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ABSTRACT 

TRANSIENT CARS STUDIES OF STYRENE PHOTOPHYSICS 

IN THE VAPOR PHASE 

Keith. Edvard McCurdy 

A computerized nanosecond time scale transient CARS 

spectrophotometer vas constructed to examine the vibrational spectros¬ 

copy and dynamics of molecular excited states in the gas phase. 

Ground and excited state spectroscopy, excited state kinetics, and 

ground state recovery kinetics of styrene vapor vere investigated 

using this apparatus. Previously unreported ground state (SQ) 

vibrational features of styrene vapor vere observed in both the CH and 

C=C stretching probe regions. Transient vibrational features 

attributable to the vibrationally relaxed state of styrene vere 

observed. Also, a vibrational hot band sequence involving the 

enharmonic coupling of the C=C phenyl ring stretch vith another 

mode of the molecule vas identified and a spectral assignment vas 

suggested. Kinetic modeling of observed transient features vith dual 

component decays suggested the formation of a product state assigned 

* * 
as T^ . formed via intersystem crossing from and decaying into SQ . 

This vork represents the first report of a direct spectroscopic and 

kinetic identification of vibrations in an excited electronic state 

using transient CARS spectroscopy. 
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CHAPTER 1 

INTRODUCTION 

An ongoing focus of modern chemical physics research concerns the 
* «■» 

properties of molecular excited states. Thus far, the majority of 

research in this field has centered on the dynamics of optically 

excited singlet states. The properties of these as well as other 

emissive states are effectively studied by state-of-the-art techniques 

which analyze fluorescence and phosphorescence emissions. Once the 

molecule is in the optically prepared state, however, nonradiative 

relaxation channels may lead to the formation of intermediate "dark" 

product states such as triplets and vibrationally hot ground states. 

Although the identification of the properties of these states and the 

accompanying nonradiative relaxation channels are crucial to a better 

understanding of molecular dynamics, few direct techniques have yet 

been developed which are effective in their study. Still, the need 

for direct observation of these "dark" states exists. 

We have constructed a transient CARS spectrophotometer which 

enables us to perform active time-resolved probing of short-lived 

emissive and nonemissive states in the gas phase by vibrational 

spectroscopy. The apparatus operates on the "excite and probe" basis 

in which an excitation light pulse optically excites the sample which 

is subsequently probed on the nanosecond time scale for induced 

changes. This technique permits direct observation of the spectral 

and temporal properties of excited states as well as indirect ground 

1 
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state repopulation studies. These ground state repopulation studies, 

which may aid in determining the existence of undetected "bottleneck" 

states, monitor the kinetics of the recovery of the ground state 

population at a ground state transition frequency following electronic 

excitation. 

CASS is a nonlinear Raman technique which benefits from the high 

peak power and spectral resolution which are currently available in 

modern pulsed laser systems. We have selected this technique because 

it uses visible light to detect transitions throughout the vibrational 

spectral region, as does spontaneous Raman scattering, while it has 

maty advantages which indicate its choice as a method for studying low 

pressure gas phase transient species. A CARS spectrum contains the 

same spectroscopic information that is obtained from spontaneous Raman 

scattering, but can often detect Raman-active vibrational modes with 

greatly enhanced signal strengths and immunity from fluorescence and 

other interfering luminous backgrounds as compared to spontaneous 

Raman. Also. CARS facilitates highly resolved spectroscopic studies 

because its resolution is limited only by the spectral and temporal 

properties of the light sources, not by the detection system. 

The photophysics and properties of excited state styrene. CgHg, 

have been studied by many investigators. Although electronic spec¬ 

troscopic techniques have yielded some information about the two 

lowest-lying excited singlet electronic states, many questions about 

nonradiative relaxation channels and nonemissive states persist. 

Aside from the intersystem crossing and internal conversion channels. 



excited state styrene has another possible nonradiative channel 

available to it: rotation abont the ethylenic C-C associated with 

cis-trans isomerization. No direct evidence of intermediate states 

3 

associated with a twisted perpendicular geometry has been reported. 

If this state has a nano second-scale lifetime, then we might hope to 

detect vibrational features associated with it and gain a better 

understanding of the isomerization mechanism. Also, little direct 

evidence of the triplet state exists, although recent studies indicate 

that intersystem crossing from S^ does occur. Direct vibrational 

probing of the triplet state as well as other excited states of 

styrene vapor would prove to be an exciting application of the 

transient CARS technique. 

The next chapter describes the many facets of the transient CARS 

spectrophotometer in detail. This is followed by a discussion of 

previous styrene research and a presentation and discussion of 

experimental data on styrene obtained using the newly constructed 

apparatus, 



CHAPTER 2 

EXPERIMENTAL 

I. Introduction 

Our method of studying the spectroscopy and dynamics of molecular 

excited states is coherent anti-Stokes Raman spectroscopy (CARS)* 

CARS is a powerful nonlinear vibrational probe technique first 

observed in the mid 1960's.^ Although the selection rules for CARS 

are the same as for Raman scattering* CARS may detect Raman active 

modes with greatly enhanced signal strengths and immunity from 

laser-induced fluorescence and luminous backgrounds compared to 

spontaneous Raman scattering. 

The apparatus is a variant of a transient absorption 

2 
spectrophotometer used in this laboratory. It operates on the 

"excite" and "probe" basis. An ultraviolet excitation pulse first 

illuminates a sample. Then* after a programmable nanosecond delay* 

the pulsed "probe" laser beams probe the excited sample volume for the 

CARS response. This involves detecting the amount of coherent light 

produced at frequency by the probe beams whose frequency difference 

«2 - «J 1* equal to a Raman-active vibrational mode of the sample. A 

plot of Mg intensity as a function of “ ®2 generates a spectrum 

that is in many ways similar to that obtained by spontaneous Raman 

scattering. We may readily obtain induced transient CARS spectral and 

kinetic scans that reflect the appearance of new vibrational 

4 



transitions as well as the depletion and recovery of ground state 

populations. 

High sensitivity and nanosecond time resolution are two features 

of this transient CARS spectrometer that allow us to probe for weak 

gas phase transient species under collisional and collision-free 

conditions. Since the'mean hard-sphere collisional interval in 1 torr 

of styrene is — 85 ns, we can change the total pressure in our static 

sample cell to distinguish properties of the isolated molecules from 

collisionally relaxed molecules. 

The following sections describe, in detail, all of the facets of 

our computer automated transient and ground state CARS apparatus. 

Contained within this chapter are descriptions of the Nd:TAG and 

tunable dye lasers used to generate the excitation and probe pulses, 

the sample handling system, and the data acquisition methods including 

computerization. Special attention will be given to the very complex 

and specialized optics involved in the CARS generation and electronic 

excitation processes. 

The first section contains the theory of the CARS phenomenon, 

with intentional efforts to delineate the differences, advantages, and 

disadvantages of CARS and spontaneous Raman scattering. Since the 

theory is extremely complex, this section is intended to be only a 

broad look at the important aspects of CARS rather than an all- 

inclusive discussion. Several review articles have been written 

which discuss CARS theory and applications in great detail. 



6 

II. Theory 

Coherent anti-Stokes Raman spectroscopy (CARS) is a particular 

type of three wave mixing in which light at a "pump" frequency, 

and a "Stokes" frequency, interact through a sample's third order 

(3) 
susceptibility, X , to produce a coherent beam at the "CARS" fre¬ 

quency Wj = 2O>£ - «2* When the frequency difference between the two 

incident beams, - «j» i* equal to a Raman-active vibrational mode 

of the sample, the emission of the "anti-Stokes" frequency is 

greatly enhanced. 

Figure 1 shows diagrammatic representations of the CARS mixing 

process and the Raman effect. The CARS process involves the annihila¬ 

tion of two photons of and the creation of two photons of frequen¬ 

cies *ad <*3* The Raman effect consists of the annihilation of one 

photon and the creation of a photon of a different frequency and wave 

vector. The CARS process results in no net change in the population 

of vibrational levels whereas the Raman effect does. 

The three wave mixing process in CARS is best thought of as a 

synchronous rather than stepwise process. It is a nonlinear optical 

process that is due to the nonlinear dielectric properties of 

materials. This may be seen most generally by expressing the 

polarization of a medium in an electric field as a power series: 

P(io) * + + X^(“)E^(w) + ... (1) 

where P is the polarization vector, E is the electric field vector. 
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Figure 1. Top: Diagrammatic representation of the CASS process. 

Bottom: Diagrammatic representation of Raman scattering. 
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and x(i) is the dielectric susceptibility tensor of rank i + 1 

associated with the ith order of the electric field. This suscepti¬ 

bility tensor may be thought of as a coefficient of proportionality 

between the induced dipole moment per unit volume and the ith power of 

the electric field of the radiation. 

The first order term is most important for low intensity fields 

and is the basis for the classical refractive index. Higher order 

terms become increasingly important as the electric field strength 

increases. The third order term is responsible for the CARS process 

through the third order susceptibility. The magnitude of the third 

order nonlinear susceptibility is a measure of the efficiency of the 

process 2©^ - ©j “ "3* Nonlinear optical effects have become impor¬ 

tant in practical applications only with the recent availability of 

high power pulsed laser sources. 

The value of these high power pulsed light sources to CARS may be 

seen, in part, from the following equation for the time-averaged 

intensity of the anti-Stokes wave at u^: 

I3 - Alx
(3) (2) 

where A is a constant, 1^ and I2 axe the intensities of the beams at 

frequencies ©^ and ©2 respectively, Ak is the wavelength mismatch, 

and l is the interaction length of the incident beams. The cubic 

laser intensity dependence of CARS is in marked contrast to the linear 

dependence on intensity in spontaneous Raman scattering. This 
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emphasizes the advantages to using high powered, highly focused laser 

beams at the incident frequencies in the CARS process. 

It is important to note, however, that there is a practical upper 

limit to the incident intensities which may be used due to saturation 

effects. This effect results from stimulated emission which dominates 

at very high laser intensities. During this process, the population 

difference between states a and b (see Figure 1) decreases, thus 

reducing the CARS signal. 

From Equation (2) it may be seen that the intensity at is 

maximized at the limit of perfect phase matching, Ak. = 0, at a given 

interaction length &. The momentum mismatch, Ak, is due to dispersion 

in the medium which causes wave propagation in and out of phase. In 

gaseous media where dispersion is negligible, the Ak ■ 0 phase 

matching condition is met by collinearly phase matching the incident 

beams over the total interaction length 1, with 1 being limited only 

by the sample length in our case. Due to the quadratic dependence of 

I3 (or CARS signal) on the interaction length, this collinear beam 

geometry is obviously very favorable. In condensed media, where 

optical dispersion is greater, Ak £ 0 over small path lengths and 

phase matching must be achieved by crossing the incident beams at the 

correct phase matching angle, thus reducing the effective interaction 

length. 

The extent to which the CARS mixing process occurs over a given 

interaction length is greatly dependent on the properties of the laser 

beams at the incident frequencies. The expression in Equation (2) for 
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CASS intensity (1^) is obtained by assuming the incident beams to be 

plane waves. A more accurate treatment involves a Gaussian intensity 

profile. This leads, under phase matching conditions, to the 

expression: 

1} - B(2 t..'1 21ij><X(3)>JI12I2 (3) 

*40 

where B is a constant, d^ is the beam waist of the focused beam, and 1 

is the wavelength at u^. From the above expression, it can be deter¬ 

mined that 71% of the conversion to light at occurs over length 

2 5 
L = 2ndg /X, which is equal to four times the confocal parameter (b), 

and is independent of the focusing. More rigorous treatments involv- 

7-10 
ing numerical integration indicate that ~ 75% of the CABS signal 

is generated over a region of 6b with tighter beam focusing resulting 

in.increased conversion efficiency. 

The following expression for the peak CARS power at resonance for 

a v ■ 0 -> 1 transition provides more insight into the nature of the 

CARS process: 

P 
as 

crAN,do>.2p 2p 
Cl rrt (4) 

where N is the number density of scattering particles, (do/dQ) is the 

spontaneous Raman cross section, and T is the Raman linewidth 

parameter. This expression varies considerably from the corresponding 

expression for the spontaneous Raman power, which shows only a linear 
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dependence of the power on nomber density, cross section, and laser 

power. 

Equation (4) leads to CARS signals that may theoretically be 10*® 

times greater than spontaneous Raman signals. Aside from the greatly 

increased conversion efficiencies, the CARS spatial collection 

efficiencies are also much greater than those in spontaneous Raman 

scattering. There is no net transfer of energy and momentum to the 

sample during the CARS generation and the "laser beam" at frequency 

m 2(0^ - U2 i* highly collimated and collinear with the incident 

probe pump beams. In contrast, the spontaneous Raman signal is 

incoherent and is scattered in all directions, malTing its signal 

detection much less efficient than in CARS. Another advantage of CARS 

is that its spectral and temporal resolutions are limited only by the 

properties of the laser beams that are used. This means that very 

high resolution spectra may be obtained with CARS by using high 

resolution light beams. 

The main disadvantage of CARS compared to spontaneous Raman is 

that the four wave mixing process may take place in any medium, thus 

generating a non-re sonant background CARS signal when ** ^ ** 

resonance. The total third order susceptibility is really a sum of a 

frequency dependent resonant contribution and a nearly frequency 

independent non-resonant contribution. 

X 
(3) res + ^non-res(nr) X • X' (5) 
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This xM term is responsible for the generation of a non-resonant CARS 

signal. A Raman resonance may be obscured unless xZeS > XnZ* There¬ 

fore. this non-resonant contribution can easily mask the resonances of 

low concentration transient species. This x11* contribution becomes 

especially important in experiments where buffer gas is added to relax 

the excited sample molecules. Although we have implemented a non¬ 

resonant rejection technique which substantially reduces our non¬ 

resonant background, the x0* contribution to the CARS signal is one of 

the factors that restricts our effective sensitivity. 

The resonant portion of the CARS susceptibility is itself a 

complex quantity and has both real and imaginary parts associated with 

it: 

x(3) » x# + iX" + x“* (6) 

In the absence of non-resonant contributions, a plot of the CARS 

signal has a shape similar to a normal Raman resonance lineshape. 

(3) 
However, the CARS signal's quadratic dependence on x yields cross 

terms which are responsible for interference effects that can distort 

CARS line shapes. 

A. TAG Lasers 

The building blocks of our "excite and probe" transient CARS 

apparatus are two homemade Q-switched Nd:TAG lasers which operate at a 

10 Hz repetition rate and whose temporal and spatial resolutions are 
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approximately 10 ns and 0.7 cm”* respectively. TAG #1 is referred to 

as the excitation laser while TAG #2 is the probe laser. The 1064 nm 

first harmonic of the excitation laser is frequency doubled to pump a 

dye laser whose output is converted to an ultraviolet frequency for 

electronic excitation. The infrared first harmonic output of the 

probe laser is frequency doubled to generate the 532 nm beam and 

also to pump a tunable dye laser whose output is the source of in . 

the CASS process. 

Both of these homemade lasers were originally designed for a 

versatile nanosecond time scale electronic transient spectrophotometer 

2 
which is described in detail elsewhere. To this end. the Nd:TAG 

lasers were designed to meet specifications of high spatial beam 

quality and low jitter in a pulsed output of a reasonable repetition 

rate. 

Each TAG laser is a polarization-coupled unstable resonator 

constructed around a 7 mm diameter. 115 mm long Nd:XAG rod contained 

within a commercial Quantel SF-410 head. The design, shown in 

Figure 2. produces a beam that may be efficiently converted to higher 

harmonics because of its low divergence and excellent spatial 

homogeneity. 

The one-meter laser cavity is bounded by two totally reflecting 

1064 nm dielectric coated mirrors; one is flat and the other has a 4 m 

convex radius of curvature. Their angles may be fine tuned to produce 

the optimum beam energy and shape. The first quarter-wave plate (WP^) 

is used to vary the output coupling off of the thin film polarizer 
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Figure 2. Optical schematic of Nd:YAG oscillator design. and Mj 

are total reflectors at 1054 nm. WP^ and VP2 ace zero-order 

quarter-wave retardation plates at 1054 nm. L is a fractional diopter 

correction lens and A is an aperture. The Q-switching optics consist 

of P^, a thin film polarizer. PC. a PocheIs cell, and WP^. The excita¬ 

tion oscillator, shown in (a), contains a 0.2 diopter lens and is an 

unstable resonator. The probe oscillator, depicted in (b), contains a 

0.37 diopter lens and is a stable resonator. 
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(a) 

M, WP. LA ROD P PC WP2 W 

OUTPUT BEAM 

(b) 

M, WPf L A ROD P A PC WP£ 

OUTPUT BEAM 
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from 0 to 100% by changing the polar angle of the wave plate. A 

correction lens (L) is included in the cavity to compensate for • 

thermal lensing in the rod caused by heat generated by the flashlamp 

discharge. A 6 mm aperture is also included to constrain the size of 

the beam so that the water seals of the rod are protected from the 

laser light. 

The Q-switch assembly consists of the second quarter-wave plate, 

a thin film polarizer, and a Pockels cell (Inrad Model 202-090). The 

Q-switch acts as a mechanism to "switch" the lasing action on or off. 

Lasing can only occur when a high voltage pulse is applied to the 

Pockels cell, rendering it as a quarter-wave plate. When no voltage 

is applied, the Pockels cell behaves as a "blank" substrate. The 

second quarter-wave plate optically biases the Q-switch to prevent 

lasing when the Q-switch is off. 

The temporal characteristics of each TAG laser are controlled by 

independent sets of driving electronics. In order for the two lasers 

to be Q-switched reproducibly at the peak of their rod inversions and 

to have a well-defined relative delay, a fairly complex Q-switch 

triggering circuit is necessary. The flashlamps in the laser heads 

are driven by commercial Quantel charging power supplies and capacitor 

banks. The Q-switching process is delayed by ~ 100 |is from the flash- 

lamp discharge by a TIL circuit. At the end of this optimized 

interval, an Evans Associates Model 4141 delay generator is triggered. 

This board produces TIL reference and delayed output pulses, separated 

by a programed separation of 0 to 1000 ns, which trigger separate 
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30-stage avalanche transistor Marx banks. When triggered, the banks 

produce the 3 kV output pulses (separated by the programed delay) to 

the excitation and probe TAG lasers. 

The output of each Nd:TAG laser is a vertically polarized beam at 

1064 nm which exhibits a near-Gaussian intensity profile. During our 

initial CABS measurements, however, it was found that deviation from 

diffraction limited Gaussian beam behavior manifested itself in 

focused probe beams with smaller confocal regions and larger beam 

waists than expected. This adversely affected our CARS signal, of 

which 75% is generated over a region of six times the confocal 

parameter (6b). Also, the aforementioned cubic dependence of CARS 

intensity on laser intensity emphasizes the need for tighter focusing, 

i.e. smaller beam waists. 

Consequently, it was necessary to modify the probe TAG laser 

design to improve our CARS signal (see Figure 2b). The major change 

involved adjusting the cavity focusing to make a stable, rather than 

unstable, resonator, and using an iris diaphragm as an adjustable 

aperture inserted into the cavity between the Pockels cell and the 

thin film polarizer. The aperture is used to constrain the transverse 

mode structure of the laser beam to its TEM^ mode in order to produce 

a beam with diffraction limited focusing properties. The spatial 

intensity profile of the 1064 nm beam can be examined by burning a 

time exposure of the beam on a sheet of plastic thermal transparency 

film. The 2 mm diameter beam has a smooth and symmetric spatial 

structure indicative of the TEMQQ mode. 
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The previous correction lens also was replaced by a +.37 diopter 

correction lens. During the course of this modification we found that 

the focusing properties of the laser beam are extremely sensitive to 

the strength of this lens. The combination of the +.37 diopter lens 

and 2 mm aperture in the cavity represent the conditions which produce 

the desired Gaussian laser beam from our laser. 

The pulse energies of the probe and excitation TAG lasers are 

approximately 70 mj and 350 mj per pulse respectively at a repetition 

rate of 10 Hx. However, the known cubic intensity dependence of the 

CARS signal indicates the need to amplify the probe TAG laser output. 

This is accomplished by passing the 1064 nm beam through a TAG ampli¬ 

fier stage, another Quantel SF-410 TAG laser head. The TAG fundamental 

stimulates emission from the amplifier Nd:TAG rod resulting in an 

amplified beam with the same spatial and temporal characteristics as 

the incident beam. Specifically, the first harmonic amplified beam 

has an energy of ~ 400 mj per pulse corresponding to an amplification 

factor of ~ 5-6. 

It would also be useful to add a TAG amplifier stage to the 

excitation laser in the future. Because of the several nonlinear 

frequency conversions between the 1064 nm fundamental and the UV 

excitation pulse, an increase in the TAG fundamental energy would 

translate into a greatly increased generation of excited state 

density. 
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B, Dve Lasers 

The nature of our CARS experiments mandates the use of broadly 

tunable lasers in order to excite molecules over a wide range of 

ultraviolet frequencies and probe for the CARS response in as great a 

spectral range as possible. Our laboratory houses two tunable dye 

lasers that are pumped by the second harmonic of the Nd:XAG lasers. 

The 532 nm beam is used to pump red dyes. i.e. Rhodamine 590 and DCM. 

Broad wavelength tunability can be achieved effectively, although 

inconveniently, by substituting and using dyes that lase at the 

frequencies of interest. These outputs may be either used as is or 

frequency summed or doubled. The "probe" dye laser is a homemade 

Littman-type device** with two stages of amplification, whereas the 

excitation dye laser is a commercial unit from Quantel 

(Model TDL-III). 

The design of the homemade probe dye laser is shown in Figure 3. 

It consists of three stages: transversely pumped oscillator and 

pre-amplifier stages, and a longitudinally pumped power amplifier. 

The oscillator consists primarily of a 2400 lines/mm. 2" x 1/2" 

holographic grating, a 4% reflecting wedged output coupler, and a 

reduced volume fluorescence flow cuvette used as a flowing dye cell. 

Wavelength tunability is achieved by mounting a planar 2 inch 

retroreflecting aluminum mirror on a machine shop rotary table and 

rotating it about an axis centered on the face of the grating. The 

computer solves the grating equation and calculates the number of 

pulses necessary to drive a stepping motor-gear reducer assembly which 
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Figure 3. Optical schematic of the probe dye laser design. Components 

are labeled as follows: A—aperture, BS—beam splitter. 

CL—cylindrical lens. FR—Fresnel rhomb. BG-—holographic grating. 

L—lens, M—mirror, OC—ontput coupler, P—prism, TS->-translation 

stage 
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physically rotates the mirror to the proper table angle necessary to 

select the desired wavelength of light from the first order 

diffraction pattern. 

The holographic grating is attached to an NRC-MM2 mount to 

provide two angular degrees of freedom. The horizontal adjustment is 

used to adjust the angle of incidence of the incoming superradiant 

beam while the vertical tilt is adjusted to direct the wavelength- 

dispersed second pass beam through the activated region of the dye 

cell. This vertical adjustment is used regularly to minimize the dye 

laser bandwidth by observing the fringe pattern generated by an étalon 

external to the laser cavity. 

The grating is used near grazing incidence (~ 89°) with a 

resulting bandwidth of ~ .25 cm It is oriented such that it 

preferentially selects a horizontally polarized light output. How¬ 

ever, this is orthogonal to the vertically polarized pump beam, a 

condition that is not conducive to maximum output energy. To 

alleviate this problem, we have inserted a Fresnel rhomb into the 

oscillator cavity between the dye cell and the grating. The rhomb is 

essentially a wavelength independent half-wave plate. By rotating the 

polar angle of the rhomb to 45° we switch the polarization plane of 

the oscillator output to vertical, resulting in a 50% increase in 

efficiency. 

A 60 mm focal length cylindrical lens is used to focus the pump 

beam into the dye cell. The distance between this lens and the dye 

cell as well as the polar angle of the cylindrical lens are both 
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adjustable. Ve use these adjustments and others to align each stage 

of the dye laser based on considerations of high energy, energy 

stability, and spot shape. Complete alignment procedures are detailed 

elsewhere.^ 

The vertically polarized oscillator output is next amplified in a 

pre-amplifier stage consisting of another fluorescence flow cuvette. 

As in the oscillator, an adjustable cylindrical lens vertically 

focuses the 532 nm pump beam into the dye cell in a transverse 

geometry. The result is an amplification factor of ~ 200. 

The third and final stage of this homemade tunable dye laser is a 

longitudinally pumped power amplifier stage. A telescope consisting 

of -53 mm and +202 mm focal length lenses is used to expand the dye 

beam to fill the entire excited volume of the rectangular flowing dye 

cell and to match the desirable spatial characteristics of the 532 nm 

pump beam. The pump beam is maneuvered by two mirrors and a 90° prism 

to overlap the dye beam path in the dye cell volume. An aperture is 

used to block superradiance that might otherwise parasitically couple 

the different stages. 

The result of this second amplification process is a further gain 

of ~ 10. The output dye beam at frequency now has optimized energy 

and spatial characteristics and may be mixed with the beam in a 

collinear fashion to create a CASS signal at = 2coj - «j* 
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C. CARS Optics 

The previous tvo sections of this chapter have described the 

laser sources used to generate the excitation and probe beams of our 

CARS experiments. The probe beams, at fixed frequency and variable 

frequency must be transformed to meet a series of specific 

requirements. The optical schematic of the detailed arrangement for 

generating a CARS spectrum with our light sources is shown in 

Figure 4. This section describes the functions of the various optical 

components along this complex path. 

The vertically polarized 1064 nm TAG fundamental exits the laser 

cavity at a height of 76 mm above the table surface. This 75 mj beam 

is immediately directed through a TAG amplifier and is amplified to 

~ 400 mJ. Next, this high energy beam is frequency doubled through a 

Type I nonlinear ED*P crystal. All of the doubling crystals used in 

this experiment are in adjustable tilt mounts to enable simple tuning 

to the phase matched angle required for efficient frequency doubling. 

The emerging light from the crystal has two components. The 

horizontally polarized 90 mj 532 nm component is used’entirely to pump 

the tunable dye laser to generate in the manner described in the 

previous section. This pump light is partitioned to the oscillator 

and pre-amplifier stages by two 45° S-reflections from uncoated beam¬ 

splitters. with the remaining energy being used to pump the power 

amplifier. A telescope expands the beam to a diameter of 5 mm before 

the power amplifier in order to optimize the output energy. 
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Figure 4. Transient CARS optical schematic. Components are labeled as 

follows: A—aperture, BC—beam combiner. BS—beam splitter. 

EM—excitation mirror. F—short-pass filter. GP—glan-air polarizer, 

HBS-harmonic beam splitter, L—lens, M-mirror, P—prism, 

PD—photodiode, PH-pinhole, PMT—photomultiplier, TF—tunable grating 

filter, WP—zero-order half-wave plate. 
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The second component consists of the ~ 75% of 1064 nm light that 

vas not converted to its second harmonic frequency* This light is 

separated from the 532 nm component by a 1064 nm reflector that trans¬ 

mits the second harmonic light* and is then frequency doubled in a 

Type II KD*P crystal for use as the fixed frequency of the CARS 

mixing process. This configuration gives the most efficient use of 

our initial amplified laser light. 

Because of the high density of optics on the table* the residual 

1064 nm beam must propagate through a crowded region a distance of 2 

meters at an approximate upvard angle of ~ 2° before it is frequency 

doubled through the Tÿpe II KD*P nonlinear crystal. This 532 am beam* 

polarized 45° from vertical* is then expanded through a Galilean 

telescope consisting of -169 mm and +267 mm lenses to a diameter of 

— 6 mm at a height of ~ 140 mm. This expansion is performed to 

decrease the intensity of the beam to prevent damaging the coated 

optics and windows. 

Theoretically* the maximum CARS conversion occurs when the and 

«2 polarizations are parallel. The «tj. beam is polarized 45° from the 

vertically polarized beam at necessitating the ability for us to 

rotate the beam polarization. This is best accomplished by using a 

zeroth order quartz half-wave plate made for 532 nm. The half-wave 

plate is mounted in an angular rotation mount that enables us to set 

its polar angle. In practice* we find that the maximum detected CARS 

signal does not correspond to parallel incident beam polarizations. 
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Instead, the maximum signal is seen with an polarization 

approximately 30* from vertical. This discrepancy is probably dne to 

the polarization dependence of the tunable grating filter and coated 

optics used to detect the CARS signal. 

The half-wave plate is an important facet of the non-resonant 

background rejection mechanism used in this laboratory. In this 

13 
arrangement, as described by Rahn and co-workers, the polariza¬ 

tion is rotated 60* from the vertically polarized beam (correspond¬ 

ing to a 30* rotation of the half-wave plate). An analyzer, in this 

case a glan-air calcite polarizer, is rotated to pass the light at 

a polarization - 60* from the beam. This results in a factor of 

twenty-five increase in the signal-to-background ratio. Overall, the 

improvement of resonant/non-resonant signal allows us to use lower 

sample pressures. 

The parallel polarized incident beams must now be overlapped 

collinearly and directed into the sample cell at a height of ~ 140 mm. 

The beam is first reflected by a 45* harmonic separator which 

transmits the residual first harmonic beam into a beam dump made from 

copper tubing. Next, the beam reflects off of a normal incidence 

dielectric mirror and is directed onto the beam combiner at a shallow 

angle. It is combined collinearly with the beam at this combiner 

and both CARS beams are then focused into the sample cell through a 

lens of 364 nm focal length. 

The «>2 beam is directed through its optical path by mirrors and 

prisms before it passes through the dichroic beam combiner for 



30 

overlapping. Since the maximum CABS signal generation in a gas 

requires beams overlapped both spatially and temporally, the path 

lengths of the beams are arranged for synchronized arrival within 

«* 2 ns. 

The beam combiner is a dielectric long pass filter from Newport 

Corp.; the beam passes through the combiner, while the green 

beam is efficiently reflected at a shallow angle of incidence. 

The probe beams are focused into the sample cell to a beam waist 

of ~ 100 pm and a confocal parameter of ~ 3 cm. This focusing is 

desirable because it gives a large beam size at both cell windows and 

a small beam waist located in the center of the sample volume. The 

and «>2 energies immediately before the cell are typically 25 mj and 

3 mJ/pulse, respectively. These are sufficient energies to generate a 

strong CARS signal without saturation effects, but we found that the 

ratio of the incident beam energies is not optimal. It was discovered 

that detuning the first Type I KD*P crystal, thus allowing more 

residual 1064 nm light to be converted to at the expense of a>2 

energy, results in an increased CARS signal. Although less dye pump¬ 

ing is favorable, the conversion efficiency of the crystal is unstable 

when not phase matched. This leads to noisier CARS signals, thus 

precluding the possibility of changing the energy ratio with the 

present optical configuration. 

A CARS signal may be created in the atmosphere once the incident 

beams are overlapped. Therefore, the cell entrance window should, 
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ideally, transmit light of frequencies and while rejecting the 

higher frequency beam. The original entrance window was a blank 

substrate with a Schott OG-515 x 3 long-pass filter in front. The 

atmospheric CARS signal was absorbed by the OG-515 filter; however, a 

CARS signal with a sinusoidal frequency dependence was observed that 

presumably arose because of the non-phase matched condition within the 

window (see Equation 2). As a solution, we presently use a 1 inch 

diameter 06-515 filter as an entrance window. All CARS generated 

before and within this entrance window is absorbed, thus limiting the 

non-résonant background. 

The exit window it a 1* diameter, 3/8” thick dielectric coated 

window which acts as a short-pass filter. The beam is reflected by 

this coating while the and beams are transmitted. This prevents 

any CARS generation external to the sample volume. Initially, the 

coated side of the window was oriented toward the inside of the cell 

to prevent CARS generation within the window substrate. However, some 

form of excitation^induced sample photodeposition resulted in damag¬ 

ing, non-removable deposits on the coating. Therefore, the coated 

side of the window was oriented away from the cell interior. Although 

this is not an optimal situation, non-resonant background CARS signal 

generated within the window is substantially reduced by the 

aforementioned method of non-resonant rejection. 

Although the CARS beam at «g is intense compared to a spontaneous 

Raman scattering signal, the coherent beam emerging from the sample 
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cell lias an component many orders of magnitude greater than that of 

the b>2 component. Thus, it is necessary to use several filters to 

selectively attenuate the 532 nm component to nearly non-detectable 

levels. The first phase of this attenuation process involves a 

short-pass dielectric filter immediately after the sample cell that 

rejects ~ 99% of the light into the ©j photodiode. 

Next, two 45* dielectric mirrors ire used to reflect the CASS 

beam into the detection leg and to adjust the beam to the detection 

height of 45 nm above the table surface. These mirrors reflect less 

of the <■>£ beam, as well as ~ 20% more of the CASS beam, than the 

prisms previously used. Immediately before the detection assembly 

there is a series of three short-pass filters which provide another 

nine orders of magnitude of rejection. 

The "detection system", as it has been referred to throughout 

this chapter, consists of a 1 nm bandwidth tunable grating filter 

(PTS Model TGF-201-01) placed before the actual detector, and an 

SCA 1P28A photomultipler. The tunable grating filter is adjusted to 

pass only light of frequency ©^ *= 2©^ - ©j. Th« physical tuning of 

this filter is under computer control via a routine that calculates ©^ 

and generates an analog target voltage that is compared with the 

voltage obtained from a shaft encoder on the filter tuning knob. An 

analog circuit drives a DC servo-motor to adjust the shaft position 

for matching target and encoded voltages. 
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The tunable grating filter and photomultiplier are mounted on a 

0.3 inch thick 8.5* z 5" aluminum plate. Careful baffling of the 

whole assembly from stray light is accomplished by wrapping the 

assembly in black photographic tape. 

D. Excitation Optics 

The excitation beam initiates the "excite and probe" process by 

electronically exciting a volume of molecules which are subsequently 

probed for vibrational transitions. Accordingly, it is favorable to 

produce the highest density of excited states with the available 

amount of light. Hence, the excitation beam travels through a 

sequence of optics to adjust its characteristics for our transient 

CARS experiments. 

The source of our 1 mj ultraviolet excitation pulse is the 

frequency doubled output of a commercial tunable dye laser that is 

pumped by the 532 nm second harmonic of the first Nd:ÏAG laser. This 

beam traverses the sample in a coaxial counterpropagating manner to 

the incident and wj beams and is focused to a confocal region 

(nearly) coincident with those beams to insure that the greatest CARS 

signal is generated within the volume with the highest density of 

excited molecules. 

The ~ 350 mj, 6 mm diameter vertically polarized 1054 nm beam is 

immediately directed down the table by a 1054 nm 33° s-reflector 

through a Type II KD*P nonlinear crystal. The emerging frequency 

doubled second harmonic beam at 532 nm is used to pump a 
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Quantel Model TDL-III dye laser. The - 90 mj, 75 mm high beam must be 

raised to approximately 150 mm in order to enter the dye laser for 

pumping. This is achieved with a 532 nm harmonic separator and 90° 

prism. A copper beam dump is located behind the separator to trap the 

residual first harmonic light. 

The commercial tunable dye laser is a Littman type device and is 

similar to our homemade dye laser. The unit is self-contained and 

requires little adjustment although the cavity optics are accessible 

if adjustment is needed. Tunability is achieved by a single control 

on the exterior of the unit which allows us wavelength tunability to 

Î .01 nm. A rhodamine 590 dye is used to generate an output lasing 

wavelength of 575.39 nm. This beam is later frequency doubled to 

generate our ultraviolet excitation beam at 287.59 nm (34759 cm *), 

corresponding to the 0® excitation frequency of styrene vapor. 

The dye laser output beam at 575.4 nm is horizontally polarized 

and has an energy of ~ 13 mj/pulse. It is important that this beam 

have near-Gaussian qualities so that when it is focused into the 

sample the density of transients is highest in the center of the 

excitation beam volume. Also, a beam without significant holes or hot 

spots will undergo the frequency doubling process with greater effici¬ 

ency. We have found that the spatial structure and energy of the beam 

is greatly dependent on the dye concentrations, particularly in the 

oscillator-preamplifier stage. Therefore, a great deal of care is 

taken to adjust the rhodamine 590 concentration in the dye reservoirs. 
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A Galilean telescope composed of two lenses with focal lengths of 

+667 and -364 mm is placed immediately before a Type 1 KD*P frequency 

doubling crystal in order to take advantage of the quadratic intensity 

dependence of the nonlinear conversion process. The resultant beam is 

vertically polarized and has an ultraviolet 287.7 nm component of 

~ 1 mJ per pulse. All of the optics in the path of this ultraviolet 

beam are composed of fused silica, as glass substrates are opaque to 

ultraviolet wavelengths. 

The ultraviolet excitation beam is then directed into the sample 

cell, but not without several considerations. Originally, we used a 

collinear counterpropagating beam geometry and found that two problems 

arose. First of all. the intensity of light at the sample exit window 

induces short-lived broadband fluorescence in the window's coating. 

Part of this fluorescence background is transmitted through the CASS 

detection optics. Due to the nature of our detector gating proce¬ 

dures. this fluorescence shows our kinetic scans negatively at delay 

times greater than 400 ns. (These gating procedures will be discussed 

later in the "photometry" section of this chapter.) 

Second, a significant portion of the excitation beam is absorbed 

before it reaches the active CARS volume. To eliminate this problem, 

we designed a new sample cell that allows transverse sample excita¬ 

tion. Theoretically, this configuration permits nearly all of the 

excitation light to reach the confocal region of the probe beams while 

preventing detection of window fluorescence. However, after-the-fact 

calculations showed that the probability of sample excitation is 
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actually greater in the original excitation configuration, so we have 

used a collinear geometry in the new cell for all of the experiments 

discussed later. The side ports, which were intended to pass the 

transverse excitation beam, have proved useful in giving us easy 

access to the sample cell center during beam alignment. 

Since the early attempts at transverse excitation, we have 

increased the CABS sensitivity, thereby allowing the use of lower 

sample pressures. Also, we have discovered that ~ 75% of the CARS 

signal is generated over a region of six times the confocal parameter 

instead of just once the confocal parameter. These two factors 

translate into greater excited state sensitivity than we originally 

had. Of course, the addition of a TAG amplifier to the excitation TAG 

laser would provide more favorable excited state densities. 

Window fluorescence problems are minimized in this configuration 

by expanding the excitation beam at the exit window and by spatially 

filtering the undesirable fluorescence to an acceptable level. The 

ultraviolet beam is expanded by a - 100 mm lens in series with a 

+200 mm lens located 445 mm and 175 mm from the cell, respectively. 

This telescope produces a beam that is ~ 3.5 mm in diameter at the 

exit window and focuses to a beam waist that overlaps with the probe 

beam waists in the center of the cell. The excitation beam waist is 

slightly larger than the probe beam waists to insure CARS probing of 

the entire volume of excited molecules in the sample. 

A strong focusing lens of +141 mm is placed in the CARS detection 

leg along with a 200 pm pinhole aperture to minimize the fluorescence. 
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Hie CARS beam which, unlike the spontaneous fluorescence, may be 

accurately focused, is directed through the aperture placed at the 

beam waist while most of the fluorescence is blocked. The remaining 

fluorescence may be further rejected, at the expense of some CARS 

signal, by decreasing the bandpass of the tunable filter. 

The excitation beam is directed into the sample cell by a 45* 

dichroic reflector in the CARS path which reflects the ultraviolet 

beam and transmits the CARS beam. The coated cell exit window trans¬ 

mits essentially all of the ultraviolet component of the beam and 

reflects the residual unconverted dye light at 575.4 nm. This final 

reflector and the preceding 90° prism are tilted to obtain proper 

alignment of the excitation laser. 

E. Sample Handling 

The sample handling system was originally designed for use with a 

transient absorption spectrophotometer housed in our laboratory. A 

few modifications involving the sample cell have since been made to 

satisfy the requirements of the CARS experiments. This sample cell 

and the accompanying components of the gas phase sample handling 

system are pictured in Figure 5. 

The sample cell is a 60-cm long, 1-inch diameter fyrex tube with 

four o-ring joints to accommodate the cell windows. A 15-mm o-ring 

joint is connected to each end along the path of the laser beams while 

two 30 mm o-ring joints, separated by ~ 15 cm across the cell center, 

are attached to the cell along a line perpendicular to the main axis. 

The windows are attached using o-ring compression seals that are held 
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Figure 5. Schematic of sample cell and vacuum system. Labeled 

components are: DP—diffusion pump* IG—ionization gauge. PG—pressure 

gauge. RP—roughing pump, TG—thermocouple gauge, SA—side arm. 
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rigidly by padded ball and socket clamps. This method of attachment 

facilitates the removal of the frequently cleaned cell windows. 

The sample cell is directly joined to the vacuum manifold by a 

flexible stainless steel coupling attached through ultra-torr fit¬ 

tings. This vacuum line may be pumped to pressures below 10 ^ torr by 

a mechanical rotary pump (Precision Scientific #DD-20) and a 2 inch 

Varian oil diffusion pump. The system pressure is monitored by two 

thermocouple gauges, a mechanical dial gauge, and an ion gauge. 

Gauges, adapters, etc. are attached to the manifold using demountable 

o-ring seals and ultra-torr fittings through stopcocks made of Teflon 

and elastomer. Stopcocks from both Ace Glass and Kontes Glass are in 

use although those from Ace Glass have been found to be more 

manageable. 

The investigated samples are attached to the sample cell through 

two sidearms which are sealed by Teflon and elastomer stopcocks. 

FETFE o-rings are used for these and most o-ring seals throughout the 

system because of their desirable outgassing properties and chemical 

resistance. The sample pressure within the cell is monitored by two 

absolute pressure gauges: an MKS Instruments (type 221A) Baratron 

capacitance manometer and a Datametrics (#600A-1000T-R12-H21X-Ï) 

capacitance manometer. Overall sample pressures ranging from 

0.001 torr to 1000 torr may be monitored by these manometers. 

Styrene (Aldrich Gold Label) was subjected to several freeze- 

pump-thaw cycles for degassing before use in the experiments. A 

mixture of dry ice and isopropanol was used in this process to freeze 
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the styrene (m.p. « -30.6#C). Buffer gases SF^ (Matheson) and (Big 

3 Industries) are admitted to the sample cell through connections to 

one of several manifold ports. These gases were stored in lecture 

bottles and used without further purification. 

F. Photometry 

The detection of Raman-active vibrational frequencies using CARS 

is certainly intriguing because conventional Raman scattering methods 

have yielded little information concerning these modes in the gas 

phase. The essence of our experiments, however, is the detection of 

gas phase transients and their relation to the dynamics of electron¬ 

ically excited molecules. These transients, when present, are often 

extremely low in concentration, thus making their detection difficult. 

In order to maximize the detectivity of these transients and determine 

excited state populations, several features of the CARS process must 

be taken into account. 

Pulse-to-pulse laser intensity fluctuation is a source of noise 

in the induced CARS and CARS spectra. To reduce this noise, the light 

detected at must be normalized to the product *2 on * shot-to- 

shot basis. Induced CARS signals must also be normalized to the 

excitation beam intensity. Laser energies are therefore monitored by 

ultraviolet and visible sensitive silicon photodiodes from Silicon 

Detector Corporation (Typo SD-200-13-23-042) that are operated with a 

9V bias in the photoconductive mode. These photodiodes are placed 

throughout the apparatus as shown in Figure 4. Photodiodes 1. 2. and 
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3 monitor the excitation, and ^ energies, respectively. Neutral 

density filters and optical diffusers are placed before the 

photodiodes to prevent signal saturation and to minimize beam position 

effects. 

The time resolution of the apparatus is limited by the laser 

pulse durations and timing jitter rather than the response speed of 

the detection system. The CABS detector is an RCA1P28A photo¬ 

multiplier tube mounted in a nickel plated aluminum housing (Pacific 

Instruments Model 3150) containing a ten stage voltage divider. The 

gain of this PMT is dependent upon the bias voltage applied to it. In 

practice, the gain of the PMT is sometimes purposely decreased in 

order to accommodate a vide range of light intensities and to prevent 

signal saturation at higher sample pressures. 

The outputs of the photodiodes and PMT are fed to separate gated 

integrator circuits (Evans Associates Model 4130) that generate 

voltages proportional to the laser energies incident on the detectors. 

The TTL gate pulses are ~ 3 (is in length to ensure complete detector 

current integration. The outputs of all the integrators are digitized 

and reset to zero after each laser shot. 

The excitation-induced CABS signal is the difference between the 

detected signals at -25 ns delay and at the specified positive probe 

delay relative to the excitation pulse. The computer first monitors 

thé light detected at when the probe beams arrive 25 ns before the 

excitation pulse and next at the programed nanosecond delay. Then, 
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optical and electronic backgrounds are digitally subtracted from the 

raw data at each, time. 

The resultant data values at the time delays are divided by the 

product of the square of the energy with the ee^ energy to normalize 

for each shot. These values must be square rooted to allow for the 

quadratic dependence of the CASS signal on sample pressure before 

their difference is taken to yield a result proportional to the 

induced concentration changes in the sample. Finally, this induced 

signal is divided by the excitation energy for the positive delay 

shot, which is linearly proportional to the density of excited states, 

to complete the normalization process. 

This final induced CASS signal may be positive or negative, 

representing the appearance of excited state features and the deple¬ 

tion of ground state features, respectively. This is 

demonstrated in Figure 6. 

G. Computerization 

A high degree of computerization is integrated into the many 

facets of the apparatus. The heart of this system is a laboratory 

microcomputer that is involved in data acquisition as well as data 

analysis. It consists mainly of a DEC Model LSI-11/23 processor with 

256 kbytes of memory, a 30 Mbyte Winchester disk (DSD-880), and a dual 

double-density floppy disk drive (Charles River Data Systems FD-211). 

It also includes a 4 channel Andromeda DAC-11 digital—to—analog 

converter that generates control voltages and a 16 channel 



44 

Figure 6. Styrene transient spectra at 7 ns and 910 ns probe delay 

displaying simultaneous time evolution of transient features and ground 

state depletion. 



ST
YR
EN
E 

TR
AN

SI
EN

T/
DE

PL
ET

IO
N 

SP
EC
TR
UM
 

45 

PR
OB
E 

FR
EQ

UE
NC

Y 
( 
c
m
~
 



46 

Andromeda ADC-11 analog-to-digital converter that digitizes the gated 

integrator output voltages to a precision of 12 bits. Communication 

with the computer is achieved with an ADM-3A+ video display terminal, 

equipped with a Digital Engineering graphics board. This terminal 

also displays the experimental data in tabular and graphic forms. A 

recently acquired Hewlett-Packard 7470A digital plotter is used to 

generate figures from the data. Lastly, an IDS Prism 80 dot matrix 

printer provides hard copies of data and listings of the computer 

programs. 

The vast amount of software used is written mainly in FORTRAN and 

runs under the RT-11 operating system. This software consists in part 

of two real-time apparatus control programs and two data analysis and 

display programs. The first major apparatus control program is a 

routine entitled "CARSET". This program is used during the aligament 

procedures preceding the actual experiments. Briefly, this program 

monitors the light signals at the four detectors (m^, t^, «3, and 

excitation) and displays these outputs on the video screen and/or on 

an analog meter. The average values and standard deviations of these 

outputs are displayed, at one second intervals, providing a real-time 

basis to optimize the CARS and excitation alignment. 

The program used for data acquisition under experimental 

conditions is appropriately named "CARS". This versatile apparatus 

controlling routine enables us to acquire data in three standard 

ways: wavelength, or spectral, scans at a fixed nanosecond time 
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delay; kinetic, or time delay, scans at a fixed probe 

frequency; and two-dimensional scans which involve the acquisition of 

both kinetic and spectral data in one run. Also, ground state and 

transient scans may be acquired separately or simultaneously. The 

parameters of the scan, including delay time, probe wavelength, and 

length of scan, may be specified manually or through pre-written 

parameter files. During the data acquisition process all light levels 

and standard deviations are displayed in a fashion similar to the 

"CARSET" routine. The acquired data is stored in disk files along 

with identifying comments input by the experimenter. 

The first of our major analysis routines, entitled '1GRAFH", is 

primarily concerned with the presentation of the acquired ûu',a on the 

video terminal. This routine performs a variety of functions. First, 

and most importantly, it permits the display of the data sets in a 

graphical form. Individual data sets may be graphed or many data sets 

may be overlaid and arithmetically manipulated to facilitate compari¬ 

son. The axis ranges of the plot may be selected manually or 

determined automatically. IJRAPH" also possesses the capabilities to 

display data in a tabular form including the experimental conditions 

and experimenter's comments contained within the file "headers", to 

average two data files, and to smooth and interpolate data. 

The final data analysis program, "CONFIT", permits kinetic data 

to be fit to single or biexponential decays as well as to pre¬ 

programed kinetic models. This complex program allows for manual or 

automatic kinetic fitting achieved through a nonlinear least squares 
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fitting procedure. The subsequent fits are drawn through the data 

points and kinetic parameters and their uncertainties are displayed 

numerically. This important analysis program is described in more 

14 
detail elsewhere. 

Aside from the four programs described in this section, there are 

a nimber of smaller inner-level routines necessary for apparatus 

control. For example, the dye laser wavelength is adjusted by a 

program which uses TIL level outputs to generate pulses that drive the 

stepping motor control of the rotary table (see Dye Lasers). Also, 

the relative Q-switching delay of the Nd:XAG lasers is controlled by a 

routine that produces outputs through the DAC board to the nanosecond 

delay generators. There are also a number of other routines which 

play an important role in our GARS experiments, but a thorough discus¬ 

sion of all of them would be too time consuming. The discussion in 

this section, however, should convey to the reader the degree to which 

the apparatus is computerized and the importance of computerization in 

performing the experiments. 



CHAPTER 3 

STYRENE 

I. Introduction 

Styrene is the simplest conjugated olefin which, exhibits both 

luminescence and photochemical geometric isomerization. Subsequent to 

optical excitation, a number of relaxation channels, radiative and 

nonradiative. are accessible to excited state styrene. In addition to 

the nonradiative channels of intersystem crossing and internal conver¬ 

sion. a third nonradiative pathway exists for styrene: internal 

conversion involving partial rotation about the olefinic carbon-carbon 

double bond. This rotation is thought to be a major nonradiative 

relaxation channel in electronically excited styrene; in fact, cis- 

trans photoisomerization in deuterium-labelled styrene has been 

observed directly in solution. As a result, styrene holds 

considerable interest as a model for the study of photophysical and 

photochemical processes. 

Styrene. CgHg, (as shown in Figure 7) has identical cis and trans 

forms with a predicted energy barrier for isomerization of approxi¬ 

mately SO kcal/mole.*^'*^ In its lowest energy electronic state (SQ), 

styrene is planar*^ and has Cg symmetry. Vibrational spectra of 

17—19 
styrene and its deuterated analogs have been measured in the 

liquid phase and the 42 fundamental vibrational modes, all IR and 

Raman active, have been identified and assigned. Vapor phase Raman 

spectra of styrene in either the or the states have not been 

previously reported. 

49 
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Figure 7. Structure of styrene. 
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Hie initial impetus for styrene photochemical and photophysical 

20 
studies was provided by Hui and Rice, who measured the fluorescence 

lifetimes and quantum yields for single vibronic levels of the 

state of styrene vapor. The 0® transition was assigned at 34759 cm * 

(287.7 nm) with a resulting fluorescence lifetime and quantum yield of 

20.3 ns and 0.36, respectively. These values were later confirmed by 

21 1 
Ghiggino et al. . The state, which correlates with the state 

of benzene, gives rise to a weak, highly structured type A-band at 

260-290 nm. The vibronic parent band structure strongly resembles 

that of the analogous systems of aniline, phenol, and ethynylbenzene, 

which suggests that the electronic transition is localized primarily 

in the phenyl ring.*®'^ 

The nature of the second n -> n* (SQ -> S2) transition is 

markedly different from the first. Vaida et al.^*^ investigated the 

220-260 nm absorption spectrum of styrene in a pulsed supersonic 

expansion and attributed all of the discrete vibronic features in the 

S0 -> Sj spectrum to ethylenic vibrational modes. The origin of the 

second JI -9 n* transition was assigned to 39327 cm~^ and the intensity 

profile of the observed features was found to be consistent with an S2 

origin lying lower in energy than many vibrational levels of S^# The 

overlapping SQ S2 transition is considerably more intense than the 

weaker -> transition. This is consistent with calculations^ 

which predict an oscillator strength approximately two orders of 

magnitude greater for the Sj transition than for the SQ -9 Sj. 
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These theoretical investigators^ have also predicted the 

existence of an optically forbidden donbly excited singlet state lying 

to the red of the second (nn*) state. Its calculated oscillator 

strength of 6% that of the first n -> n* transition indicates that its 

detection may easily be masked by the stronger overlapping transitions. 

Other studies,*** however, predict a doubly excited state with high 

oscillator strength to the blue of the second (nn*) state. 

In order to elucidate the photophysical and photochemical 

processes that follow electronic excitation, many theoretical and 

experimental studies have considered the controversial topic of the 

potential surfaces of the lowest singlet and triplet excited states. 

20 
Hui and Rice have suggested the presence of a small relative minimum 

at m « 0 on the surface and an absolute minimum at u “ n/2. where u 

is the angle about the OC. In this view, the following events may 

occur from styrene in its state: the molecule may return to the 

ground state via fluorescence; it may intersystem cross to the triplet 

manifold; or it may internally convert to either the cis or trans form 

in the ground state starting from the twisted configuration on the 

surface. 

25 
Bruni et al. have performed ab initio calculations which 

confirm Hui and Rice's picture of the potential energy surface. 

Their results show the origin of the two energy minima in the 

potential surface, indicating mainly ethylenic character in the 

o> = n/2 configuration while attributing the minimum at <o ■* 0 to an 

avoided curve crossing between a nn* state localized in the phenyl 
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ring state of the benzene fragment) and the nn state of the C=C 

double bond. This supports the hypothesis that direct cis-trans 

photoisomerization of styrene occurs simply by rotation about the 

ethylenic bond in the state. The theoretical model of the and 

S2 states being formed by an avoided curve crossing of the *1^ and V 

26 potential curves is further supported by Tripathi, who found a large 

resonance effect in the 8a<d(CsC) vibration at 1610 cm * in the Raman 

scattering spectrum, confirming that a major contribution to is 

from the ethylene V potential surface. 

In contrast, a detailed spectroscopic analysis of the vibronic 

18 0 structure of the SQ -» transition shoved a small shift of the 0Q 

band in deuterated styrene with respect to the non-deuterated species. 

This is consistent with a vertical potential minimum on the poten¬ 

tial surface; a result in disagreement with Hui and Rice's prediction 

of a minimum at 90° on the surface. . Orlandi and co-workers*** 

performed ab initio Cl calculations to describe planar and twisted 

styrene in the lowest excited singlet states. Their potential 

energy curve showed a minimum at w = 0° and a low barrier of approxi¬ 

mately 15 kcal/mole at » » 90®. This barrier is consistent with 

1 O $ 

Hollas' observations. The second (nn ) state. S^, interacts with a 

doubly excited surface as torsion proceeds, resulting in a 

zwitterionic state at 90® which is found approximately 2 kcal/mole 

below the planar state. The shallow minimum at u * 90® is 

20 25 consistent with the predictions of Hui and Rice and Bruni . yet it 

is not in conflict with Hollas' observations because it is. not due to 
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the potential curve. The cnrve crossing renders the isomerization 

barrier to be overcome by the molecule lover than the actual S^(^L^) 

barrier. 

Upon excitation into the Sj manifold, time-resolved fluorescence 

21 27 excitation and emission spectroscopic studies ' have shown that 

rapid relaxation to the state is not the only process which leads 

to fluorescence. A wavelength-dependent two component decay has been 

27 observed with a short-lived state (~ 2 ns) contributing the majority 

of the total emission and a higher energy long-lived state (~ 50 ns) 

contributing a small fraction of the total emission. The spectral 

distribution and lifetime of the fluorescence from the short-lived 

state indicate that it arises from upper vibrational levels of the 

first excited singlet state. 

21 28 Further studies ' confirmed that as the excitation wavelength 

is moved from the into the band two changes take place: the 

total nonradiative rate constants increase rapidly and a long-lived 

blue-shifted emission appears. Also, vibrational relaxation and 

collision-induced internal conversion occur when styrene and a high 

pressure of inert relaxer are excited at 257 nm. Under these condi¬ 

tions, the fluorescence spectrum is very similar to that produced upon 

excitation at 287 nm. The long-lived emission may be attributed to a 

''twisted" excited state formed by rotation about the excited n bond. 

The . absence of any long-lived emission from a styrene derivative in 

which rotation about the n bond was structurally prevented provided 

supporting evidence for the existence of such "twisted" electronic 
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states. Since some geometric isomerization is known to occur from S^, 

the absence of any long-lived emission on excitation into may be 

explained by the relative inefficiency of the twisting process 

compared to that obtainable via S^. 

Little is known about the intersystem crossing channels in 

15 29 30 styrene. Many investigator s ' have assumed that the quantum 

yield of intersystem crossing is very low in this system. Triplet 

20 31 sensitization experiments * have resulted in phosphorescence 

_3 
quantum yield estimates of < 10 . This lack of phosphorescence from 

styrenes on direct irradiation may be the result of inefficient 

intersystem crossing to the triplet state and/or the presence of an 

efficient nonradiative relaxation route from T^. Condirston and 

30 Laposa used acetophenone in an attempt to sensitize styrene phos¬ 

phorescence by triplet-triplet transfer and showed that although 

energy transfer was occuring. phosphorescence still could not be 

detected. The lack of phosphorescence is presumably due to a very 

efficient radiationless decay of styrene triplet induced by a crossing 

of the T^ and SQ potential energy surfaces, as has been suggested for 

stilbene. Styrene phosphorescence also escaped detection in an 

matrix at 10 E. indicating that if the triplet state is being 

populated, the nonradiative relaxation requires little molecular 

distortion or vibrational activation. 

32 Bonneau contends that assumptions of low intersystem crossing 

quantum yields in styrenes are based on indirect measurements of 
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sensitized biacetyl phosphorescence that are inconclusive for these 

systems. Using a laser flash photolysis method. Bonneau's triplet- 

triplet absorption studies of styrene in solution yielded values for 

the intersystem crossing quantum yield and triplet lifetime of 0.395 

and ~ 25 ns. respectively. It would be very useful to confirm these 

results in a gas phase study. 

The following sections detail the results of experiments 

performed to probe and elucidate the photophysics and photochemistry 

of styrene vapor. Our versatile transient CARS apparatus affords us 

the opportunity to probe, on the nanosecod time scale, the vibrational 

features of the various electronic states formed subsequent to 

electronic excitation. 

II. Results and Discussion 

Our experiments may be classified into three categories: ground 

state spectroscopy and ground state recovery studies, gas phase 

transient studies in the absence of buffer gases, and gas phase 

transient studies in the presence of buffer gases. To probe these 

processes in styrene, two distinct Raman frequency regions were 

covered. The lower frequency region, from 1400-1750 cm”*, corresponds 

to the region where C=C stretching vibrational modes occur, whereas 

the higher frequency region from 2850-3175 cm”* covers the CH stretch¬ 

ing transitions. The styrene pressures used in these experiments were 

approximately 0.5 torr. 
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A. Ground State 

Although the primary objective of this research is to probe the 

spectroscopy and dynamics of excited state styrene* the ground state 

(SQ) studies also play an integral role in our experiments. Ground 

state spectra in the probing region of interest are first taken to aid 

in optimizing the probe beam alignment. Monitoring the CASS signal at 

a ground state vibrational resonance also provides us with a reference 

level necessary to monitor time-dependent drift in probe beam 

alignment and other system parameters. 

Also* by monitoring the depletion of the ground state features 

following excitation* we are able to optimize the overlap of the 

excitation and probe pulses so as to probe the maximum concentration 

of excited molecules. Typically* ~ 10% of the probed sample is 

excited at a pressure of 0.5 torr styrene with 1 mj of excitation 

light. A representation of ground state depletion kinetics is shown 

in Figure 8. At the arrival of the excitation pulse* a sharp decrease 

in the CARS signal at this transition frequency is seen. This removal 

of molecules from the SQ state occurs instantaneously upon excitation; 

however a ~ 7 ns depletion time is seen corresponding to the instru¬ 

mental response function. Following this prompt depletion* a further 

monotonie decrease in signal with increasing time is seen. This is 

presumed to result from collisional energy transfer from the excited 

molecules to the "cold" molecules which effectively shifts the maximum 

of the vibrational transition away from 3073 cm”*. 
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Figure 8. Ground state depletion kinetics of styrene at 3073 cm 

The sample pressure is 0.8 torr. 
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Another effect observed in the depletion of the ground state is 

shown in Figure 9. Comparison of the inverted ground state spectrum 

with the ground state depletion at early delay times shows that at the 

low frequency side of the peak the ratio of depleted to ground state 

molecules is considerably less than at the frequency corresponding to 

the maximum (3073 cm-*). Ve attribute this effect to the selective 

excitation of a rotational subset within the band. There is also a 

positive CASS signal to the blue of the ground state peak that is due 

to a positive transient superimposed on the tail of the depletion, 

essentially overriding the depletion. This is evidence that excited 

state vibrational features may be distorted by neighboring ground 

state depletion and that our apparatus will be most effective for 

excited state transitions which have been significantly shifted from 

the ground state positions. 

Figure 10 depicts a ground state spectrum of 0.5 torr styrene in 

the "C=C stretch" region. This low resolution scan (5 cm * steps 

between data points) displays prominent features at 1605 and 1635 cm * 

which we assign to the and ^ modes reported in the liquid phase 

—1 18 
Kaman spectrum of styrene at 1600 and 1630 cm respectively. Denser 

scans reveal other less prominent features at 1622. 1631. and 

1680 cmT*. Figure 11. the ground state spectrum of styrene in the 

"CH stretch" probe region, shows features at 3019. 3063. and 

3073 cm'**’. It is difficult to correlate these transitions with 

19 
reported liquid phase results. (Marchand reports the and ^ CH 
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Figure 9. Comparison of ground state depletion at 10 ns probe delay 

with, inverted ground state spectrum at 3073 cmT*. 
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Figure 10. Ground state spectrum of 0.5 torr styrene .vapor in "OC 

stretching" probe region. The spectrum is taken with 5 cm * steps 

between points. 
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Figure 11. Ground state spectrum of 2 torr styrene vapor in "CH 

stretching* probe region. 
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stretching frequencies at 3057 and 3063 cm respectively.) Other 

ground state features are seen at 3013 and 3098 cm”*'. 

The exact assignment of the spectrum is not as significant as the 

demonstration of the applicability of the CASS apparatus to low 

pressure gas phase Raman spectroscopy. By contrast, the small Raman 

cross sections and low collection efficiencies of spontaneous Raman 

spectroscopy preclude the routine observation of low pressure gas 

phase spectra. Re have found no previous report of styrene's gas 

phase Raman spectrum. Although the use of an intracavity étalon (to 

narrow the laser bandwidth) combined with higher gas pressures would 

yield more detailed spectroscopic information, the simple identifica¬ 

tion of the dominant ground state vibrational transitions in the 

probing regions of interest is adequate for the present study. 

B. Transient Snectrosocnv and Dynamics 

Styrene was excited at 34759 cm”*' at its 0® band in the manner 

described in Chapter 2. After excitation to the vibrationless level 

of the state, we spectroscopically probe for transient species. 

These transients may be classified into two groups: transients with a 

prompt rise, and transients which grow in as the state decays, 

i.e. triplet states, twisted states, and vibrationally excited ground 

states. Our initial approach was to search for spectroscopic features 

at early delay times (~ 7 ns) and, once found, to study the transient's 

appearance and decay kinetics. Vibrational features indicative of the 
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state should display an instrument-limited rise time followed by a 

single exponential decay associated with the 20.3 ns lifetime. 

The spectrum shown in Figure 12 represents a rich and interesting 

example of data accumulated in the C=C stretch probe region. The 

large CASS intensity leads us to believe that the signal is being 

resonance enhanced in this region. This effect is well documented in 

33—36 
previous CARS experiments and theoretical work. and can be of 

practical value in CARS. In our case, the large signals facilitate 

quiet kinetic scans; yet one must be aware that these resonance- 

enhanced vibrational modes may mask unenhanced vibrational 

transitions, for instance of the triplet state. 

Several dominant features appear in the spectrum with an 

apparently regular spectral pattern. Strong features at 1552. 1571, 

1587, and 1608 cm-* are accompanied by weaker satellite peaks 

(~ 6 cm-* to the red of the stronger peaks) at 1544, 1563, 1583, and 

1603 cm-*, respectively. Figures 13, 14, and 15 show the decay 

kinetics of the features at 1571, 1587, and 1608 cm *• The circles 

represent experimental data points while the solid line through the 

points is the computed best kinetic fit of the data. The kinetic fit 

is computed by convoiuting the instrumental response function with a 

single exponential fit to the decay. The respective calculated 

lifetimes of the transients at 1571, 1587, and 1608 cm-* are ~ 23, 25* 

and 30 ns. 

Although these lifetimes are in the vicinity of the lifetime 

(20.3 ns), they are greater and increase with increased transition 
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Figure 12. Styrene transient spectrum at 7 ns probe delay. 
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Figure 13 Decay kinetics of styrene transient at 1571 cm with 23 ns 

lifetime. 
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Figure 14. Decay kinetics of styrene transient at 1587 cm tritk 25 ns 

lifetime. 
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Figure 15. 

lifetime. 

Decay kinetics of styrene transient at 1508 cm-* with 30 ns 

The sample pressure was 0.3 torr. 
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frequency. This effect is believed to be related to the partial 

overlap of these transients with the nearby, very intense feature at 

1617 cm-*. The band at 1617 cm-* is long-lived*(a detailed discussion 

will follow) and the observed decays of the nearby transients are 

probably mixtures of a 20 ns intrinsic component with a slower decay 

component of the 1617 cm-* feature. Also, the apparent peak depletion 

of the ground state is shifted from 1635 to 1638 cm-* due to the 

influence of the 1617 cm-* transient. 

Although the three bands at 1571. 1587. and 1608 cm-* have 

~ 20 ns lifetimes and immediate rise times characteristic of .the 

state, results in the presence of buffer gas reveal that only the 

transient at 1608 cm * is a vibrational feature of the relaxed 

state. Features originating from the vibrationless level of should 

be unaffected by the presence of 100 torr of SF^. However, as 

Figure 16 clearly shows, the addition of 100 torr of SF^ to the sample 

has quenched the feature at 1587 cm-*, but not the one at 1608 cm-*, 

within 7 ns. Decay scans of these transients (1552. 1571. 1587. and 

1603 cm-*) confirmed that all of the features with the exception of 

that at 1608 cm-* are quenched immediately on our time scale in the 

presence of the SF^. Also, as seen in Figure 16. a new transient band 

appears at 1592 cm-* during quenching. The kinetics of this feature 

(Figure 17) shows a rapid decay of approximately 4 ns; thus, it is 

undoubtedly an intermediate formed as hot vibrational levels 

collisionally cascade to vibrationless S^. 
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Figure 16, Top: Styrene transient spectrnm in absence of bnffer gas. 

Bottom: Same scan as above with 100 torr SF^ added to tbe sample. 

.Both scans were taken at 7 ns probe delay. 
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Figure 17. Decay kinetics of styrene transient at 1592 cm-1 with a 

4 ns lifetime. The sample contained 0.5 torr styrene and 100 torr SF^ 
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The behavior of these transients in the presence of SFg leads ns 

to believe that the band structure seen in Figure 12 is attributable 

to vibrationally excited states of S^. The immediate appearance 

kinetics of these transients rules out the possibility that they are 

associated with hot ground state (S^*) transitions, since SQ* 

vibrational modes could only appear as the initially formed state 

decays. A more probable explanation involves the Sj* hot band 

sequence as assigned in Figure 18. The excitation has been 

18 22 
previously attributed ’ to a benzene-like excitation located 

primarily in the phenyl ring. The electronic transition that gives 

resonant enhancement to the CASS signal is therefore very likely to 

involve further phenyl excitation and to selectively intensify phenyl 

vibrational modes. Thus we identify this hot band sequence with C=C 

ring stretches localized in the phenyl ring and assign the v “ 0 1 

transition of this C=C stretch to 1608 cm 

We suggest that the stronger peaks separated by - 17 cm * form a 

hot band sequence involving one quantum of change in the C=C stretch 

for a given level of excitation (probably v * 0) in another weakly 

coupled vibrational mode. The weaker transition sequence is believed 

to be the same hot band transition sequence in the C=C stretch but 

with a different level of excitation (i.e. v ■ 1) in the second mode. 

Our assignment of the C=C stretch at 1608 cm ^ agrees well with the 

predictions of Hollas for the ^ and/or mode in the state. 

Also, the hot band separation of 17 cm”* in the C=C stretch is in 

37 
agreement with the value obtained by Hollas by single vibronic level 



83 

Figure 18. Styrene transient spectrum at 7 ns probe delay in a sample 

containing 0.3 torr of styrene, n^ “ the number of quanta in the C=C 

phenyl ring stretching mode, n^ * the number of quanta in the 

vibrational mode coupled to the OC ring stretch. 
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fluorescence spectroscopy for the separation between ^ v * 0 1 and 

v ** 1 -> 2. 

The assignment in Figure 18 of the S^* band sequence brings two 

points to mind. First of all. the excitation wavelength corresponds 

to the 0^ band in styrene; as a result, the vast majority of excited 

styrene molecules should be prepared in the vibrationless state. 

Secondly, in the absence of buffer gas, all of the features have 

approximately the same lifetime. Instead, one might expect to see 

20 
decreasing lifetimes as the vibrational levels increase. 

We propose the following explanation of these results. 

Subsequent to excitation by the 34759 cm * pulse, an (~ 19000 cm *) 

or b>2 photon could, if resonant with an Sn <- S^ absorption in 

styrene, promote a large number of molecules from S. to S (the S.-S.» 
X n x L 

energy gap is known to be only 5500 cm ). These molecules could 

then be expected to internally convert from to Sj* on a subnano¬ 

second time scale. The observed kinetics of the hot level transitions 

of S^ would then be characteristic of the S^ lifetime at 34759 cm *» 

since the number of molecules undergoing the secondary excitation 

induced by a probe photon would be proportional to the number of 

molecules remaining in the S^ state at a given delay between 

excitation and probe pulses. 

The decay kinetics of the positive feature at 1517 cm-* are quite 

different when compared to the ~ 20 ns decays uncovered at 1552, 1571, 

1587, and 1608 cm-*. Figure 19 depicts the appearance and decay 

kinetics of this resonance enhanced feature at 1617 cm-*. The best 
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Figure 19. Decay kinetics of styrene transient at 1617 cat * with dual 

component lifetimes of 20 ns and 98 ns. 
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kinetic fit of the data shows a decay representative of two distinct 

states. Our most successful kinetic model for these data assumes that 

as the first state decays, it gives rise to a second distinct state. 

c. Using the sequential model A ■=> B ^ C, we have determined that the 

shorter-lived initial excited state has a lifetime of 20 ns which 

gives rise to a longer-lived state with a 98 i 5 ns lifetime. 

Another positive transient with similar decay characteristics was 

found in the CH stretch region of CARS probing. Figure 20 depicts 

this spectral feature at 3026 cm * along with another transient at 

3017 cm * at 10 and 30 ns delays. The depletion between the two 

features is thought to result from ground state depletion at 

3019 cm *. Once again, the depletion maximum has been shifted from 

the ground state maximum by superposition of the neighboring positive 

transients. At first glance, it appears that the spectrum may repre¬ 

sent one broad feature with the center "removed" by the depletion; 

however the evolution of the peak amplitudes with increasing time 

indicates that each feature is indeed distinct; the decay of the 

transient at 3017 cm”* is proportionately greater than that at 

3026 cm”* in the range of 20 ns. 

This result is confirmed by comparing the decay kinetics of these 

two transients. In Figure 21. the decay at 3017 cm”* is shown to 

correspond to a lifetime of 13 ns. Although this is significantly 

less than the 20 ns decay of the state, we believe that the 

apparent decay is distorted by the overlapping ground state depletion. 

Also, the lifetime of this feature was unchanged in the presence of 
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Figure 20. 

features at 

Styrene transient spectrum of 3017 cm * and 3026 cm 

10 ns and 30 ns. 
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Figure 21. Decay kinetics of styrene transient at 3017 cm * with a 

IS ns lifetime. The sample contained 0.5 torr styrene. 
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100 torr SFg. We therefore assign this feature to a CH stretching 

mode of the vibrationally relaxed state. 

As shown in Figure 22, the decay kinetics of the transient at 

3026 cm-1 are very different than at 3017 cm”**. Following a prompt 

rise, a dual component decay is seen which is consistent' with the same 

kinetic model used at 1617 cm-*’. The best fit of the data corresponds 

to a state of 20 ns lifetime decaying and "feeding" a longer-lived 

state with a 97 i 5 ns lifetime. The similarity between the decay 

kinetics and lifetimes found for these two transients (1617 and 

3026 cm-*) is striking. 

Both transients have prompt risetimes and short-lived decay 

components of 20 ns which presumably arise from the state. As was 

the case with the features in the C=C stretching region near 1600 cm * 

(described earlier), buffer gas data were needed to discern if these 

were transitions of hot or cold styrene. At 1617 cm ^ the 

kinetics with 0.5 torr styrene + 100 torr SFg show a single decay time 

of > 200 ns. In Figure 23 at 7 ns delay, the transients at both 

—1 —1 
1608 cm and 1617 cm are still present. However, at 200 ns delay 

under the same conditions, the feature at 1608 cm * has completely 

decayed, while that at 1617 cm-* remains quite strong (see Figure 24). 

This lack of quenching of the long-lived component at 1617 cm-* by SF^ 

differs from the result at 3026 cm-*. As Figure 25 shows, the long- 

lived state of 98 ns has been quenched, and the resulting decay shows 

only the presence of the 20 ns state. Ve therefore assign the 
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Figure 22. Decay kinetics of styrene transient at 3026 cm”* with dual 

component lifetimes of 20 ns and 97 ns. 
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Figure 23. Styrene transient spectrum at 7 ns probe delay in a sample 

containing. 0.5 torr styrene and 100 torr SFg. Transient features are 

seen at 1592 cm 1608 cm and 1617 cm 
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Figure 24. Styrene transient spectrum at 200 ns probe delay in a 

sample containing 0.5 torr styrene and 100 torr SF^. Only the 

transient at 1617 cm * is evident. 
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Figure 25. Styrene transient kinetics at 3025 cm”* with 50 torr SF^ 

The long-lived component is quenched and only a 20 ns decay is seen. 
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transients at 3017 cm * and 3026 cm * to CH stretching transitions in 

the relaxed state. 

The characteristics of the long-lived components seen at 

1617 cm-* and 3026 cm-* are different in the presence of SF^ but 

similar in a collisionless environment. It is interesting to specu¬ 

late on the nature of this effect. First of all. a sample imparity 

effect is unlikely because of the selective quenching of the 

long-lived component at 3026 cm-* only. If the long-lived component 

originated from a single impurity, then both decays in the presence of 

SF^ would be the same. 

The possibility of the long-lived transient arising from a 

21 27 28 twisted excited state also exists. Several investigators * * have 

reported a dual component decay from excited styrene vapor and have 

attributed the long-lived component to a twisted excited state. It 

was also found that this state was quenched by SF^,. However, the 

ethylenic OC bond order and electronic structure in these twisted 

states must be significantly altered, so one would expect to find 

vibrational transitions at frequencies different from the correspond¬ 

ing value for the planar state. We therefore think it unlikely 

that the long-lived component is due to a twisted excited state 

because of the frequency coincidence of the two components. Other 

scans throughout both probe regions did not reveal evidence of twisted 

excited states that might be formed from S^. However, if these modes 

were not resonance enhanced, our apparatus might not be sensitive to 

their presence under these experimental conditions. Also, in our 
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survey spectral scans, we tended to concentrate on dominant features 

and may have ignored less obvions broad features because of time 

constraints. 

Based on our existing data, we believed that the 98 ns component 

seen at 1617 cm-* and 3026 cm-* may be assigned to Tj*. Under 

collisionless conditions, intersystem crossing occurs from to Tj*. 

which subsequently decays to SQ with a 98 ns decay. In the presence 

of the vibrational energy quencher, SF^, the Tj* is quenched to T^. 

If the transition frequency of vibrationally relaxed is signifi¬ 

cantly shifted from that of T^*, then no evidence of the persistent 

state will appear at this probe frequency. This may be the case for 

the transient at 3026 cm *. In the presence of 100 torr SF^, the 

long-lived component of the decay due to Tj* is rapidly quenched, and 

only the 20 ns decay of the transition state is seen. We did not 

observe any evidence of a transient attributable to the relaxed 

state, presumably because it has been shifted from 3026 cm * to an 

unexplored frequency. Future experiments will entail broader spectral 

probing under these conditions. 

At 1617 cm-*, however, we suggest that the T^* state is quenched 

to by the SFg, yet the transition remains detectable at 

1617 cm-*. This results in a > 200 ns decay component which we 

attribute to the lifetime. The presence of significant intersystem 

32 crossing in styrene is consistent with the results of Bonneau, 

although his measured solution phase triplet lifetime is considerably 

less than 200 ns 
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The hypothesis of a long-lived triplet state is supported by the 

ground state recovery data seen in Figure 26. A ground state recovery 

scan entails monitoring the decreased depletion, i.e. the' return of 

molecules to the SQ state, following the initial excitation to S^. In 

order to thermalize hot vibrational states, the scan was taken with 

50 torr SFg mixed with the sample. The data show that a large frac¬ 

tion of excited molecules (~ 40%) have not decayed to the SQ state 

within — 300 ns under these conditions. This is consistent with our 

observation of a long-lived triplet state and the intersystem crossing 

yield of 0.395 reported by Bonneau. 

The increased depletion at delay times greater than 400 ns is 

indicative of an instrumental artifact that appears to result from 

slow density changes associated with large pressures of buffer gas. 

Also, these large pressures of buffer gas accelerate a window spotting 

process which we attribute to deposition of styrene polymer on the 

excitation entrance window. This process greatly decreases our 

experimental CABS signals and necessitates frequent window cleaning. 

High pressures of buffer gas also limit our detection sensitivity 

by contributing non-resonant background signals which make it increas¬ 

ingly difficult to monitor small induced signal changes. This large 

decrease in signal-to-noise ratio in the presence of high pressures of 

buffer gas has prevented us from performing oxygen quenching experi¬ 

ments on these transients. If the long-lived component seen with SF^ 

at 1617 cm-1 is indeed attributable to the triplet state, then it 

should be quenched by oxygen, an effective triplet state quencher. 
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Figure 26. Styrene ground state recovery kinetics with 50 torr SF^ at 

3073 cm"1. 
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However, oxygen presents an especially difficult problem in the C-C 

stretch, region dne to its strong Q-branch signal near 1556 cm *. An 

increase in overall apparatus sensitivity plus suppression of buffer 

gas non-resonant background signals will be important factors for 

future studies with oxygen plus styrene necessary to confirm triplet 

state identification. An increased signal sensitivity will also aid 

tbe study of weaker transient features such as those seen in 

Figure 27. This scan contains reproducible spectral structure, yet 

the signal to noise ratio is too low to extract useful kinetic 

information from these data. 
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Figure 27. Styrene transient spectrum at 10 ns probe delay. Weak 

transient features are seen at 3084 cm”*, 3094.5 cm”*, 3105 cm”*, and 

3121 cm"*. 
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CHAPTER 4 

CONCLUSIONS 

Ve have constructed a CARS spectrometer capable of examining the 

vibrational spectroscopy and dynamics of gas phase transients on the 

nanosecond time scale. The apparatus, which is also capable of 

detecting Raman-active vibrational transitions in the ground state, is 

computerized in all important facets of data acquisition and analysis. 

The sensitivity is high enough to permit studies of low partial 

pressures of transient species under nearly collision-free conditions. 

The addition of various buffer gases permits vibrational, rotational, 

and electronic energy quenching studies to be performed, so long as 

the accompanying non-resonant CARS backgrounds are not so large as to 

swamp the transient signals. 

This transient CARS spectrophotometer has been used to derive 

information concerning the excited and ground state spectroscopy, 

excited state kinetics, and ground state repopulation of styrene 

vapor. Styrene is an extremely interesting and challenging molecule 

from a photophysical standpoint and provided a difficult test of the 

applicability of transient CARS spectroscopy to excited state dynamics 

and spectroscopic studies. Ground state (SQ) vibrational features 

were observed in both the CH and C=C stretching probe regions and were 

found to agree reasonably well with previously reported liquid state 

values. We believe these data to be the first reported Raman spectra 

of vapor phase styrene. 

110 
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Transient features attributable to the state were also 

observed. We have experimentally monitored transients which appear on 

an instrument-limited time scale after excitation and display decay 

lifetimes near 20 ns, in accord with previous single vibronic level 

20 29 
fluorescence studies of styrene vapor. * The intense vibra¬ 

tional transitions at 3017 and 3026 cmT* are assigned to CH stretching 

modes and the band at 1608 cm ^ is assigned to the C=C phenyl 

ring stretch. The 1608 cm“* frequency agrees well with a previous 

tentative assignment deduced from electronic spectroscopy. Each of 

these three features displays very similar kinetics with and 

without the addition of SF^ vibrational quencher, thus confirming 

their origin from the vibrationless (v = 0) level of S^. This 

represents the first report of a direct spectroscopic and kinetic 

identification of vibrations in an excited electronic state using 

transient CAES spectroscopy. 

In the region from 1550 to 1608 cm * we have identified a 

vibrational hot band sequence involving the anharmonic coupling of the 

C=C phenyl ring stretch with another mode of the molecule. The 

separation between stronger lines is ~ 17 cm”* and is consistent with 

previous spectroscopic investigations of the ground state. The 

transitions originating from upper vibrational levels of were all 

rapidly quenched by SF^. In the absence of buffer gas, all of the 

features in the sequence displayed similar decay kinetics. This is 

explained in terms of a two-color, two photon excitation mechanism 
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which is also consistent with the observation of resonance enhanced 

CASS signals from S^. 

Transients with dual-component decays were observed at 1617 cm-* 

and 3026 cm-*. These decays were kinetically modeled and determined 

to arise from a 20 ns component decaying to form a longer-lived 

(~ 98 ns) product state. The long-lived signal was vibrationally 

quenched at 3026 cm-* while at 1617 cm *, a still longer-lived state 

of greater than 200 ns lifetime appeared. Ve suggest that the 98 ns 

lived state may be assigned as T^*, which appears via intersystem 

crossing from and decays into SQ . The Tj* state is vibrationally 

quenched to the longer-lived T^, yet we only see evidence of the T^ 

state at 1617 cm * because its transition frequency has not shifted 

from this value on vibrational relaxation as is the case for the 

3026 cm * band. The state at 1617 cm * with lifetime greater than 

200 ns is assigned to T^. Preliminary ground state recovery data 

indicate that a large percentage (~ 40%) of molecules excited to do 

not decay to the ground state in 400 ns under collisional conditions. 

This is consistent with the intersystem crossing yield in styrene of 

32 
0.395 reported by Bonneau if we presume that all of the molecules 

yet to decay to SQ in 400 ns are in fact in the T^ state. 

Future studies, including oxygen quenching of the presumed 

triplet features and more extensive ground state recovery measurements 

are needed to confirm the T^ suggestion. If verified, then this forms 

an impressive example of the applicability of transient CABS 
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spectroscopy to direct observation of triplet states and, further, to 

future studies of other important photophysical problems. 

No evidence of vibrational transitions arising from the 

speculative twisted excited state was uncovered. However, these and 

other non-resonance enhanced states may have vibrational features 

whose intensities are below our current detectivity limits or are 

masked by enhanced signals. Future improvements to the apparatus 

which translate into greater signal and increased signal-to-noise 

characteristics should extend the existing capabilities and success of 

the transient CARS technique in direct investigations of excited state 

processes. . 
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