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Two nonlinear optical experiments are presented in which the third-order

electronic susceptibility of molecules is used to generate Raman signals. The first

one uses a single 532 nm beam from a Nd:YAG laser to produce Stimulated Raman

Scattering in benzene and deuterated benzene. With a simple experimental set-up,

stimulated emission involving CC and CR (CD) stretching modes from both C6H6

and C6D6 can be visually witnessed. Collinear and conical stimulated Raman beams

are observed and explained. Measuring the wavelengths of the coherent beams with

a meter stick and a grating permits the calculation of CC and CH force constants in

benzene. This experiment has been developed as a lab in graduate and

undergraduate courses and has been submitted to J. Chem. Ed. for publication.

The second experiment uses a high resolution Coherent Anti-Stokes

spectrometer to investigate the v1 vibrational mode of the CD3 radical produced by

photolysis of CD3!. Calibrated spectra are obtained at much higher resolution than
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in an earlier published study and efforts are described to improve the range of data

and to reconcile differences between the spectra. Modeling of the spectra leads to a

"best fit" set of vibration-rotation parameters for CD3 but a completely satisfactory

fit of both high and low resolution spectra was not achieved.
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APPLICATIONS OF NONLINEAR RAMAN SPECTROSCOPY

CHAPTER 1

INTRODUCTION

1.1 - HISTORY OF LINEAR RAMAN SPECTROSCOPY

In 1928, while returning to India from a visit to Oxford University, Sir

Chandrasekbra Venkata Ranian, the physicist, was struck by the intense blue color

of the Mediterranean Sea. According to J. Rayleigh's explanation of the day, this

color was due to the refraction of light. Raman proved that this was not correct,

although he did include Rayleigh's idea that the process involved molecules and

the scattering of light1. By studying the scattering of light in liquids with only the

filtered sunlight as the source, a telescope as a collector, a complementary filter,

and his eyes as the detector2, Raman experimentally observed new radiation shifted

to the red in wavelength. This was later explained, thanks to the quantum theory, as

a property of molecular vibrations in the scattering medium. This effect was

subsequently called the Ranian effect in his honor.

By the end of the 193 Os, Raman spectroscopy was an important method of

non-destructive chemical analysis. Subsequently, as infrared spectroscopy
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improved significantly during the following decades, Raman spectroscopy was

displaced. However with the development of lasers in the I 960s, and sensitive

multi-channel detectors later, Raman spectroscopy has become an important

scientific and analytical tool. It is now widely used in laboratories all around the

world. In addition, new nonlinear forms of Raman scattering have been developed,

as discussed below.

1.2 NONLINEAR SCATTERING OF LIGHT

When monochromatic light is projected on a sample, part of it can be

shifted to a lower frequency (Stokes lines) from the incident frequency. This is due

to the molecules of the sample being excited by the light. This process, called the

Spontaneous Raman Effect (Figure 1-1) is very weak; out of a million photons,

only Ca. one wifi be at a shifted frequency3. In this case, the electric polarization of

the sample is found to be linearly dependent on the strength of the electric field of

the light4.

P(t) = 1-I

where P is the polarization (induced dipole per volume), and E is the electrical

field.
'1 represents the linear susceptibility (polarizibility) of the medium.

The electric field strength can be expressed as

E(t) = E0 cos(et) 1-2
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where E0 is the amplitude of the wave and o is the frequency in radians.

u1
o=O

Figure 1-1 Energy level diagram for
the Spontaneous Raman Effect

When the intensity of the incident light increases to very high values, the

polarization P requires nonlinear terms:

P(t) = 'E(t) + '2E2(t) + 3E3(t) + ... 1-3

and these higher terms can produce new frequency components. For example,

consider the second term:

P2(t) E2(t) 1-4

Substituting equation 1-2 in equation 1-4, we obtain

(2)

P2(t) (2) E cos2(coot) = E [1 + cos(2wot)J 1-5
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Therefore, if the second-order coefficient is non-zero, with a sufficient

electrical field, the polarization acts as a source of new radiation scattered at a

frequency equal to twice the original one. This "Doubling Process" is called

Second-Harmonic Generation (Figure 1-2).

u=1

uO

Figure 1-2 Energy level diagram for
the Doubling Process

In one important application, this process is used to create a green beam at

532 nm from an infrared one at 1064 nm produced by Nd:YAG lasers. Typically

this doubling is done in a crystal like KDP (Potassium Dihydrogen Phosphate);

which must be oriented at an angle such that phase matching (momentum

conservation) is achieved. By doubling again this green beam with another KDP

crystal at a different angle, one can generate ultraviolet radiation at 266 nm.
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It is worth pointing out that equation 1-5 can also be written with two

different frequencies:

Ecos (wit) Ecos (w2t) 1-6

Using trigonometric relations, one can get

(2)

= i---- E E0 {cos[(coi + co)t} + cos[(wi - w2)t}} 1-7

These terms correspond to Sum-Frequency Generation (wi + a) and Difference-

Frequency Generation (wi - w2), respectively.

This thesis will focus on the third term of equation 1-3, the third-order

susceptibility. Two different processes will be introduced, discussed and applied

for experiments done in this thesis. These are:

(Chapter 2) Stimulated Raman spectroscopy of benzene and its fully deuterated

form (Chapter 3) Coherent Anti-Stokes Raman Scattering spectroscopy of CD3

radical.

The former describes the development of a new experiment now used in three

courses at OSU; Chem 464 Integrated Lab; Chem 567 Molecular Spectroscopy;

Chem 681 Nonlinear Optical Interactions in Materials. This experiment has also

been submitted for publication in the Journal of Chemical Education.



CHAPTER 2

STIMULATED RAMAN SCATTERING OF BENZENE

2.1 - INTRODUCTION

Because of the decreasing cost of pulsed lasers, new laser-based

experiments are available to undergraduate students, broadening their knowledge of

today's technology, and hence improving their access to the job market. In this

chapter a new laboratory experiment is described which is particularly attractive to

students because of visual effects and simplicity of data acquisition. This

experiment involves the generation of intense nonlinear Raman radiation. A laser

beam is focused in a medium with a strong Raman transition Vyib, generating new

frequency components. By measuring these frequencies with a simple meter stick,

frequencies of vibration and force constants of the molecule can be determined.

The medium chosen was benzene, since it generates spectacular new colored

"laser" beams and the spectrum of these is readily interpreted.
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2.2 - THEORY OF STIMULATED RAMAN SCATTERING

By considering the third term of equation 1-3, and using the same analogy

as for the second order susceptibility, one can see that many other frequencies can

be created via the term. This chapter will focus on one of the light generation

processes: Stimulated Raman Scattering, which can have a conversion efficiency of

>10%.

In this process, three waves are focused on a sample with a molecular

resonance v1 to create a fourth wave. For example, three incident beams might

involve two fundamentals at frequency v0, along with a weak frequency shifted

beam (v51) as in Figure 2-1. The output beam is also at the first Stokes frequency

VS1 = 2v0 VSI - 2v = v0 - v1.

u1
u0

Figure 2-1 Energy level diagram for
the Stimulated Raman Scattering
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For this case, the polarization P becomes:

P(vi) '3 E(vo) E(vo) E(vs1) 2-1

and this causes the intensity I(vsi) of E(vi) to grow exponentially5 with the

distance z:

da 1FzKN-I(v0)1
dv

I(vsi) = Io(vsi) exp (zG) Io(vsi) expi I 2-2

[

Av

J

Here G is the gain coefficient, K a proportionality constant, N the number density,

dojdvç the Raman scattering spectral cross-section and AVS the frequency width

of the Raman transition. 1(v0) is the intensity of the main pump beam and the initial

Stokes intensity Io(vsi) corresponds to the weak intensity of a photon Raman

scattered in the direction of propagation of the v0 laser beam. To have

amplification of VS1, the intensity 1(v0), must be high enough for the Raman gain to

overcome absorption or scattering losses of I(vs). Then an intense coherent beam

(Si) is generated along the z-axis, in contrast to spontaneous Raman Spectroscopy,

where the scattering is in all directions.

Similarly, if I(vsi) is high enough, it can follow the same scheme and

generate a new beam, the second Stokes output at VS2 = VSI - V1. This process can go

on as long as the intensity of each new beam produced is high enough to generate

another one. With benzene, four Stokes beams are visible. The wavelength of these

generated beams can be measured to calculate the v1 transition frequency.



2.3 MOMENTUM AND ENERGY CONSERVATION

The momentum of a wave at frequency v traveling through a material with

index of refraction nj is proportional to the wavevector magnitude k = 2irnvj/c (c is

the velocity of light). The momentum matching conditions for Stimulated Raman

Scattering is:

ksI=ko-I 2-3

Thus the momentum conservation corresponds to a collinear vector addition

(Figure 2-2).

k0 k

k0

Figure 2-2 - Momentum
conditions for SRS

In addition to this collinear process, a second process involving the third-order

susceptibility occurs: Coherent Anti-Stokes Rarnan Scattering. It generates non-

coffinear beams at frequencies VAI = 2v0 - = v0 + v (Anti-Stokes) and VSI = vo -

v1 (Stokes). Its energy level diagram and its momentum-matching condition are

described in Figure 2-3. The theory will be explained in more detail later.
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Figure 2-3 Energy level diagram and
momentum conservation for CARS

Thus, according to Figure 2-3, momentum conservation demands 2k0 = k + kAl.

Because of dispersion (variation of the index of refraction with wavelength), this

implies that the Stokes and the Anti-Stokes beams are generated at a slight angle to

the pump beam. For liquid benzene, this angle reaches 40 and as shown later, rings

are clearly visible on the Anti-Stokes and Stokes side of the pump beam5 (although

the red Stokes ring is hard to distinguish from the collinear beam generated by the

SRS process).

2.4 - EXPERIMENTAL SET-UP

Our experiment is similar to one described by Grant and Hardwick in 19976,

where a monochromator and a CCD detector were used to measure the wavelengths
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than 100 mJ 532 nm pulses of 5-10 ns duration. In fact, only 1-3 mJ of 10 ns pulse

duration is required since this gives a peak power of 100 kW and intense SRS

beams. The beam is focused with a 300-mm focal length lens in the center of a 290-

mm long, 9-mm diameter cell made of two 0-ring joints sealed together. Each

opening of the cell is sealed with Viton 0-rings and windows, the whole cell being

held together with metal ball joint clamps. (Because of its high carcinogenicity7,

the benzene must be poured into the cell in a hood). A transmission grating

disperses the different generated beams for the further measurements. The second

lens serves to focus the emerging beam onto a perpendicular screen. Figure 2-5

shows a result of this focusing on the blue Anti-Stokes ring produced in benzene.

Figure 2-5 Blue Anti-Stokes ring
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2.5 - RESULTS

Figure 2-6 shows an actual picture of what the eye sees when the beams are

dispersed on a wall. It is assumed that only the symmetric CC and CH stretches are

involved in this experiment.

VO-VCC-VCH v-4vcc

V0 - VCH
V0 3 V

V0 3 v

V0 VCD

v-2vcc vo-2v

V0 V
V0 V

V0 V0

V0+VCC V0+VCC

Figure 2-6 Digital picture of dispersed beams
with their assignments for (a) C6H6, (b) C6D6

The wavelength of each beam is obtained by measuring the distance y1 of each spot

to the zero-order beam and the distance x of the wall to the grating. Using equation
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2-4, the angle of diffraction is obtained and used in the transmission grating

equation (2-5) for an angle of incidence equal to zero8.

tan O = y1/X 2-4

nX1dsin0 2-5

Table 2-1 shows some typical measurements performed following this method with

a grating of 833 grooves/mm and a distance from the wall equal to y = 33 cm.

x (cm) 0 (rad) X (nm) v (cm') n m

25.5 0.658 509.34 19633.4 1 0

27.75 0.699 536.12 18652.6 0 0

30.5 0.746 565.39 17686.8 -1 0

34.1 0.802 598.60 16705.8 -2 0

38.8 0.866 634.53 15759.6 -3 0

39.5 0.875 639.26 15643.0 0 -1

46.85 0.957 681.02 14683.9 -1 -1

45.7 0.945 675.33 14807.5 -1 -1

38.55 0.863 632.81 15802.6 0 -1

37.95 0.855 628.59 15908.7 -3 0

33.35 0.791 592.12 16888.5 -2 0

29.9 0.736 559.31 17879.1 -1 0

27.2 0.689 529.82 18874.4 0 0

25.05 0.649 503.65 19855 1 0

Table 2-1 Distance/frequency measurements of C6H6
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The coefficients n and m are used to fit the frequencies in equation 2-6 through a

linear regression.

v V0 + n VCC + m VCH 2-6

Table 2-2 gathers typical results from such an experiment as well as the ones

obtained using a monochromator.

Literature Monochromator Wall
Molecule

values9 measurements measurements

VCC 991.6 991±2 990± 10
C6H6

C6D6

VCH 3061.9 3062±6 3100 ±30

VCC 944.7 943 ±2 950±10

VCD 2292.3 2293 ±6 2300 ±30

Table 2-2 Typical frequencies (cm') results

One interesting feature of the measurements is the lineshapes of some of the

Stokes and Anti-Stokes beams, which are displayed in Figure 2-7. It may be noted

that the Anti-Stokes beams generated by the noncollinear process are significantly

broadened compared to the collinear Stokes beam. This has been observed by
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others and is explained in Ref. 5 as follows. Benzene is a Kerr liquid made of

anisotropic molecules. Because these molecules are also nonpolar, they are

randomly oriented. Once an optical field is applied, the molecules reorient

themselves along the direction of the optical field. This is known as the Kerr effect.

Because of the high viscosity of a liquid (in comparison with a gas), the molecules

need energy to reorient; this can only be accomplished by a red-shifted photon

scattering process: a transfer of energy between the optical field and the scattering

molecule5.

Intensity (

WavenunTher (ciii')

(b)

19420 119620 J19820 20020

7100

(d)
5100

3100

1100

16580 16730 16880 17030 -90016680 16830 I '16980 17130

Figure 2-7 - Graphs of the Anti-Stokes (top) and
second Stokes (bottom) for C6F16 (a) and (c), and C6D6
(b) and (d) respectively.
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2.6 - FORCE CONSTANTS

The measurements give frequencies of two types of vibrations in benzene

and permit the calculation of CH and CC force constants. The motions correspond

to the two polarized aig vibrations. The appropriate coordinates of this symmetry

are

Si (s + S2 + S3 + S4 + S5 + s6)/(6)"2 2-7

S2=(ti +t2+t3+t4+t5+t6)/(6)' 2-8

where s, and t- are bond extensions of one of the six CH bonds and CC bonds

respectively. These two OJg coordinates contribute to the potential energy of the

molecules:

UAig) = '/2 kS12 + V2 kS22 + kS1S2 29

The force constants are related to the vibrational frequencies and atomic masses

through the relations

4it2v12 + 4ir2v22 = k,[(1/mH) + (1/mc)] 2k/mc + k/mc 2-10

(4t2vi2)(4ir2v22) = (kk kst2)/m11nic 2-11

Since, v1 and v2 (respectively VCH and VCC) are obtained for both isotopomers, it is

thus possible to solve1° for k, k and k. Figure 2-8 shows a display of the possible

solutions for each isotopomer.
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-600 -300 0 300 600 900 1200

Figure 2-8 Force constants displays for aig
benzene vibrations

For each graph, two solutions are available (common intersection points). However

only the one with the smallest k value is considered physically reasonable. In

laboratory experiments, we use the Solver function of Excel to vary the force

constants to minimize the sum of (vib - Vjcaic)2. Accurate results (Table 2-2) are

obtained as well as their uncertainties derived from our estimate of the frequency

uncertainties. These results can be compared to typical C-C, C=C, CC, C-H force

constants values displayed in Table 2-3.
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Force Literature'° Monoebromator Wall
constants values measurements measurements

k 504 503 ±4 525 ±20

k 776 775 ±9 760 ±40

-28 -30± 16 20±80

Table 2-3 Force constants (N/rn) results using Solver in Excel

Force constants
Bond

CC stretch CE! stretch

H 450 479

HH
960 510

HCCH 1559 585

Table 2-4 - Typical CC and CH stretching force
constants9 in N/rn
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2.7 CONCLUSION

A stimulated Raman experiment has been improved and simplified so that it

is accessible to students. The experiment has been performed on liquid benzene.

The VCC, VCH, and VCD frequency stretches were found in good agreement with the

literature values. In addition, the diflèrent force constants were calculated using the

displays of k versus k and k versus k.
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CHAPTER 3

COHERENT ANTI-STOKES RAMAN SCATTERING OF CD3

3.1 - INTRODUCTION

This chapter describes in more detail the CARS process and presents a

study of the Raman active v1 symmetric CD stretching band of CD3 radical, formed

by UV photolysis of CD3I. An earlier study on this species formed by photolysis of

azomethane-d6 was performed by Miller et al.11 in 1989 at a resolution of 0.5 cm';

their experimental spectrum and calculated spectrum are reproduced in Figure 3-1.

Intensity (a. u.)

2153 2155 2157 2159

Raman shift (cm'I

Figure 3-1 CD3 radical CARS experimental and
calculated spectra from reference 11.
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It is seen that the agreement between calculated and observed spectra is less than

perfect, in part due to the limited resolution they had. Our lab equipment provides a

spectral resolution of 0.001 cm', and it was thought that this might give improved

spectra, perhaps of the quality obtained in earlier studies of C113 in our lab'2

In fact, during the research on the radical'2 CH3, our group obtained some

preliminary spectra of CD3. Figure 3-2 shows a composite of these spectra as well

as a CD3! spectrum. Although our CD3 spectra were not carefully calibrated, in

comparing Figures 3-1 and 3-2 it can be seen that they bear little resemblance to

those of Miller et aL, the band origin at high wavenumbers being apparently shifted

by about I cm' and the rotational structure being quite different in the two cases. It

was the purpose of this study to try to resolve these differences by carefully

calibrating our spectra and by exploring ways to change the relative rotational

populations to determine if the differences in the latter could explain the spectral

differences. The overall objective is to obtain accurate vibrational-rotational

parameters and force constants for methyl radical.
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Intensity (a. u.)

2152 2153 2154 2155 2156 2157

Raman shift (cm"

Figure 3-2 Jet spectra of CD3I and a composite of CD3 data.

3.2 - THEORY OF COHERENT ANTI-STOKES RAMAN SCATTERING

In the previous chapter, the nonlinear interaction of a pump beam with a

medium was shown to generate an anti-Stokes beam via a third-order term.

This interaction can be caused to occur in a more controlled fashion by supplying,

in addition to the pump beam, a tunable Stokes beam. This process, developed in

this chapter, is called CARS spectroscopy, for Coherent Anti-Stokes Raman

Scattering. It involves the generation of a coherent anti-Stokes photon from two

pump photons and a first Stokes photon (Figure 3-3), leading to a signal of

frequency VAI = 2v0 VSI vo + v1 (since V1 vo - v1).
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L1

Figure 3-3 Energy level diagram for
CARS spectroscopy

For CARS spectroscopy, the sample is usually irradiated by beams propagating in a

common collinear direction. CARS spectroscopy has several significant advantages

over conventional Raman spectroscopy:

1. The anti-Stokes beam created is coherent and is emitted in one direction

with a small solid angle so efficient collection of the signal is possible.

2. The frequency is to the blue of the pump beam, which prevents interference

by fluorescence, which normally occurs to the red side (Stokes region).

3. The strength of the CARS signal can be a million times stronger than

Raman signals, allowing a small concentration of gaseous compounds to be

detected.

4. The measurement requires high intensity beams and is thus done with

pulsed, focused lasers. This results in high temporal and spatial resolution.
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5. The resolution is determined by the resolution of the lasers, not by a

spectrometer. This results in an improvement of two or three orders of

magnitude in spectral resolution.

The biggest disadvantages of CARS are the cost associated with the tunable laser

and the fact that the sample has to be optically transparent and not easily damaged

by the high power of the focused beanis'3. Thus it finds widest application in the

study of gases.

The third-order susceptibility '3 is the molecular parameter involved in

CARS spectroscopy, which is a form of four-wave mixing. Knowing the

polarization, the frequency, the phase and the magnitude of three input beams, one

can evaluate these properties for the generated fourth anti-Stokes beam. Energy

conservation requires that VA! = 2v0 VS1, while momentum conservation yields the

phase-matching condition kAl = 2k0 ksi; k 2lrnjvj/c stands for the wave vector

magnitude which is proportional to the momentum of the photon at frequency v

traveling through a material with index of refraction n. In one common form of the

CARS experiment the incident beams are set up according to the so-called

BOXCARS phase-matching diagram (Figure 3-4).
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Figure 3-4 CARS phase
matching conditions

A collinear arrangement, which gives best overlap of the beams at a focus, is

possible in gases but the noncollinear geometry shown above is often used since it

has some significant advantages. First, it minimizes the generation from air,

windows, lenses etc. of a background CARS signal caused by a nonresonant

term that is present in these materials. This is because the beams only overlap at the

focus. This overlap geometry also constitutes a second advantage in that it gives

improved spatial resolution. Finally, the most important advantage comes from the

angular separation of the anti-Stokes beam relative to the other beams14, making it

possible to eliminate contributions by these much more intense sources. The latter

effect is achieved with greatest efficiency in the folded BOXCARS geometry

shown in Figure 3-5 below.
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the third-order susceptibility, can be expressed as:

NnNm (do'\
(Omn (D 2 ) mn __J

+ Znr 3-2

with N and Nm being the population density of the lower state and the upper state

respectively, co being the frequency of the transition, F being the damping

constant of the transition, being the Raman cross-section of the molecule and
dQ

y being the nonresonant term. Relations 3-1 and 3-2 are incorporated in the OSU

program Specall, which was used in fitting CARS spectra obtained for CD3 in this

work.

3.3 ABOUT THE RADICAL CD3

CD3 is an isotopomeric form of the methyl radical where D is a hydrogen

atom with one neutron and one proton. The radical CH3 is involved in combustion

processes as a reactive species during the ignition and subsequent phases of

burning'6. It is a planar radical as has been proven through the years. CD3 belongs

to the D3h point group, with one 3-fold axis, three 2-fold axis (along the CD

bonds), a plane of reflection perpendicular to the 3-fold axis, and three planes of

reflection containing this axis and each of the CD bonds. These different axes

and planes are illustrated in Figure 3-6.
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C3

C2

Figure 3-6 Rotation axis and planes
of reflection of the radical CD3

The radical has four modes of vibration, illustrated in Figure 3-7. Two of them are

degenerate, v3 and v4 which gives a total of six modes. v2, v3 and v4 are infrared

active while v1, the symmetric stretch, can be seen only by Ranian methods and

hence is the mode of greatest interest in this work.



30

VI

V

V3

V4

Figure 3-7 Vibrational
modes for CD3 radical

3.4 - LITERATURE REVIEW OF WORK ON THE METHYL RADICAL

In 1956, G. Herzberg and J. Shoosmith17 successfully investigated the CD3

radical and its isotopomer Cu!3 in vacuum UV using a flash photolysis technique to
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produce the radicals. The UV bands were observed to be diffuse because of

predissociation and showed Rydberg series. The work confirmed experimentally

the prediction of a planar molecule from Walsh18. Herzberg later reported

additional studies of the electronic structure19 of the radical.

Throughout the years, especially in the last decades, many spectroscopic

methods were used to study the ground electronic state properties of C113 and CD3

radicals. Botschwina et al.2° did ab initio calculations to determine the potential-

energy surfaces and predict the v1 and v2 mode of CH3 and CD3 from UHF SCE

wavefunctions. In one of the earliest experimental studies, Milligan et al.2'

photolysed CH4 (and CD4) in Ar and N2 matrices to observe the CH3 and CD3

radicals using IR and UV detection. The v2 out of plane bending mode was seen at

611 cm4 for '2CH3 and 463 cm1 for '2CD3. Another method to produce the radicals

was to photolyze the C! bond in C1131 and CD3! molecules as done by Snelson22

in 1970. The product radicals were then isolated in a cold matrix and examined by

IR methods. The values of the v2, v3 and v4 were obtained for both isotopomers;

since v1 is !R-inactive, it was not observed but it was estimated to be at 3044 cm4

for CH3 and 2153 cm' for CD3. More than ten years later, additional structural

properties of the ground electronic state were obtained using matrix isolation23.

In the gas phase, a high resolution study of the v2 mode of CH3 by diode

laser of CH3 by Yamada et al.24 confirmed the planar geometry of the radical in its

ground state. The v2 = l-0, 2-1 and 3-2 bands were observed at 606.4531 cm,
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681.6369 cm1 and 731.0757 cm1 respectively. The equilibrium bond length of

CH was observed to be 1.058 A and the variation of the rotational constants of v2

with V2 quantum number were explained using the nonrigid invertor Hamiltonian

and a model anharmonic potential energy function.

The v2 mode was studied further in the 80's for both CH3 and CD3 and some

gas phase data were also obtained for '3CH3, '3CD3 and '3CT3. From Van Veen et

al.25 to Sears et aL26'27 and Parker et al.28, many data are available: the values of the

v2= 14-0, 24i and 34-2 bands of CD3 (457.8133 cmi, 507.9311 cmi, 542.4510

cm respectively), the It/I ratio at 266 nm and accurate values for CH3I and CD3I

bond energies are examples of reported results.

The v3 band was also seen in the gas phase. Starting in 1982 with Amano et

aL29 CH3 was detected in absorption with a tunable difference frequency laser. The

fundamental was found at 3 160.8212 cm1 and the vibration-rotation constants,

a= 0.10679 cm1 and a= 0.04108 cm', were determined for the first time.

Regarding CD3, Sears et al.3° observed the fundamental at 2391.08860 cm and

obtained as well its different molecular parameters; later on, using diode laser

absorption spectroscopy, its transition moment3' was measured at 0.030 ± 0.002 D.

Another method of study used was the REMPI spectroscopy which yielded the

ground state rotational constant32 B0 = 4.798 cm' for CD3, and f/i branching ratio

for various photolysis wavelengths28'33
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The v4 mode has not yet been studied in the gas phase, presumably due to

low intrinsic intensity. In a matrix, features at 1396 and 1026 cm1 have been

assigned for CH3 and CD3, respectively22.

A high resolution CARS spectrum of the v1 mode was obtained by our

group'2 of CH3; the v1 transition appears at 3004.436 cm1. A resonance Raman

spectroscopy study ofCD3 from Westre etal.34 showed the presence of the V mode

at 2155.0 cm'. The same year", a CARS experiment was performed on CD3

radical and the v1 mode was reported at 2157.5 cm1.

Modes CH3 Ref CD3 Ref

Ground B0=9.57789cm' B04.80198cm' 26
state C0 = 4.74202 cm

24
C0 = 2.390 cm 20

v0 = 3004.436 cm1
12

= 2157.5 cm1
11V1 B,=9.48891cm' B14.7759cm'

C, = 4.6990 cm1 C, = 2.372 cm'

14-0: 606.4531 cm1
1+-O: 457.8133 cm'

2+-i: 681.6369 cm1
731.0757

24 2+-i: 507.9311 cm' 26
V2 34-2: Cm

34-2: 542.4510 cm1
B2 = 9.258 14 cm

B2 = 4.708648 cni'
C2 = 4.811643 cm1

v0 = 3160.8212 cm' v0 = 2381.08860 cm
V3

B3 = 9.47110 cm' 29 B3 = 4.758737 cni' 30
C3 4.70167 cm1 C3 = 2.373297 cm

v4 v0 = 1396 cm' 22 v0 = 1026 cm4 22

Table 3-1 Summary ofCH3 and CD3 vibrational frequencies and
vibrational constants
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The set-up includes:

1. A custom built laser providing a 50 us FWHM duration beam at 20Hz with

up to 200mJ of energy as 532 urn beam.

2. A ring-dye laser Coherent 699-29 as Stokes beam using R6G dye.

3. A cw Coherent Innova 200 Argon-ion laser to pump the ring dye laser.

4. A Spectra-Physics Quanta Ray OCR 170 laser producing 532 nm beam

which is doubled with a KDP crystal to give a 266 urn UV beam.

The cw Stokes beam is passed through three amplifier stages pumped by a portion

of the 50 ns 532 beam. The first and second stages of the amplification chain

contained a dye mixture of 1.6x 10 M of R610 and l.Ox M of R640; the third

chain was 10 times more dilute.

For calibration, part of the cw Stokes beam was sent through an 12 cell and

the absorption spectrum was recorded. The 532 urn pump beam was fixed at the

frequency 18788.4624 cm' (50% blue side of iodine line 1111).

The CD3! sample (Aldrich 99.5% purity) was pulsed in a vacuum cell

through a General Valve pulsed nozzle of 0.500 mm diameter and was

synchronized with the photo lysis and CARS beams. The sample was at 0.4 atm,

and the various carrier gases (He, Ar, SF6) used were at 2 atm. Unless specified, the

photolysis beam and the probing beams were delayed 50 us and were positioned 1

mm from the nozzle opening. In all cases, the UV beam was be positioned such that

the intensity of CD3! CARS signal was minimized, usually to less than 10% of the

original value.



3.6 - EXPERIMENTAL RESULTS

Calibration Tests and Effect of Time Delay. As said in the previous section. the

calibration of each recorded spectrum was done using the absorption spectrum of

12. The frequencies of '2 absorption lines are reported in the '2 Atlas37. Spectra were

then taken of CD3 that were similar to the uncalibrated composite spectrum shown

in Figure 3-2. An example is shown in Figure 3-9 below, where CD3 product from

photolysis of an expansion of neat CD3! was examined at two delay intervals. No

CD3 was seen after 100 ns but from comparison of the 25 ns delay spectrum with

the composite spectrum of Figure 3-1, we can calibrate the composite spectra to

within an absolute wavenumber uncertainty of± 0.01 cni1.

Intensity (a. u.)

2155.7 2156.2 2156.7 2157.2

Raman shift (ciii1)

Figure 3-9 Spectra ofCD3 at diflërent delays
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Jet Cooling of CD3! Precursor. Calibrated spectra were also obtained for

CD3! at 295 K (static cell) and in a jet expansion of neat CD3! where the

temperature was estimated from modeling to be about 130 K (Figure 3-10). This

cooling of the parent molecule in a jet is advantageous since our earlier studies of

CH3 showed that the spectra were simplified under some jet conditions that cooled

the parent before photolysis. We also investigated the effect of driving the

expansion by several gas carrier (He, Ar, SF6) to see which might best cool the

radical, so as to enhance low N, K features in the spectrum. The differences were

minor and are illustrated by the spectra shown for Ar in Figure 3-10.

Intensity (a. u.)

JetXfD=r 1)

y I)

2153 2154 2155 2156

Raman shift (cm4)

Figure 3-10 Spectra of CD3! in a static cell and in
a jet with and without Ar driving gas
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It should be noted that, unlike the case for CH3I, where the CH3 spectral

features are well removed from those of the parent, the CD3I Q-branches fall in the

middle of the CD3 spectral range. Since not all parent was photolyzed, this makes

less certain the identification of all spectral features below about 2155 cm1. This

overlap was not a problem in Miller's work where presumably the parent band for

the CD3NNCD3 was apparently well removed from the CD3 spectral region.

Effect of Collisions on the Spectra of CD3. The earlier investigation of the radical

CH3 showed that the population of high N and K states differs significantly for

spectra taken at various distances X from the nozzle'2. These distances are

expressed as X/D where D is the nozzle diameter. Figure 3-11 illustrates this and it

is seen that at X/D = 8, only the low N, K states were populated, the CH3 radical

having on average only 3 collisions with a He atom.

Unfortunately, because the state density is about doubled for CD3, the

relative intensities of the spectral features are much reduced and it was not possible

to obtain spectra at large X/D distances. Thus the peaks seen on the composite

spectrum in Figure 3-2 are believed to correspond not to the beginning of the Q-

branch (band origin) but to transitions of high N and K values, states populated due

to the high number of collisions in the higher jet densities at small X/D values. In

contrast, the low resolution measurements of Miller et al." were made in a static

cell with a time delay such that the sample was nearly thermalized at a temperature

of 325K, conditions that favor low N, K transitions. Also, the kinetic energy in the
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nascent dissociation steps following photolysis of azomethane-d6 is low so thermal

equilibrium is achieved after relatively few collisions. In contrast, in the case of

CD3! photolysis it is known that a much larger excess kinetic energy is given to the

CD3 fragment, so that the rapid collisional heating such as that seen for CH3 in

Figure 3-11 is reasonable.

t

AkWL

(c)930

2987 2991 2995 2999 3003

WAVEI4UMBERS

Figure 3-11 CH3 CARS spectra produced by photolysis of 0.46 atm
CH3I in 4 atm He jet at various jet positions. X/D=8, 5, 3, 0.3, and 0.5
for traces (a)-(e), respectively. For (a)-(d) the collision time between
photolysis and probing was 20 ns; for (e) it was 370 ns.

Some efforts were made to try to absorb this excess kinetic energy via

collisions with added driving gases such as He, Ar, SF6. In the latter case, it was



hoped that the internal vibrational-rotational levels of SF6 would act as a sink for

the excess energy. This proved not to be helpful. The bottom trace in Figure 3-12

shows an expansion of neat CD3I with no photolysis (a) and with photolysis (b, at

greatly increased intensity). Also shown is the photolysis case when SF6 was added

(c, also at greatly increased intensity). The spectra show only slight hints of CD3

features, with no indication that increased population in low N, K levels was

occurring. For this reason, and because of limited amounts of CD3I sample, it was

concluded that no significant improvements in the composite CD3 spectra of Figure

3-2 were likely so the remaining effort focused on the modeling of this, now

calibrated, spectrum.

Intensity (a. u.)
(c) Neat

(b) With SF6
(a)CD3lwith2atmAr

2153.4 2155.4 2157.4 2159.4

Raman shift (cmT')

Figure 3-12 Spectra at X/D = 1 of(a) CD3I and CD3 (b)
with and (c) without SF6
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3-7 MODELING OF SPECTRA

CD3 radical is an oblate symmetric top for which its rotational energy levels

for each vibrational state is expressed as:

FV(N,K) BN(N+1) + (C-B)K2- DNN2(N+1)2- DN(N+1)K2- DKK4 3-3

where N is the quantum number characterizing the rotational angular momentum

which couples with the unpaired electron spin to produce states of overall angular

momentum characterized by J. K is the quantum number of the projection of this

angular momentum along the molecular z-axis, B and C are the rotational constants

and the D constants come from the centrifugal distortion.

The observed Q-branch (AN, AK 0) transitions were fit in the following

expression:

Q(N,K)=vi +F1(N,K)Fo(N,K)

=vi+ABN(N+1)+(AC-AB)K2

- ADN N2(N+1)2 - AD N(N+1)K2 ADK K4 3-4

Here AB B1-B0 ( -aB, the vibration-rotation parameter), AC = C1- C0 = -ac, AD1..

= D DN0, etc. The relative intensity of transition from the ground state N, K

level is given by

nONK = (2N+1) g exp[-Fo(N, K) hcfkT] 3-5

where is the nuclear spin degeneracy factor explained in detail in the

Appendix. It should be noted that this expression assumes a thermal equilibrium

among the rotational levels that can be described by a Boltzmann distribution at
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temperature T. In fact, thermal equilibrium is not likely and significant intensity

variations can be expected, as has been observed for CH3.

The starting point for the modeling was the ground state constants of Sears

et al.26 and the band origin and rotational constants of Miller et al.'1, as listed in

Table 3-2. In the latter case, the usual planarity assumption ADJK = ..2/3 (D + 2DK)

as well as the relation DK D 3B3/ 2w,2 derived from Silver and Shaffer38 were

made to reduce the number of fitting parameters.

Miller et From CH3
v1 = 2157.5

al. values

B0 =4.80198 AB=-cB= -0.026 -0.03147

C0 =2.390 AC = -ac -0.018 -0.01667

DNQ=1.927x104 ADN= 0.00001 0.000042

D110 -3.418x 10 ADç = -0.00002 -0.0000828

DKO=1.600x104 ADK= 0.00001 0.0000328

Table 3-2 CD3 constants used for a first fit (all values in cm')

Also shown in the table are initial estimates of CD3 constants deduced from

our CH3 parameters12 as follows. First, the AB and AC constants were assumed to



43

be reduced by the D/l-1 isotopic mass ratio (mu/mD)312 following the mass relation

that has been derived for the rotational constants of diatomic molecules39. This, for

example, predicts from AB for 112 the value for D2 to within 0.5%; a similar relation

is expected for AB and AC for v1 of CF!3. CD3 because the mass dependence is the

same as for 112, D2. For AD's, a dependence of (mH/mD)2 was assumed based on

theoretical mass relations39. (The H2 and D2 comparison suggests that this may

underestimate the mass dependence somewhat.) These initial estimates of CD3

parameters from those of CH3 are given in Table 3-2. The estimate of CD3 band

origin from the harmonic mass relation (mH/mD) was not judged sufficiently

reliable. This was also indicated by a force constant calculation (Appendix B), thus

the v1 value reported by Miller et al. was used initially.

These values were then entered into a spreadsheet (CD3 fitting.xls) which

calculated all transitions and Raman intensities assuming a Boltzmann distribution

at a specified rotational temperature. These data were then processed by the CARS

Specall program, which takes into account interference effects and linewidth

convolutions, as described in reference 15. Part of the input here is a Lorentzian

Jinewidth, which would eventually be adjusted to 0.03 cm1 to match the observed

linewidths in the composite spectrum.

Figure 3-13 displays a comparison between Miller's low resolution

experimental spectrum and spectra calculated using his constants and those

deduced from CH3 values; both calculated spectra are for 325 K and both have the

same band origin for reasonable comparison. They have also been convoluted with
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a 0.15 cm1 gaussian function to account for Miller's instrumental resolution. As

seen, neither calculated spectrum reproduces exactly the experimental one, but

Miller's constants do give a better overall representation.

2153 2155 2157 2159

Raman shift (cm')

Figure 3-13 Spectra (a) Obtained using Mifier's constants; (b)
Miller's experiment; (c) Obtained using values extrapolated from CU3

We then used the same parameters to simulate spectra to compare with our

higher resolution composite (Figure 3-14). A temperature of 800K was assumed

based on approximate temperatures seen for CH3 under comparable conditions.
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Here, little correspondence is seen between either calculated spectrum and

the experimental composite spectrum. In fact, this is expected since there is

considerable uncertainty in both horizontal (wavenumber) and vertical (intensity)

parts of the calculation. In particular, the intensities can be expected to show

differences of perhaps as much as a factor of 10 from those predicted by a

rotational Boltzmann distribution. The wavenumber display will be very sensitive

to shifting by errors in the band origin estimate and to relative shifts in the peaks

that result if the other rotational parameters for the band are varied. Finally, it must

be remembered that residual features due to undissociated CD3I confuse the region

below 2156 cm1 so that in seeking more optimal parameters, the region above this

value has been emphasized.

The process for varying the parameters was as follows. First, we chose a

rotational temperature of 800 K since that seemed to best describe the approximate

relative intensities of CH3 at the sampling point used for CD3. We then

systematically varied the four parameters v1, AB, AC, and ADN (AD and ADK

being determined by ADN according to the relations mentioned earlier). Although

tedious, this process allowed us to explore the reasonable "space" of these variables

using predicted stick spectra like those shown at the bottom of Figure 3-15.
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)

)

2153 2154 2155 2156 2157

Raman shift (cni')

Figure 3-14 - (a) Spectrum obtained using Miller's parameters; (b) Composite
experimental spectrum; (c) Spectrum obtained using parameters deduced from CH3
vAllles

It was found that only a few choices for the assignment of the quartet of

lines near 2156.5 cm' were acceptable. The maxima of these four peaks correspond

to 2156.56, 2156.47, 2156.36 and 2156.21 cm'. On the next figures, only the

region above 2155.5 cm1 is displayed since only features in this region belong with

certainty to the CD3 radical.
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7,6

7,7

LI
2155.5 2156

..._Simulation at T=800K
Composite old data

2156.5

Raman shift (cmT')

N,K
transitions

Figure 3-15 Spectra of the composite and Case A fit as
well as the N, K transitions

2157

As examples of the modeling process, we consider two possible choices for

the strong feature at 2156.35 cm'. In the first case (A), this feature was assigned as

the N, K = 6,6 transition, which calculations indicated might be intense, and the

parameters were varied to try to fit other members of the triplet. As seen in Figure

3-15, the spectral pattern obtained does not fit well the composite one, despite wide

variations in the fitting parameters.

In the second case (B), the 2156.35 cm1 peak was assigned as the N, K =

7,6 transition and the spectroscopic parameters were again varied. In this case a

closer representation of some of the other transitions seemed to result; Figure 3-16
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shows a comparison between our "best fit" spectrum (Case B) and the composite

spectrum. The intensity match between the two spectra is of course far from

perfect; in particular the simulated spectrum predicts an intense 9,9 transition

feature around 2155.7 cm' and another around 2156.9 cm for the 6,6 transition

and neither is apparent in the observed spectrum. To some extent this may be due

to the non-Boltzmann state populations that are expected in this dissociation

although it is admittedly hard to understand how the population distribution could

be so narrow as to exclude 6,6 and 9,9 populations while including some of the

transitions displayed on this same figure that were used to fit the spectrum.

_Simulation at T=800K
Composite old data

99j W '-' \L*LY \i1
7,6

7,3
8,8 I 63

I 7,7

I I i ii 6.1 6,2 I i i

I i 7,51 6,5 5,0

N,K
transitions

2155.5 2156.5 2157

Raman shift (cmT')

Figure 3-16 Spectra of the composite and "best fit",
and some of the N, K transitions



Despite this concern, we have used these assignments and the transition

values reported in Table 3-3 to obtain the "optimal fit" of Figure 3-16 and the

spectroscopic parameters given in Table 3-4. While the resultant values are quite

reasonable, it must be said that the assignments and parameters can only be viewed

as tentative at present.

N K Frequencies (cm1)
7 7 2156.558869
6 3 2156.468807
7 6 2156.355395
6 2 2156.382081
6 1 2156.312032
8 8 2156.208627
7 5 2156.191949

Table 3-3 Transitions used for
Case B fitting.

49
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2156.35 cm' is Case A: 6,6 Case B: 7,6

v1 2157.3460cm' 2157.8431 cni1

AB -UB- -0.02870 cm' -0.03598 cm

AC = -Uc = -0.02231 cnf' -0.02108 cm

ADN = 0.000017 cm4

-0.000034 cm'

ADK = 0.000017 cm1

Table 3-4 Constants used for Case A and Case B

3-8 CONCLUSION

A CARS experiment has been performed in a jet on the CD3 radical

produced by the photolysis of CD3I. Features due to the v1 symmetric stretch were

seen and carefully calibrated but the study was not as successful as hoped.

Although the use of a jet does cool the sample, it was not possible to probe at high

X/D values where simpler spectra are expected. This is because at these distances

the intensities of the features are low due to a higher state density for CD3 than

CH3. The study did reproduce data taken in earlier work and did yield calibrated

transitions due to the parent molecule. This has allowed modeling of a composite



51

CD3 spectrum, which is at much higher resolution that that obtained in an earlier

study by Miller et aL". This modeling leads to a tentative assignment of the CD3

spectral features but this cannot be regarded as conclusive. The work indicates that

some other probing method, such as double resonance Ionization-detected

Stimulated Raman Spectroscopy, will probably be necessary to obtain more

accurate information on the CD3 radical species.
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APPENDIX A

CALCULATION OF THE STATISTICAL WEIGHTS FOR CD3

The total wavefunction 1VT of a molecule is usually expressed as:

VT WeWsVrVv

where We is the electronic waveflinction,,
11's the spin wavefunction,

ji the rotational

wavefunction, and ii the vibrational wavefunction. Deuterium is a boson since its

nuclear spin I is 1. Thus the total wavefunction has to be symmetric to exchange of

identical nuclei. The ground electronic state CD3 is known to be a; '9 The mode of

vibration studied in this case is v1, so jJ is symmetric (a; symmetry). This leaves

us the symmetries of and lVrt0 be investigated.

For the case, we only need to consider the rotational subgroup ofCD3.

CD3 belongs to the D3h group; hence, its subgroup will be D3 which character table

is given in Table A-I.
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Table A-I D3 Character table

The rotational wavefunction for a symmetric rotor is expressed as

'VNKM(O, 4)' x) = (0) e'1 e A-2

where N is the rotational angular momentum quantum number, K is the quantum

number of the projection of this angular momentum along the molecular z-axis, and

M is the quantum number of the projection of the angular momentum along the

laboratory Z-axis. 0(0) is a hypergeometric function of sin2(0/2). 0, and 4) are the

Eulerian angles defining the orientation of the molecular system relative to the

laboratory system (Figure A-l).
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Figure A Euler angles 0, 4), relating the molecular
system (x, y, z) to the laboratory system (X, Y, Z)

We now consider the effects of the symmetry operations of the rotational

wavefunction. Under the identity operation E, the rotation wavefunction remains

unchanged:

WNKM(°, 4), x)
E

WNKi4(O, 4), x)

So, for K 0, 1, and for I K I 0, = 2 since the levels are doubly

degenerate.

Under the three-fold rotation operation, C3, the Eulerian angle x becomes

,' + So the transformation is:

WNKAO, 4), x) WNKO, 4), x+2/3) = e3 WNKJO, 4), x)
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For K = 0, the wavefunction is unchanged, thus = I. If (K I 0, for any N and

M, there are two wavefunctions, WNKif and WN-KMc and the character of this

operation will then be:

2ith E2K (2id('l
=2cosl A-33)

So,for IKI=3p(withp=l,2,3...)z3=2,butfor IKI3p±l, =-l.

The final operation C2 is a two-fold rotation about an axis perpendicular to

the symmetry axis. This axis makes an angle a with the x-axis. The change in the

wavefunction will then be:

1IINKAI(O, 4, x) IVNKM(7tO, ir-4, ,-+2a) ()N+n+M
e' NJNKA4(O, , x)

where n is the larger of IKIand IMI. Therefore, ifN is odd -1, and Neven

= 1. If these results are regrouped in a table, it is then easy to assign the

symmetry of each rotation level (Table A-2).



Energy levels j %.3 Xc, Symmetry

K=O,Neven 1 1 1 A1

K=O,Nodd 1 1 -1 A2

IKk3p 2 2 0 A1+A2

IKI3p±1 2 -1 0 E

Table A-2 Characters for the representation of D3
formed by WNKM(withp= 1,2,3...)

Finally, we consider the spin wavefunction iji. Since the nuclear spin of the

deuterium is I = 1, there are (21 + l) 27 spin states. Because of the value of the

nuclear spin, the spin can either be 1, 0 or 1. If a table were made with a

combination of these values for each deutenum atom (called Da, Db, D) we should

obtain 27 combinations (Table A-3).



Da Db D

1 1 1

1 1 0

1 0 1

1 0 0

1 0 -1

1 -1 0

1 -1 -1

1 -1 1

1 1 -1

Table A-3 9 out of the 27
different combinations

Under the identity operation, none of the combinations are changed so the reducible

character is z = 27. When a three-fold rotation occurs, Db becomes Da, D

becomes Db, and Da becomes D. Among the 27 combinations, only the three

(1,1,1), (0,0,0), (-1,-1,-1) remain unchanged so = 3. A two-fold rotation occurs

about an axis perpendicular to the symmetry axis. This axis could be the CDo

bond. Then D1, becomes Da and vice-versa. Among the 27 combinations, only 9

remain unchanged. So 9. It is then easy to reduce this reducible

representation to show that the 27 wavefunctions have 10A1+A2+8E symmetry.

Having the symmetry of each wavefUnction, the statistical weights of the

vibrational-rotational levels can be deduced36 using the direct product table of D3
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(Table A-4). The results are grouped in Table A-5 and are used in modeling the

CARS spectra obtained in this thesis work.

A1 A2 E

A1 A1 A2 E

A2 A1 E

E A1+A2+E

Table A-4 Direct product table of D3

weights
We Wv ofijj

A1 forK=ONeven 1

A2 forKONodd 10
A2 10A1+A2+8E A1

A1+A2 for IKk3p 11

E for IKI=3p±l 8

Table A-5 Statistical weights of vibrational-rotational levels.



APPENDIX B

CALCULATION OF THE CD3 FORCE CONSTANTS

This calculation was performed using the program Asym4O.exe. Part of its

input involved the coordinate and the mass of each atom, for each isotoporner CH3,

CH2D, CHD2 and CD3. The Cl3 and CD3 vibrational frequencies of Table 3-1 were

entered with equal uncertainties chosen somewhat arbitrarily. The program gave

results for the force constants, as well as the calculated values of the different

vibrational frequencies for each isotope. These latter results are reported in Table

A-6. The C-H stretch force constant is found out to be 520.4 N/rn and the force

constant describing the interaction between the bonds 10.5 N/rn. The CH force

constant is known to increase as the C hybridized orbitals have increasing s orbital

character. For example, from Table 2-4, the force constant for the C(sp3)-H stretch

is 479 N/rn and for the C(sp2)-H stretch is 510 N/rn. The radical force constant is

thus in agreement with these predictions since the carbon atom in the radical is the

prototype of sp2 hybridization.
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CH3 CD3

Observed Calculated Difference Observed Calculated Difference
(cm') (cm') (cm) (cm1) (cm) (cm')

v1 3004.420 3019.619 -15.199 2157.5 2136.014 21.486

V2 606.453 600.493 5.960 457.813 465.501 -7.688

V3 3160.821 3163.320 -2.498 2391.089 2387.779 3.310

V4 1396.000 1401.639 -5.638 1026.000 1018.238 7.762

Table B-i Observed and calculated vibrational frequencies for C113 and CD3

using Asym4O.exe program




