shown 

schematically in Figure 1.5. These consist of the optical excitation of 

each ground state species into an excited electronic state followed by 

non-radiative relaxations processes which include internal conversion, 

vibrational relaxation, and photochemical reaction leading to photocycle 

products. The radiative paths from these excited states have been 

ignored in calculating the transient populations since the quantum 

yields for emission are so small (~ 10-4) [41]. 



Rate equations 

The differential equations used to model the primary events are 

given in terms of the ground- and excited-state species: 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7-10) 

(i) ground-state species: 

• 
NBR - - O'BRI1NBR + kBR,NBR, 

• 
NBR, - - (O'BR,I1 + kBR' )NBR, + kBR"'BR,NBR", + kBR''''BR,NBR,,,, + kK"'BR,NK", 

• 
NJ - kBR"'JNBR", - (kJ + O'JI1)NJ + kJ"JNJ" 

• 
NK, - - (O'K' I1 + kK' )NK, + kJNJ + kK''''K,NK,,,, + kK"'K,NK" 

• 
NK - kK,NK, - O'KI 1NK 

(ii) excited-state species: 
• 
NBR". - O'BRI1NBR - kBR",NBR" + kBR'''BR",NBR,,,, + kJ"BR",NJ", 

• 
NK", - O'KI1NK - kK",NK", + kK''''K",NK,,,, 
(8) 

• 
Ni'" - O'i I 1Ni - ki",Ni'" for i - BR', J and K' 

• 
where the notation Ni represents dNi/dt. 

The rate constants, k, are related to the quantum yields of photo-

conversion and the intermediate lifetimes by: 

ki -1/ri withi-J, BR', BR'''', K', K'''',BR''', K"', J'" 
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In equations (1-10), I l , is the photon flux of the pump laser 

pulse which is assumed to have a Gaussian shape. The absorption cross

sections of BR-570, J-625, and K-590 at the pump wavelength, 570 nm are 

given by 0i' Absorption from BR* during excitation is neglected since 

the 0BR* is small (~O. 2 0BR [24,66]) and 'BR* is 0.,5 ps [66]. The 

instantaneous populations of BR-570, BR', J-625, K-590, K' and their 

respective excited states (BR*, BR'*, J*, K", and K''') created during 

optical pumping are represented by Ni(t). An additional equation 

(L Ni(t) - NBRO ) describes the conservation of molecules in the system 

using NBRO to represent the initial BR-570 population. 



200 

REFERENCES 
1. G.H. Atkinson in R.J.H. Clark and R.E. Hester (Eds.), Advances in 

Infrared and Raman Spectroscopy, North-Holland Publishers, London, 
1982 p.1. 

2. G.H. Atkinson in B.A. Garetz and J.R. Lombardi (Eds.),Advances in 
Laser Spectroscopy, Heyden and Sons, Inc., London, 1982, p. 155. 

3. R.Wi1brandt, P.B. Pagsberg, K.B. Hansen and C.V. Weisberg, Chern. 
Phys. Lett., 36, (1975) 76. 

4. T.L. Gustafson, D.M. Roberts and D.A. Chernoff, J. Chern. Phys., 
81, (1984) 3438. 

5. D.A. Gilmore, M.S. Thesis, Syracuse University, Syracuse New York, 
(1983) . 

6. G.H. Atkinson, T.L. Brack, D. Blanchard and G. Rumbles, Chern. 
Phys. 131, (1989) 1. 

7. T.L. Brack and G.H. Atkinson, J. Mol. Struc. , 214, (1989) 289. 

8. J. Terner and M. A. EI-Sayed, Acc. Chern. Res. , 18, (1985) 331. 

9. M. Stockburger, W. Klusmann, H. Gattermann, G. Massig and R. 
Peters, Biochemistry, 18, (1979) 4886. 

10. M. Braiman and R. Mathies, Biochemistry, 19, (1980) 5421. 

11. D.A. Long, Raman Spectroscopy, McGraw-Hill, New York, 1977. 

12. P.W. Atkins, Physical Chemistry, W.H. Freeman and Company, San 
Francisco, 1982. 

13 D.L. Rousseau in D.L. Rousseau, (Ed.), Optical Techniques in 
Biological Research, Academic Press, Orlando, 1984 p. 66. 

14. P.A.M. Dirac, Proc. Roy. Soc. (London), 114, (1927) 710. 

15. A.B. Meyers and R.A. Mathies in T.G. Spiro (Ed), Biological 
Applications of Raman Spectroscopy, John Wiley and Sons, New York, 
1987 p.1. 

16. M. Stockburger, T. Alshuth, D. Oesterhelt and W. Gartner, in 
R.J.H. Clark and R.E. Hester (Eds.), Advances in Inrared and Raman 
Spectroscopy, Wiley, New York, 1986, p.483. 

17. R. Henderson, Ann. Rev. Biophys. Bioeng., 6, (1977) 87. 



18. W. Stoeckenius, R.H. Lozier and R.A. Bogomolni, Biophys. Acta., 
505, (1979) 215. 

201 

19. W. Stoeckenius and R.B. Bogomolni, Ann. Rev. Biochem., 51, (1982) 
587. 

20. R. Birge, Ann. Rev. Biophys. Bioeng., 10, (1981) 315. 

21. D. Oesterhelt and W. Stoeckenius, Proc. Natl. Acad. Sci. USA, 70, 
(1973) 2853. 

22. M.L. Appleburry, K.S. Peters and P.M. Rentzepis, Biophys. J., 23, 
(1978) 375. 

23. W. Zinth, M.C. Nuss, H.J. Polland, M.A. Franz and W. Kaiser in 
J.P. Alix, L. Bernard and M. Manfait (Eds.), Proceedings of the 
First European Conference on the Spectroscopy of Biological 
Molecules, John Wiley and Sons, New York 1985 p.325. 

24. A. V. Sharkov, A.V. Paku1ev, S.V. Chekalin and Y.A. Matveetz, 
Biochimea et Biophysica Acta, 808, (1985) 94. 

25. Mitchel, P., Eur. J. Biochem., 95, (1979) 1. 

26. D. Oesterhelt, Angew. Chern. Int. Ed. Engl., 15, (1976) 17. 

27. W. Stoekenius, Sci. Amer. 38, (1976) 234. 

28. Stoeckenius, W., Lozier, R.H., and Bogomolni, R.A., Biochemica et 
Biophysica Acta, 505, (1979) 215. 

29. Blaurock, A.E. and Stoeckenius, W., Nature New Bio1. , 233, (1971) 
152. 

30. Henderson, R., J. Mol. Biol., 93, (1975) 123. 

31. Unwin, P.N.T., and Henderson, R., Nature, 257, (1975) 28. 

32. King, G.I., Bogomolni, R.A., Hwang, S.-B. and Stoeckenius, W., 
Biophys. J., 17, (1977) 97a. 

33. Bogomolni, R.A., Hwang, S. -B., Tseng, Y.-W., King, G.I. and 
Stoeckenius, W. , Biophys. J., 17, (1977) 98a. 

34. Ovchinnikov, Y.A., Abdulaev, N.G., Feigina, M.Y., Kise1ev, A.V., 
Lobanov, N.A., FEBS Lett., 100, (1979) 219. 



202 

35. Khorana, H.G., Gerber, G.E., Herlihy, w.e., Gray, C.P., Andregg, 
R.J., Nihei, K, Biemann, K., Proc. Natl. Acad. Sci. U.S.A., 76, 
(1979) 5046. 

36. Stoeckenius, W. and Bogom01ni, R.A. , Ann. Rev. Biochem., 51, 
(1982) 587. 

37. Danon, A. and Stoeckenius, W. , Proc. Nat1. Acad. Sci. U.S.A., 71, 
(1974) 1234. 

38. Oesterhe1t, D. and Krippah1, G. , FEBS Lett. , 36, (1973) 72. 

39. Oesterhe1t, D. and Stoeckenius, W. , Proc.Natl. Acad. Sci. USA., 
70, (1973) 2853. 

40. Bogom01ni, R.A., Baker, F.A., Lozier, R.H. and Stoeckenius, W., 
Biochim. Biophys. Acta, 440, (1976) 68. 

41. Racker, E. and Stoeckenius, W. , J. BioI. Chern., 249, (1974) 662. 

42. Yoshida, M., Sone, N., Hirata, H., Kagawa, Y., Takeuchi, Y. and 
Onho, K., Biochem. Biophys. Res. Commun., 67, (1975) 1295. 

43. Kagawa, Y., Ohno, K., Yoshida, M., Takeushi, Y. and Sone, N. , 
Fed. Proc., 36, (1815). 

44. Kaufmann, K.J., Rentzepis, P.M., Stoeckenius, W. and Lewis, A., 
Biochem. Biophys. Res. Commun., 68, (1976) 1109. 

45. Stoeckenius, W., Accts. Chern. Res., 13, (1980) 337. 

46. Pettei, M .. J., Yudd, A. P., Nakanishi, K., Hense1man, R. and 
Stoeckenius, W., Biochem., 16, (1977) 1955-59. 

47. Tsuda, M., Glaccum, M. , Nelson, B. and Ebrey, T.G, Nature, 287, 
(1980) 351. 

48. Mowery, P.C., and Stoeckenius, W. , Biochemistry, 19, (1981) 6421. 

49. Braiman, M. and Mathies, R.A. , Biochemistry, 19, (1980) 6421. 

50. R.A. Mathies, J. Membrane BioI., 85, (1985) 95. 

52. Braiman, M., and Mathies, R. A. , Proc. Natl. Acad. Sci. U.S.A., 
79, (1982) 403. 

53. Hsieh, C.-L., Nagumo, N., Nicol, M. and EI-Sayed, M.A., J. Phys. 
Chern., 85, (1981) 2714. 



203 

54. Otto1enghi,M.in Pitts Jr., J.N., Hammond, G.S. and Gollnick, K. 
(Eds.) , Advances in Photchemistry Vol. 13, Wiley New York, 1980 
p.97. 

55. Birge, R., Ann. Rev. Biophys. Bioeng., 10, (1981) 315. 

56. R.H. Lozier, W. Niederberger, R.A. Bogomo1ni, S.-B. Hwang and W. 
Stoeckenius, Biocheim. Biophys. Acta., 440, (1976) 545. 

57. N. Dencher, and M. Wilms, Biophys. Struct. Mech., 1, (1975) 259. 

58. B. Aton, A.G. Doukas, R.H. Callender, B. Becher and T.G. Ebrey, 
Biochemistry, 16, (1977) 2995. 

59. J.B. Hurley and T.G. Ebrey, Biophys., 22, (1978) 49. 

60. C.R. Goldschmidt, M. Otto1enghi and R. Korenstein, Biophys. J., 
16, (1976) 839. 

61. C.R. Goldschmidt, O. Ka1isky, T. Rosenfeld and M. Otto1enghi, 
Biophys. J., 17, (1977) 179. 

62. P.G. Kryukov, Yu.A. Lazarev, Yu.A. Matveets, A.V. Sharkov and E.L. 
Terpugov in R. Pratesi and C.A. Sacchi (Eds.), Lasers in 
Photomedicine and Phtobiology Vol. 22, Springer-Verlag, Berlin, 
1980, p.200. 

63. U. Dinur, B. Honig and M. Otto1enghi, Photochem. Photobio1., 33, 
(1981) 523. 

64. Y. Schichida, S. Matuoka, Y. Hidaka and T. Yoshizawa, Biochim. 
Biophys. Acta., 723, (1983) 240. 

65. T. Gi1bro and V. Sundstrom, Photochem. Photobio1., 37, (1983) 445. 

66. H-J. Polland, M.A. Franz, W. Zinth, W. Kaiser, E. Kolling and D. 
Oesterhe1t, Biophys. J., 49, (1986) 651. 

67. E.P. Ippen, C.V. Shank, A. Lewis and M.A. Marcus, Science, 200, 
(1978) 1279. 

68. M.C. Nuss, W. Zinth, W. Kaiser, E. Kolling and D. Oesterhe1t , 
Chern. Phys. Lett., 117, (1985) 1. 

69. W. Zinth, J. Dobler, K. Dressler and W. Kaiser, in T. Yajima, 
K.Yoshihara, C.B. Harris and S. Shionoya (Eds.) Ultrashort 
Phenomena IV, Springer-Verlag, Berlin, 1988, p.581. 



204 

70. Yu. A. Matveetz, S.V. Cheka1in and A.V. Sharkov, J. Opt. Soc. Am. 
B, 2, (1985) 634. 

71. J.W. Petrich, J. Breton, J.L. Martin and A. Antonetti, Chern. Phys. 
Lett., 137, (1987) 369. 

72. R.A. Mathies, C.H. Brito Cruz, W.T. Polland and C.V. Shank, 
Science, 240, (1988) 777. 

73. J. Dobler, W. Zinth and W. Kaiser, Chern. Phys. Lett., 144, (1988) 
215. 

74. D. Blanchard, D.A. Gilmore, T.L. Brack, H. Lemaire and G.H. 
Atkinson, Chern. Phys. , In press, (1990) . 

75. R.R. Birge, L.A. Findsen and Brian M. Pierce, J. Am. Chern. Soc., 
109, (1987) 5041. 

76. R.H. Lozier, R. Bogomo1ni and W. Stoeckenius, Biophys. J., 15, 
(1975) 955. 

77. K. Schulten and P. Tavan, Nature, 272, (1978) 85. 

78. B. Honig, T. Ebrey, R. H. Callender, U. Dinur and M. Otto1enghi, 
Proc. Nat1. Acad. Sci. U.S.A. , 76, (1979) 2503. 

79. A. Warshal , Photochem. Photobiol., 30, (1979) 285. 

80. A. Lewis and G.J. Perrault, Methods Enzymol., 88, (1982) 217. 

81. R. Govingdjee, and T. Ebrey, in R. Govingee, J.Amsesz and D.C. 
Fork (Eds.) Light Emission from Plants and Bacteria, Academic 
Press, New York, 1986 401 

82. A. Lewis, J.P. Spoonhower, and G.J. Perreault, Nature (Lond.), 
260, (1976) 675. 

83. G.H. Atkinson, D. Blanchard, H. Lemaire, T.L. Brack and H.Hayashi, 
Biophys. J., 55, (1988) 263. 

83. G.H. Atkinson, D. Blanchard, H. Lemaire, T. L. Brack and H. 
Hayashi, Biophys. J., 55, (1989) 263. 

84. R.R. Alfano, W. Yu, R. Govindjee, B. Becher and T.G. Ebrey, 
Biophys. J., 16, (1976) 541. 

85. M.D. Hirsch, M.A. Marcus, A. Lewis, H. Mahr and N. Frigo, 
Biophys. J., 16, (1976) 1399. 



205 

86. S.L. Shapiro, Campillo, A. Lewis, G.J. Perreault, J.P. Spoonhower, 
R.K. Clayton and W. Stoeckenius, Biophys. J., 23, (1978) 283 . 

87. R. Govingjee, B. Becker and T.G. Ebrey, Biophys. J., 22, (1978) 
67. 

88. D. Blanchard, Ph.D. thesis University of Grenoble, France (1990) . 

89. A. Lewis, Proc. Natl. Acad. Sci. U.S.A., 71, (1974) 4462. 

90. R. Mendelsohn, A.L. Verma, H.J. Bernstein and M. Kates, Can. J. 
Biochem., 52, (1974) 774. 

91 R. Mathies, T. Freedman and L. Stryer, J. Mol. Biol., 109, (1977) 
367. 

92. R. H. Callender, A. Doukas, R. Crouch and K. Nakanishi, 
Biochemistry, 15, (1976) 1621. 

93. B. Aton, A.G. Doukas, R.H. Callender, B. Becker and T.G. Ebrey, 
Biochemistry, 16, (1977) 2995. 

94. S.O. Smith, M.S. Braiman, A.B. Meyers, J.A. Pardoen, J.M.L. 
Courtin, C. Winkel, J. Lugtenburg and R.A. Mathies, J. Am. Chern. 
Soc., 109, (1987) 3108. 

95. B. Curry, A. Broek, J. Lugtenburg and R. Mathies, J. Am. Chern. 
Soc. , 104, (1982) 5274. 

96. S.O. Smith, A.B. Meyers, R. A. Mathies, J.A. Pardoen, C. Winkel, 
E. M.M. van der Berg and J. Lugtenburg, Biophys. J., 47, (1985) 
653. 

97. S.O. Smith, J.A. Pardoen, J. Lugtenburg and R.A. Mathies, J. Phys. 
Chern., 91, (1987) 804. 

97. S.O. Smith, J.A. Pardoen, J. Lugtenburg and R.A. Mathies, J. Phys. 
Chern. , 91, (1987) 804. 

98. G.H. Atkinson, T.L. Brack, I. Grieger, G. Rumbles, D. Blancllsrd 
and L.M. Siemankowski in G.H. Atkinson (Ed.) Time-Resolved 
Vibrational Spectroscopy, Gordon and Breach, New York, 1985 p.55. 



· -

206 

99. G.H. Atkinson, I. Grieger and G. Rumbles, in A. Laubereau and M. 
Stockburger (EdS.), Time-Resolve~recional, Spectroscopy 
Springer, New York, 1985 p.258. 

100. G.H. Atkinson, T.L. Brack, D. Blanchard, G. Rumbles, and L. 
Siemankowski in G.R. Fleming and A.E. Siegman (Eds.) Ultrafast 
Phenomena V Springer-Verlag, Berlin, 1986 p.409. 

101. G.H. Atkinson, T.L. Brack, I. Grieger, G.H. Rumbles, D. Blanchard 
and L.M. Siemankowski in M.A. El Sayed (Ed.), Laser Applications 
in Chemistry and Biophysics Proc. SPIE, 620, 1986 p.82. 

102. D. Stern and R. Mathies in M. Stockberger and A. Laubereau (Eds) , 
Time-resolved Vibrational Spectroscopy, Springer-Verlag, New 
York, 1985, p.250. 

103. S.D. Smith, M. Braiman and R. Mathies in G.H.Atkinson (Ed.), 
Time-Resolved Vibrational Spectroscopy, Academic Press, New York, 
1983, p.2l9. 

104. C.-L. Hsieh, M. Nagumo, M. Nichol and M.A. El-Sayed, J. Phys. 
Chern., 85, (1981) 2714. 

105. M.A. El-Sayed, C.-L. Hsieh and M. Nichol in G.H. Atkinson (Ed.), 
Time-Resolved Vibrational Spectroscopy, Academic Press, New York, 
1983, p.25l. 

106. C.-L. Hsieh, M.A. EI-Sayed, M. Nichol, M. Nagumo and J-H. Lee, 
Photochem. Photobiol., 38, (1983) 83. 

107. J. Terner, C.-L Hsieh, A.R. Burns and M.A. EI-Sayed, Proc. Natl. 
Acad. Sci. U.S.A., 76, (1979) 3046. 

108. J. Terner, C.-L, Hsieh, A.R. Burns and M.A. E1-Sayed, 
Biochemistry, 18, (1979) 3629. 

109. T. A1shuth and M. Stockburger, Photochem. Photobio1., 43, (1986) 
55. 

110. G. Schneider, R. Diller, and M. Stockburger, Chern. Phys., 131, 
(1989) 17. 

Ill. S.D. Smith, A.B. Meyers, J.A. Pardoen, C. Winkel, P.P.J. Mulder, 
J. Lugtenburg and R. Mathies, Proc. Nat1. Acad. Sci. U.S.A., 81, 
(1984) 2055. 



207 

112. I. Grieger, Ph.D. Thesis University of Gottingen, Gottingen, Fed. 
Rep. Germany, (1981). 

113. J. Turner, C.-L. Hsieh and M.A. E1-Sayed, Biophys. J., 26, (1979) 
257. 

114. S.O. Smith, J. A. Pardoen, P.P.J. Mulder, B. Curry, J. Lugtenburg 
and R. A. Mathies, Biochemistry, 22, (1983) 6141-6148. 

115. M. Braiman, R. Mathies, Proc. Nat1. Acad. Sci. USA, 79, (1982) 
403. 

116. I. Grieger and G.H. Atkinson, Biochemistry, 24, (1985) 5660. 

117. W.H. Woodruff and G.H. Atkinson, Anal. Chern., 48, (1976) 186. 

118. E.P. Ippen and C.V. Shank in S.L. Shapiro (Ed.), Ultrashort Light 
Pulses, Springer-Verlag, Berlin, 1977 p.83. 

119. J.M. Clemens, J. Najbar, I. Bronscein-Bronte and R. M. 
Hochstrasser, Optics Comm., 47, (1983) 271. 

120. A.H. Firester, M.E. Heller and P.Sheng , App1. Opt., 16, (1977) 
1971. 

121. W.H. Beyer, CRC Standard Mathematical Tables, CRC Press, Boca 
Raton, Florida, 1981, p.528. 

122. A. Yariv, Jntroduction to Optical Electronics 2nd Edition, Holt 
Reinhart and Winston, New York, 1976. 

123. A. Yariv, Ouantum Electronics 2nd Ed., John Wiley and Sons, New 
York, 1967 . 

124. A.B. Meyers, R.A. Harris, R.A. Mathies, J. Chern. Phys., 79, (1983) 
603. 

125. A. Savitzky and M.J.E. Golay, Anal. Chern., 36, (1964) 1627. 

126. D. Oesterhelt and W. Stockenius, Methods Enzymo1., 31, (1974) 667. 

127. R. Stair, W.E. Schneider and J.K. Jackson, App1. Opt., 2, (1963) 
1151. 

128. F.Grum and G.W. Luckey, Ap1. Opt., 7, (1968) 2289-326. 



129. G.H. Atkinson, I. Grieger and G. Rumbles in A. Laubereau and M. 
Stockburger (Eds.), Time-Resolved Vibrational Spectroscopy. 
Springer-Verlag, Berlin, 1985, p.258. 

130. S.J. Milder and D.S. K1iger, Biophys. J., 53, (1988) 465. 

131. Y. Shichida, S. Matuoka, Y. Hidaka and T. Yoshizawa, Biochim. 
Biophys. Acta, 723, (1983) 240. 

132. A. Warshe1 and N.Barboy, J. Am. Chern. Soc., 104, (1982) 1469. 

133. S.D. Smith, A.B. Meyers, R.A. Mathies, J.A. Pardo en , C. Winkel, 
E.M.M. van der Bery and J. Lugtenberg, Biophys. J., 47, (1985) 
653. 

134. K.T. Schomacher, O. Bangcharoenpaurpong, and P.M. Champion, J. 
Chern. Phys., 80, (1984) 4701. 

135. W. Zinth, J. Dobler. K. Dressler and W. Kaiser in T. Yajima, K. 

208 

Yoshihara, C.B. Harris and S. Shionoya (Eds.), Ultrafast Phenomena 
VI. Springer-Verlag, Berlin, 1988, p.581. 

136. W. Zinth, J. Dobler and W. Kaiser in G.R. Fleming and A.E. Siegman 
(Eds.), Ultrafast Phenomena V, Springer-Verlag, Berlin 1986. 

137. H. Graener, T.Q. Ye and A. Lauberau, J. Phys. Chern., 93, (1989) 
7044. 

138. H. Hayashi, Personal communication (1990). 


