ABSTRACT

Off-axis Cavity Ring Down Spectroscopy with Exponential and Phase Shift
Detection: Absorption Spectra of Weak Transitions at Low Temperatures

Yasnahir Z. Perez-Delgado, Ph.D.

Mentor: Carlos E. Manzanares, Ph.D.

In this dissertation the ability of the off-axis laser injection in cavity ring down
experiments is shown. Modulated continuous wave and pulsed lasers are used to obtain
the absorption spectra of weak transitions at low temperatures. The absorption spectra
of the red atmospheric bands of O, (A-band and y-band), the overtone (Av =4) band of
HD and the C-H (4v= 4, 5 and 6) overtone spectra of polyatomic molecules (C,Hg,
CH;,D,, CHD3s, CsHy4, C¢Hjp and CsSiHjg) are presented. The integrated absorption of
each band was calculated as a function of the density of the gas samples and used to
obtain the band strength of these weak transitions. In addition, the Fourier-transform (IR
and NIR) spectra between 2500 and 13000 cm! are presented for CH3;D, CHD3, CsHjo
and CsSiHjo. The local mode harmonic frequency and anharmonicity were obtained.
The harmonically coupled anharmonic oscillator (HCAO) model was used to calculate
energy levels and assign the absorption bands to particular transitions of CHs;D, C¢Hjo
and CsSiHjo. Also, overtone intensities of CHD; were calculated using ab initio
quantum mechanical methods and compared with the experimental data. Spectral

simulations were performed in order to confirm the transitions and the temperature of



the molecules in the cell. Lastly, photolysis of ethyl acetate via high vibrational

overtone absorption is proposed.
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CHAPTER ONE

Introduction

Absorption spectroscopy of atoms and molecules in the gas phase, yielding both
quantitative absolute concentrations as well as absolute frequency-dependent cross-
sections, is a very powerful tool in analytical chemistry and physical chemistry. In
addition to its use in purely theoretical spectroscopic investigations, gas-phase
absorption spectrometric measurements are also of interest in a variety of applications
ranging from pollution monitoring to process control. Although traditional absorption
spectrometry has been used in these cases, its insufficient sensitivity in challenging
situations, as trace detection, has been found to be its primary disadvantage. Thus,
various alternative techniques have been developed in an attempt to improve the
detection of gaseous species. Some of these alternative techniques are photoacoustic
spectroscopy (PA), thermal lensing measurements, (2+2) resonance-enhanced
multiphoton ionization (REMPI). Intracavity laser absorption spectroscopy (ICLAS)
and cavity ring down (CRD)spectroscopy. Among these various absorption techniques,
the CRD technique has proven to be a valuable addition, since it combines good
sensitivity with a rather simple and straightforward experimental set-up.” The
advantage of CRD spectroscopy over traditional absorption spectroscopy are the
intrinsic insensitivity to light source intensity fluctuation and the extremely long
effective path lengths (many kilometers) within small physical spaces.

As precursors to the CRD technique can be considered the work reported by

Herbelin ez al.’ and Anderson et al.*. Herbelin ez al.’ developed a method to determine



the reflectivity of a surface based upon the time that the light spends within an optical
cavity by measuring the phase shift that light experiences when passing though an
optical resonator. In 1984, Anderson et al.* demonstrated that the reflectivity of the
mirrors could be measured even better by abruptly switching off the CW light source
when the intracavity field exceed a certain threshold value and then calculate the
mirrors reflectivity from the exponential decay obtained.

In 1988, O’Keefe and Deacon using a modified pulsed cavity loss spectrometer
performed the first spectroscopy using a cavity ring down. They demonstrated its

sensitivity by  recording  the  absorption  spectrum of the  weak

b'Ti (v =12) « X’Z_ (v = 0) bands of molecular oxygen. Thus, they developed a new

technique which allowed an increase of several orders of magnitude in sensitivity over a
wide spectral region accessible with tunable pulsed lasers.’

Although most CRD experiments are performed with pulsed lasers, several
schemes have been developed in order to perform CRD spectroscopy with continuous
wave (CW) lasers. In 1996, Engeln et al.® reported phase-shift cavity ring-down (PS-
CRD) spectroscopy in which the absorption spectrum is extracted from a measurement
of the magnitude of the phase shift that an intensity modulated CW light beam
experiences upon passage through an optical cavity. Later, Romanini ef al.” used the
other approach; the resonant cavity mode is swept over the CW laser line; then, when
sufficient light is coupled into the cavity, the laser is switched off; subsequently, the
CRD transient is recorded.” Moreover, cavity ring down has been used with some

8-10,11

variations of the technique such as Fourier Transform detection , low cost

continuous wave diode laser system'*'*, broadband '*""’and evanescent wave.'"® While



CRD spectroscopy has mostly been applied to gas phase samples, there are some
examples where solid samples of Ceo ' and liquids 2**? have been studied using CRD.
CRD has been applied to many different types of environments such as plasma
chemistry and supersonic expansions. Plasma chemistry during carbon deposition **,
microwave plasma studies of C, # plasma expansion of argon and acetylene'” and free
radicals within plasmas >> ?° have been studied. Jet-cooled metal clusters *” %, CH;I
clusters *°, formic acid dimmers *°, NO and CH, have been published.’’ Other studies

using CRD include detection of absolute concentration in reactive flows such as flames

32-36 37-39

and hot filament reactors.
Kinetics of radicals has also been studied with CRD spectroscopy.*** Other

more recent studies have shown kinetic properties for the reactions of benzyl radicals,*

CH radicals,* nitrate radicals, ** and the reaction of Cl with various molecules found in

the atmosphere.*°

CRD spectroscopy is also used for a variety of analytical purposes such as trace

51, 52

detection of NOs*" *, NO,*, water in phosphine™, aerosol pollutants and volatile

organic compounds (VOC’s).”>™

In weak absorption studies such as high vibrational overtones, CRD has also
been applied. Overtone bands of HCN56, benzene’’, CHF358, HNO:;, H20259,HCCH6O’ 61,
N,O" 2 H,0% and various hydrocarbons®” ® have been studied with this technique.
Recent studies have shown the vibrational spectrum of the 4-0 band of HD and some

hydrocarbons using PS-CRD at low temperatures.*®*®



Cavity Ring Down Spectroscopy
Cavity ring-down (CRD) spectroscopy is a direct absorption technique, which
can be performed with pulsed or continuous light sources and has a significantly higher
sensitivity than obtainable in conventional absorption spectroscopy due to its extremely
long effective path lengths (many kilometers) within a small physical space.
CRD spectroscopy consists of a laser source, an optical cavity, and a detector to
measure the exiting light from the optical cavity. Figure 1 shows a characteristic pulsed

cavity ring down diagram.

N KT
L ¥~

Laser Time (us, or ms)
Pulse

Y
4
-,

Figure 1. Pulsed Cavity Ring Down Diagram ®

In a typical ring down experiment the laser light is injected into a cavity formed
by two highly reflective mirrors (reflectivity greater than 99.99 %). Aligning the
mirrors in perfectly parallel configuration causes the incoming beam bounces back and
forth between the mirrors or what is termed “Ringing Down”. The beam becomes
trapped inside the cavity for a certain amount of time causing the long optical path
length.

Due to the finite reflectivity of the mirrors, a small amount of light leaks out of
the cavity. Then, the photo-sensitive detector placed behind the output mirror records

the intensity of the small amount of light transmitted through it. The light intensity is



reduced by a given percentage on each round trip. The detector sees an exponential
decay of light intensity. If short laser pulses are used, a very fast detector will see a
train of pulses within an exponential decay envelope, but the time response of detection
electronics usually means the pulses are smoothed into a single exponential curve. This

is shown in Figure 2.

Smoothing of the pulse train by
detection time response

PMT response

Train of laser pulses leaking
through one cavity mirror

|

>
>

time

Figure 2. Exponential decay of laser light within the ring-down cavity "

The intensity of the light transmitted (I) out of the cavity decreases as a function
of time (t) and can be characterized as:

1() =L (D
where Iy is the initial light intensity detected and 1 is the decay constant. This decay
constant (1) is commonly referred to as the ringdown time. This value can be from Ius
to 100us or more depending upon mirror reflectivity.

The most common detection methods in cavity ring down spectroscopy are the
exponential method and the phase shift method. Both methods can be used to obtain t.

The exponential CRD detection method uses an exponential fitting of the output signal



from cavity to measure the decay time. An exponential fitting program is used to obtain
1. Figure 1 shows a typical system where this detection method is used. The PS-CRD
method measures the phase-shift of a modulated beam from the output beam of the
cavity with respect to the modulated beam, or reference beam, before entering the
cavity. The phase shift angle is related to the ring down time by the equation
tan @ = 27f7 (2)
where @ is the phase shift angle and f'is the frequency of modulation.
In Figure 3, a CW tunable laser source has been modulated, and is incident upon
the optical cavity. An electro-optic modulator is used to create a square modulation

frequency shape. Modulating the CW laser output produces an on/off pattern which

translates into a filling/emptying of the cavity.*®
Reference Shifted
Angle (Zero) Angle (-45)

e

Figure 3. Phase shift cavity ring down diagram

The output signal form the cavity in Figure 3 resembles a shark fin. This can be
described as light building up in the cavity on the positive slope side and light leaking
out of the cavity on the negative slope side. The phase shift angle is monitored on the
negative slope of the exiting wave. A better picture of this signal is shown in Figure 4.
This figure illustrates the original signal (or reference signal) going into the cavity

(bottom) and the phase shift signal detected after the beam traverses the cavity (top).



0 &8 45

il

Figure 4. PS-CRD signal (top), Reference signal (bottom)

The PS-CRD signal is aligned to result in an empty cavity angle of -45. This is
given by the fan(6) function shape. Figure 5 shows a graph of the tan(6) versus angle 6,
where the boxed area shows to be fairly linear from -45 to 0 degrees. Angles greater
than 45 are avoided because of the non-linear response of the PS-CRD system. The

optical path length inside the cavity is the product (zc) where c is the speed of light.

4.0

2.0

0.0

tan (angle)

-2.07
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T T T T T 1
-120.0 -80.0 -40.0 0.0 40.0 80.0 120.0

Angle / (degrees)

Figure 5. tan(6) versus 6 graph



Absorption Spectroscopy

The absorption of light by a sample is described by the Beer-Lambert law which
gives a quantitative relationship between the intensity of a spectral feature and the
frequency-dependent absorption properties of the sample:

I=1, exp(—JCl) 3)
where / is the transmitted intensity, /, is the incident intensity, o is the absorption cross
section of the sample at the wavelength of the of the measurement, C is the
concentration of the absorber and / is the sample pathlength. The product of C and o is
the absorption coefficient, &, and the absorbance is defined as o C/. From this
equation, it can be seen that if the pathlength is long enough, very small concentration
of sample or very weak absorption cross section can be detected.” ™ Hence, CRD
provides that long pathlength to make direct absorption measurements of either trace
amount or weak absorptions.

The empty cavity ringdown time 1, is related to the distance between the mirrors
and the reflectivity of the mirrors by the equation below:

L
T =
c(1-R)

(4)

where L is the distance between the two mirrors, ¢ is the speed of light, and R is the
reflectivity of the mirrors. Thus, 7 is a direct measure of the mirror reflectivity (R)
because both ¢ and L are known.

The presence of absorbing species in the cavity gives an additional mechanism
for loss of light from the cavity by sample absorption speeds up the decay of the trapped
light intensity. If the absorption follows Beer- Lambert law, the light intensity will still

decay exponentially, with time dependence given by:



10 =1, exp{— % - Otct} (5)

where a is the molecular absorption coefficient with respect to the wavelength, with
dimensions of cm™, and c is the speed of light. The product of ¢ and  is the pathlength

over which the absorption is measured. The decay rate is now given by

1.1 (6)
T T

Thus, the ring down time for a cavity filled by a absorbing gas,z’, where the
Beer-Lambert law is valid is described as:

o L
" d(-R)+a(v)L]

(7

During a scan of the tunable laser in the absorption region of the sample, the
ring down time (1), is detected with the exponential fitting or the phase shift angle of the
light that leaks out of the cavity. The decay time is determined as function of the
wavenumber of the laser.

The decay time from the cavity filled with an absorbing gas is a combination of
the sample plus the background (see equation 8), the inverse of the decay time of the
empty cavity or background (1/ 7y) is subtracted from the inverse of the decay time of

the cavity filled (1/ 7’) in order to obtain the absorption of the sample

1 1 1
a(v)=— - 8
o) c((r'(v)} (T(V)Jj ®)

The calculated absorption (e(v)in cm™ units) is plotted as a function of the

wavenumber (cm™) to show the spectrum of the sample.



Conditions for CRD Signal

Some conditions are required to observe CRD signal. The Beer-Lambert
behavior for a single pass of the light through the cavity has to be followed and the
interference effects between the longitudinal and transverse modes of the cavity have to
be minimized.
Beer-Lambert behavior. Beer-Lambert behavior requires that the widths of the
absorption spectral lines are greater than the linewidth of the laser light within the
cavity. This condition guarantees that all of the frequencies contained within the laser
are attenuated by absorption when the laser is tuned to the central frequency of the
absorption line.”!
Optical cavity. A stable optical and non-confocal cavity is required for a CRD
experiment. An optical cavity with two mirrors is said to be stable geometrically if the
light is refocused within the cavity after successive reflections from the mirrors so that
the optical energy is contained or trapped within the cavity. Formation of a stable
optical cavity depends upon the g-parameters of the mirrors and optical cavity.'
Specifically:

0<gg, <1 9)

where g; and g, are defined as:

g =(1—£j (10)
h

2, {1—5} (11)
r

where L is the distance between the two mirrors, and »; and 7, are the radiuses of

curvatures of the mirror surfaces.
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Having a non-confocal system is introduced some mechanical flexibility so that
the mirrors can move slightly, and still retain an alignment with respect to each other. If
the mirrors are at each other’s focal length, any mechanical disturbance can result in a
loss of alignment. This approach can be defined using the following relationship

r<d<2r (12)
O0<d<r (13)
where d is the distance between the mirrors and 7 is equal to their radius of curvature,
assuming r=r;=r,. Figures 6 and 7 show two configurations for a stable optical cavity
system with mirrors placed outside of the radius of curvature and with mirrors placed
within radius of curvature, respectively. The mode structure of such cavity can be made

very dense, especially when d/r ratio is chosen to be an irrational number.°

Figure 6. Stable optical cavity with mirror placed r <d <2r

Sl "

Figure 7. Stable optical cavity with mirror placed 0 <d <r



Cavity modes. Mode structures of the cavity are another important aspect to be
considered when one is working in CRD because of several problems can occur. When
laser light is incident upon an optical cavity, modes of light are formed. Longitudinal
and transverse modes (TEM) are possible. Transverse mode usually describe the cross
sectional profile of a beam. Longitudinal (or axial) modes determine the resonant
oscillation frequencies that satisfy the wavelength requirements of the cavity along a
given optical path.'

The available longitudinal mode frequencies that will be within an optical
system are important considerations for a continuous scanning system like a CRD
instrument. If the frequency spacing of the longitudinal modes of the cavity (the cavity
free spectral range, FSR) exceeds the width of the spectral features being studied, the
light of the appropriate frequency for excitation of certain spectral lines will not be
injected into the cavity and the absorption features will be absent from the resultant
spectmm.72

Comparing the mode spacing to the line width of the laser allows for an idea of
how an optical cavity will respond to a scanning CRD system. The frequency spacing

(Av) of longitudinal cavity modes (FSR) is defined as:

c
Av=— 14
2L (14)

where c is the speed of the light and L is the length of the cavity. Table 1 shows laser
resolutions versus longitudinal mode spacing. As it is shown, the mode spacing is much
smaller than our laser resolution giving us an overlapping multi-mode configuration.

This is what makes continuous scanning possible.
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Table 1. Mode Spacing Calculations

Cell length Dye Laser Ti:Sapphire Longitudinal Longitudinal
(cm) Resolution Resolution Mode Spacing  Mode Spacing
(cm™) (cm™) (MHz) (cm™)
43.5 0.07 0.17 345 0.0115
Off-Axis Alignment

For PS-CRD systems based on an on-axis alignment of the laser beam into the
cavity, the coherent laser beam couples into the cavity on average only 5%°- 10 %" of
the time. In order to increase the coupling-time efficiency, additional laser frequency
dithering”® and modulation of the cavity length have been applied. Also cavities with
irrational number of cavity length to mirror curvature radius have been used.’
However, in the case of off-axis alignment of the cavity, when the laser beam has been
injected into the cavity at an angle to the optical axis (off - axis), the beam may couple
into the cavity continuously up to 100% of the time. This approach has been used for
sensitive absorption measurements in phase-shift off-axis cavity-enhanced absorption
spectroscopy (PS-OA-CEAS)’*7, off-axis cavity-enhanced absorption spectroscopy
(OA-CEAS)"™* wavelength modulation OA-CEAS (WM-OA-CEAS)"" ** ¥ and off-
axis cavity ring down spectroscopy.®

The off-axis laser beam cavity alignment decreases the cavity FSR and excites a
large number of transverse cavity modes. The high number of excited cavity modes
permits that cw laser radiation-cavity interaction to be considered as noncoherent on

average.”
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Off-axis paths through optical cavities were first investigated in the mid-
1960s.* this configuration spatially separates the multiple reflections within the cavity
until the reentrant condition is fulfilled, that is the time at which the ray begins to
retrace its original path through the cavity. This occurrence condition is dictated by the
specific curvature and spacing of the mirrors forming the cavity.

Any stable cavity geometry can produce stable off-axis paths through the cavity,
with the stability condition defined by equation (9)."*

The previous analysis *° demonstrates that the spot pattern on the mirrors
generally lies on an ellipse. To maximize the circumference that can be fitted onto the
mirror surface and thus the number of spots that can be accommodated without overlap,
the elliptical form should be a circle near the edge of the mirrors, as shown in Figure
8.% The angle of a round trip rotation of the beam spot (26) is determined purely by the
geometry of the cavity and is given by *°

cos@=1-L/r (15)
where L is the mirror spacing and 7 is the mirrors radius of curvature. The reentrant
condition is satisfied if *°

2mé =2nrx (16)
where m is the number of optical round-trip passes and # is a integer, and after every m
round trips the ray starts to retrace its path.

In many respect, the properties of the cavity, including the longitudinal mode

spacing (Av), become similar to one that is m times longer. The longitudinal mode

spacing of a cavity aligned off axis (Avoft.axis) 1S

(17)
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where c is the speed of the light, L is the length of the cavity and m is the number of
optical round-trip passes. Using equations (15) and (16), m was determined only by the
geometrical parameters of the cavity and not by the beam alignment. Table 2 shows m
and n values obtained for two different radius of curvature, when L = 43.5cm, and Av

for cavity aligned on-axis and off-axis.

Output mirror

Input mirror

Figure 8. Off-axis beam propagation

Figure 9 shows predicted longitudinal mode spacing for a 43.5 cm cavity
aligned on axis, Figure 9 (a), and off-axis, Figure 9 (b), when the reentrant condition is
satisfied after 41 round trips. Off-axis alignment was used in present research to
increase the time that the coherent laser beam couples into the cavity. This results in an

improvement in detection sensitivity.
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Table 2. Comparison between Av,gr.axis and AVen-axis

AVoff—axis AVon—axis
R (cm) m n P ——
cm— 107 MHz cm— 10 MHz
600 41 5 2.8 8.4
100 26 8 4.4 133 5 345
a)
AV, = 115 x 10% cm’!
v (cm?)
b)

_+ }‘_ AV g = 2.8 x 104 cm!

v (cm™)

Figure 9. Predicted Av for a 43.5 cm cavity aligned (a) on axis and (b) off-axis when
the reentrant condition is satisfied after 41 round

Vibrational Spectroscopy

The simplest possible assumption about the form of the vibrations in a diatomic

molecule is that each atom moves toward or away from the other in simple harmonic

motion. Such a motion of the two atoms can easily be reduced to the harmonic vibration

of a single mass point about an equilibrium position. The potential energy in harmonic

oscillator model can be approximated by a parabola, so it can be written as *’
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Vzék(x—xe) (18)

where k is the force constant of the oscillator, x, is the equilibrium internuclear
separation, and x denotes the instantaneous internuclear separation. Using this model,

the permitted vibrational energy levels are defined by
1
E, =hv, (U+5J (19)

where /4 is Plank’s constant, v, is the fundamental frequency of a particular mode and v
is the vibrational quantum number. Harmonic oscillator selection rules only allow for
transitions of Av ==+ 1.

The harmonic potential is a good approximation for energies near the bottom of
the well, corresponding to small displacements, but becomes poorer as the energy
increases. It is, however, clear that in an actual molecule, when the atoms are at a great
distance from one another, the attractive force is zero, and correspondingly, the
potential energy has a constant value. Thus, the potential curve of the molecule has the
form of the full curve in Figure 10.

The Morse function describes successfully the anharmonic character of atomic

motion in vibrations, and it is defined as:
V(x)=D,(1-e )] (20)
where D, is the depth of the potential well, and «a is an adjustable constant related to the

curvature of the right-hand side of the well. The vibrational energy states for an

anharmonic oscillator are defined as

E =hv, (U+l)—hvexe (wl) @1
2 2
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where x, is the anharmonicity constant, defined as x, = hv./4D, for the Morse oscillator.
The anharmonicity factor makes that the selection rule Av =+ 1 is no longer strict, and
other transitions become weakly allowed. This is the origin of overtones (Av; = 2, 3,
...) and combination bands (Av; = 1, 2, ...; Ay; = 1, 2, ...), appearing in the middle
infrared spectrum along with fundamental transitions (Av = 1). In general, for each
increase in vibrational overtone, an approximate order of magnitude decrease in the

. . . . 89
signal size is experienced.

A

‘ Harmonic
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—
T
Xo Interatomic distance, X

Figure 10. Approximate potential energy functions for a diatomic oscillator.*®

Local Mode Model

Conventionally, molecular vibrations are described in terms of normal modes.
When a small amount of vibrational energy is placed in a molecule, the bonds behave
like springs or harmonic oscillators. This behavior is the basis of the traditional normal

mode model of molecular vibrations which is usually a good approach for fundamental
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transitions. For example, the normal modes of water consist of a symmetric and an
antisymmetric stretch and a bending mode.”

When more and more vibrational energy is added to the molecule, the molecule
will eventually dissociate, but it is unlikely to do so along one of the normal mode
stretching coordinates. It is much more likely that the molecule will seek a low energy
pathway for dissociation and break a single O—H bond. In other words it will
dissociate along a local coordinate. As it can be observed in Figure 10, the higher the
vibrational energy is, the less harmonic the vibration. The vibration becomes
anharmonic, and it has been shown that in terms of a normal mode basis most of this
anharmonicity is nondiagonal.”’ In other words, the effect of anharmonicity is to mix
the symmetric and antisymmetric stretching modes. The sum of these two is a local
mode. Thus, as the vibrational energy increases and anharmonicity becomes more
important, and it is expected the vibrational pattern to become more localized.”

The local mode model of molecular vibration has been has been shown to
successfully describe XH-stretching (X = C, N, O, etc) overtone spectra, *' >

In the local mode representation the X-H bonds are considered as independent
Morse oscillators with terms allowing for coupling to any equivalent bonds included as
off-diagonal elements in the Hamiltonian.

Although local modes are anharmonic, the coupling of XH oscillators is well
approximated by a harmonic coupling regime, and this characteristic is used in the
HCAO model.””™ The HCAO model allows straightforward calculations of state
energies for XH stretching overtones and provides simple wave functions that are useful

in calculations of overtone intensities. The HCAO model has been immensely useful
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and has enabled spectroscopists to understand the structure of the spectra of highly

excited vibrational states. %1%
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CHAPTER TWO

Instrumental Methods and Procedures

This chapter describes instrumental setups and experimental procedures applied
throughout the course of the research. The first part presents a complete description
Cavity Ring Down (CRD) system. The cell design, cryostat, vacuum chamber, the two
different instrumental setups (PS-CRD and exponential decay CRD) and the procedures
are individually examined. Details of the instrument setup for the Fourier Transform
spectrophotometer and the low temperature cryostat used for fundamental and low

overtone studies are also discussed.

CRD Spectroscopy at Low Temperatures

CRD Cell Design

In order to use the CRD technique at low temperatures, the experiment required
the design and construction of an optical cavity attached to a low temperature cryostat.
Thus, a rigid system was designed using brass and aluminum as base metals. Brass and
aluminum were chosen because both materials have acceptable values of expansion
coefficient and thermal conductivity for use at cryogenic temperatures. It is important
because materials used must be good conductors of heat to ensure thermal equilibrium
throughout the cell. The sample cell contains a central cubic cell with two arms. The
central cubic cell was made of yellow brass and its dimensions are 4 x 4 x 4 cm’.

Attached to each side of central cubic cell are aluminum arms. The arms are 197.5 mm

in length and 12.7mm in internal diameter. They are attached to the central cubic cell

21



with screw head bolts and indium O-ring seals. These are necessary because rubber O
rings would freeze and crack at cryogenic temperatures. Also, indium produces a
metal-metal seal that is very rigid, creating minimal flexing during cooling. A small
amount of cryo-putty is also applied between the two metal pieces to ensure proper
thermal conduction. The resulting cell is 435 mm in length and 12.7 mm in diameter.
The cell is connected to the external gas handling system through a small section of
stainless steel tubing. Figure 11 shows sample cell, the central cubic cell with two arms
and details of the central cubic cell (bottom) such as dimensions, center opening, screw

on top for cryostat attachment, and a side Swagelok connector for sample introduction.

435 mm

_ =i

i

197.5mm

A
v

—>

12.7mm

Figure 11. Schematic side view (top) of the CRD cell design. Schematic side view
(bottom) of the center cubic cell

Figure 12 (top) shows a view of the right-hand side of the arm. Each arm

consists of two flanges A and B that are constructed from an Aluminum solid piece. To
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the left of flange A the cell diameter is 12.7 mm; between flanges A and B the cell
diameter is reduced to 6 mm. Figure 12 (bottom) shows an expanded internal view with
details of the right hand side of the arm. Where flange C is removable and is only used
to hold one mirror of the cavity. There are four screws that are used to hold the mirror
between the flanges B and C. Between the mirror and the surface of flange B a flat
indium O-ring seals the cell from the vacuum that surrounds the cavity. There are four
alignment screws that are threaded on flange B and stop on the surface of flange A. The
system is very rigid but there is a small flexibility that allows aligning the mirrors with

respect to the laser beam by rotating the alignment screws.

z:}zzc

127 mm

Figure 12. (Top) Schematic cross section of the right hand side arm. (Bottom)
Expanded view of the right hand side of the arm, showing the indium O ring, mirror, as
well as the flange and screws needed to hold the mirror. *’

After using this cell for several experiments it became apparent that it had to be

modified in order to improve the CRD experiment. First, the alignment screws were
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changed from 1/4"- 32 to 1/4"- 80 which meant that the number of threads per inch was

increased. Using these new screws, a better alignment is possible. Second, to perform
off —axis injection of the laser, the central openings of flanges A, B and C were
increased to 12.7 mm. Figure 13 shows the front view from flange B with the two
different central diameters. Third, the mirrors were placed in an aluminum enclosure to

protect them from breakage when sealing the cell with indium o’rings (See Figure 13)

Figure 13. Top.Schematic comparison from front view of flange B. Central diameter =
6mm (left) Center diameter =12.7mm (right). Bottom. Schematic comparison from
front view of aluminum enclosure used to protect the mirrors.

Three different sets of CRD mirrors were used depending on the wavelength

region of interest. All of them have 20.32 mm in diameter. Table 3 summarizes

bandwidth, radios of curvatures and listed reflectivity for CRD mirrors.
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Table 3. Center wavelength, bandwidth and radios of curvatures for CRD mirrors

Mirror Set Bandwidth Radius of curvature  Listed Reflectivity
nm m %
Los Gatos
760 nm 740 - 800 6 99.995
Los Gatos
722 nm 695 - 745 6 99.995
Newport
620 nm 583 - 663 1 >99.9

CRD Cryostat and Vacuum Chamber

In order to use the CRD technique at low temperatures, the optical cavity was
attached to a low temperature cryostat. The cryostat is basically a large liquid container
that has a simple purpose. It supplies a continuous flow of liquid nitrogen or helium to
a cold head that is attached to the CRD cell. It also contains a heater in the cold head
which allows equilibrium temperatures to be obtained. The cryostat was obtained from
International Cryogenics Inc. The central dewar which cools the cell can hold up to 12
L of liquid He or N; and is insulated by another 10 L of liquid N, to control boil-off.
Connection of the CRD cell and cold head was achieved with a copper block, termed
the "cold block", to allow for thermal contact and cooling of the cell. The complete cell
(including the mirrors) is inside a vacuum chamber that thermally insulates the cell and
the cold head of the cryostat from the environment. Figure 14 illustrates the cell as it
looks attached to the cryostat and the vacuum jacket used.

The cryostat has four vacuum ports; one is the connection from the cell to the

sample system. Two ports are used to measure the vacuum pressure of the cryostat.
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Other port allows access to the electrical wires for the temperature. Two thermocouples
are connected to a temperature controller that measures the temperature of the cold

block and the cell. The heating resistor to change the temperature of the cell is located

on the cold block.
Liquid He
Liquid N, = _
.l
Cryostat
Temperature Control - d O .IF —— Sample Injection
Wij—  ——ilf
*‘.. - . Cell 28

Vacuum-Jacket

Figure 14. Schematic view of the cryostat and CRD optical cavity isolated inside a
vacuum jacket.®’

The vacuum around the cell is created by using an Edwards Model 8 vacuum
pump to rough the system to about 50 mTorr. A CTI cryogenic vacuum pump is then
used to obtain a vacuum below 1 x 10”7 Torr.

Temperature control is achieved by balancing cooling available from cryogen
flow against an electrical heater. Cryogen flow is controlled by a micrometer

adjustment valve located on top of the cryostat. By opening the micrometer valve, the
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liquid is allowed to flow through the cold block of the cryostat where the cell is
attached. The more the valve is opened, the faster the cryogen flows through the head
and the faster the system cools down.

Because of the flexing of the cell as cooling takes place, the system cannot be
allowed to cool down too rapidly; otherwise alignment of the laser beam will be lost.
There is also a risk of thermally shocking the mirrors which could result in cracks.
Opening the micrometer valve to a setting of 35 um allows for a cooling rate of
approximately 0.40 K per minute. The temperature controller can be set to a desired
temperature which is maintained by a heater attached to the cold block of the cryostat.
The temperature difference between the cold block and the cell is approximately 8 K.
This difference in temperature is the result of inefficient thermal energy transfer
between the cold block of the cryostat and the cell at such low temperatures. It has also
been found that the cryostat is very efficient, only needing cryogen filling once every
other day, even when working at low temperatures.

To allow a laser beam to traverse the cell cavity and still be able to adjust the
mirrors for alignment while under vacuum, manipulation devices were constructed of
Plexiglas to fit on the ends of the vacuum jacket. Figure 15 shows an expanded view of
the arm inside the vacuum jacket and how the alignment screws are positioned with
respect to the external Allen wrenches.

A transparent Plexiglas flange (12.5 mm thickness) is held onto the ends of the
vacuum jacket and sealed with Viton O rings. A sapphire window is placed at the

center of the Plexiglas flange to allow for beam propagation.
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Vacuum Jacket
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Alignment screw  Allen wrench

Figure 15. Schematic side view (top) of the right-hand side of the optical cavity and
vacuum jacket indicating the position of the alignment screws.

The alignment of this rigid system sometimes changes slightly. In cases like
this, the Allen wrench shown in Figure 5 has to be used to make a small rotation to one
of the alignment screws. A vacuum tight seal is obtained around the Allen wrenches
that are introduced into the vacuum jacket through ultra-torr connectors. The Allen
wrench only touches an alignment screw when it is necessary to make a small

correction for alignment at low temperature.

Instrumental Setup: PS-CRD Spectroscopy.

The experimental setup is show in Figure 16. The pump laser is a solid state,
frequency doubled Neodymium Yttrium Vanadium Oxide (Nd: YVO4) laser (Coherent-
Verdi) providing single wavelength (532nm) at a power of 5W. This laser is used to
pump a continuous wave (Coherent 899) Ti:Sapphire ring laser with a scanning range

between 700 to 800 nm or 12500-14300 cm™. Wavelength tuning of the (0.17 cm™
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bandwidth) laser is accomplished with a birefringent filter driven by a stepper motor.
The stepper motor is controlled with a microcomputer. The output of the Ti:Sapphire
laser is passed through a Conoptics model 350-50 electro-optic modulator (EOM) to
modulate the beam into a square wave of a specific frequency. The EOM is driven by a
Stanford Research Systems (SRS) function generator. The beam is injected off-axis
into the optical cavity and aligned by superimposing reflections of the highly reflective
mirrors that create the cavity. The light that leaks out the back of the off-axis aligned
cavity is focused by a lens and is detected by a Hamamatsu photomultiplier tube (PMT)
powered by a high voltage power supply. The signal is sent to a Low-Noise Pre-
Preamplifier (SRS) for signal conditioning. After that, it is analyzed by a Lock-In
amplifier (SRS 830) where the phase angle is determined and then sent to a computer
via a GPIB interface where it is processed by a LabView program written specifically
for this system. The program also controls the stepper motor which drives the
micrometer screw on the Ti:Sapphire laser allowing scanning to be accomplished. To
obtain a reference signal, the cell can be bypassed. The whole system sits on top of a
Newport 4’ by 10’ by 8’ optical table which has vibration isolation legs to eliminate

mechanical noises from the building itself.

Instrumental Setup: Exponential Decay CRD Spectroscopy.

The experimental setup is depicted in Figure 17. The second harmonic output at
532 nm of a Nd: YAG laser (Quanta-Ray DCR) is used to pump the dye-laser (Quanta-
Ray, PDL-3), with a 10 Hz repetition rate. The dye laser works in the range of the
DCM dye, between 600 to 680nm, with a laser pulse duration of 6ns and bandwidth of

0.07cm’. The dye laser output energy is attenuated by placing a neutral density filter at
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the output. The optical density (OD) of the filter is equal to one. The output beam is
shaped with the use of a simple telescope made by means of two lenses and a 100pum
pinhole between them. The beam is injected off-axis into the optical cavity and aligned
by superimposing reflections of the highly reflective mirrors that create the cavity. The
size of the beam injected into the cell is controlled by using an iris.

The light that leaks out the back of the aligned cavity is focused by a lens and is
detected by a Hamamatsu photomultiplier tube powered by a high voltage power supply
then sent to a SRS Low-Noise Pre-Preamplifier for signal conditioning. A digital
oscilloscope (Lecroy, 9310C) is used to measure the CRD decay curves. A digital
delay/ pulse generator (SRS, DG535) distributes the trigger signal to the pump laser and
the digital oscilloscope. The signals were measured by averaging 21 shots and sent to
the computer via a GPIB interface where it is processed by a LabView program written
specifically for this system. The program also controls the stepper motor in the pulse
dye laser allowing scanning to be accomplished. The whole system sits on top of two
Newport 4’ by 10’ by 8 optical table which has vibration isolation legs to eliminate

mechanical noises from the building itself.

Experimental Procedure

Off-Axis Alignment. The first stage of the experiment consists in checking the
light source, making sure that it is well aligned, and at peak operating performance and
power. This operation is carried out by following the optimization procedure found in
each laser manual. The laser wavelength has to be adjusted to match the maximum

reflective wavelength of the mirror set that will be used in the optical cavity.
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Figure 16. Experimental setup of the PS-CRD spectrometer. Key: EOM, electro optical
modulator; I, iris; L, plane-convex lens; PMT, photomultiplier tube.

PMT (]

Pre-amplifier

5§§ | e
\_/

) Pump Laser

I Power Supply
TAP
Pump Laser
ODF e
Pulsed
Dye Laser
B BB
Oscilloscope

EEEE
Pulse generator
Figure 17. Experimental setup of the CRD spectrometer. Key: ODF, neutral density

filter; TAP, telescope and pinhole; 1, iris; L, plane-convex lens; PMT, photomultiplier
tube.
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Using a mirror or prism periscope assembly placed in front of the cell, the laser
beam is passed through the center of the mirror-less CRD cell. After these are set they
should not be moved until the on- axis alignment is complete. Next step is to place the
rear mirror on the cell, it must be clean prior to use. First using an indium o-ring as a
seal, make sure the reflective side is facing toward the sample cell. The mirror should
be tightened to the cell to create a vacuum tight seal between the mirror, indium, and
cell. Some finesse must be used here to ensure too much pressure is not put on the
mirrors or they might be damaged. In order to see the back reflection of the laser beam
coming from the rear mirror, a pinhole need to be place between the periscope assembly
and the CRD cell.

Next, the back reflection must be superimposed onto the laser beam coming
through the pinhole using the Allen adjustment screws on the rear mirror. After that,
the front mirror is placed onto the cell just like the rear mirror. The back reflection
from this is then superimposed following the same procedure for the back mirror. The
above steps should get the alignment close, but more steps are needed.

To measure the CRD signal, the photo multiplier tube (PMT) is placed facing
the rear mirror, the voltage is set at 900V. Using an Allen wrench small rotations of the
alignment screws are made until a signal is detected on the oscilloscope. This
procedure could take a little while depending on the initial alignment

If the Phase shift method is used, once the CRD signal is obtained it is necessary
set the reference angle on the lock-in amplifier. The zero phase shift is obtained by
bypassing the cavity using turning mirrors to place the beam into the side hole of the

PMT. A square wave should be seen on the oscilloscope. Thus, the reference angle is
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set in the lock-in amplifier by pressing the reference button located next to the phase
angle display. This step is not necessary when the pulsed laser is used. With small
rotations of the alignment screw, the CRD signal can be optimized. At this point the
alignment of the CRD cell is on-axis. Using the periscope assembly, the incoming
beam can be moved gradually off-axis of the cavity. This means that the laser beam is
moving to the left or right side up to 5 or 6 mm off the center axis. Selection of the
direction left or right depends only the initial alignment. In the completed process the
CRD signal needs to be monitored with the oscilloscope. With small adjustments of the
alignment screws in the front mirror, the CRD signal can be optimized. After that, a
lens is placed between the cell and the PMT to collect the output light from the cavity.
Also, an iris is placed behind the lens to decrease the beam power and scattered light.
This procedure should produce a useable CRD signal. One more step is
necessary when the PS-CRD system is aligned. After the maximum obtainable angle is
found, the frequency of modulation must be adjusted up or down to obtain a -45° angle.
Some final adjustments will need to be made to tweak the signal, but these come from

experience and practice.

Cryostat operation. Before filling the cryostat with liquid nitrogen, the vacuum
jacket around the cell must be in place and the vacuum applied. While, using the cryo
pump a pressure of 107 torr should be maintained within the system. At this point the
CRD signal must be optimized. This signal is monitored throughout the whole process.
The next step is turn on the temperature controller unit and set the temperature to room
temperature. This maintains an equilibrium temperature and ensures that the cell does

not cool by itself. The next stage of the experiment consists in filling the cryostat with

33



liquid nitrogen. Before filling the cryostat, the cooling valve on the cryostat has to be
closed. The caps of the outer Dewar are taken off and the cap on the center Dewar is
kept closed to avoid water condensation inside of it. The filling operation is carried out
by manually pouring the cryogen into the outer Dewar using a funnel. A 10-cm copper
tube supports the funnel and allows boiled-off nitrogen to escape through several vent
holes. When the outer Dewar is full the caps are replaced. To fill the center Dewar the
procedure above is repeated. Because the center dewar does not have an outlet, it is
possible to know that the dewar is full when liquid nitrogen begins to spill out the side
of the spacer. After the Dewar is full, the cap is replaced. Complete filling takes
approximately three hours.

As the liquid nitrogen is added the cryostat might shift so adjusting the
alignment might be necessary at this point. To reach the thermal equilibrium in the
system, two hours are required.

The cool down process starts by setting the temperature controller to a lower
temperature. Usually it is a good idea to set at 20 K increments to let the cell cool
slowly. It can be thought of as a back-up just in case something goes wrong.

The micrometer screw on the top of the cryostat is then open to around 25 pum.
This allows for the liquid nitrogen to start flowing through the cryo head and cooling of
the cell to begin. After the temperature of the cell reaches 220K, it has been found that
the micrometer position can be opened gradually between 25 to 75um to increase the
rate of cooling until 0.45 K per min. If the valve is opened more than that, only icicles
will form on the output, and the system does not seem to cool any faster. The time

required to reach the lowest temperature with liquid nitrogen (88 K in the cell) takes
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approximately 8 to 10 hours. The cooling operation is generally followed graphically
using a LabView program (Temp Monitor.llb). It must be emphasized that the
alignment must be monitored during the cool down process. If the alignment of this
system changes slightly, the vacuum manipulator (Figure 5) can be used to adjust the
alignment. Once thermal equilibrium is achieved it becomes very stable and no
adjustments are required for several days. The cryostat holds liquid nitrogen very well

and only needs to be filled about every two days.

Fourier Transform Spectroscopy at Low Temperatures

Spectrometer Description

To observe vibrational transitions between 2500 and 15750 cm™ a Nexus 670
spectrometer from Thermo Nicolet was used. The instrument is controlled with the
OMNIC software, which provides an interface to easily operate and optimize the
spectrometer performance. Appropriate combination of source, beam splitter and
detector allows collection of spectra in the visible and infrared. Table 4 shows the
combination of parameters used in different spectral regions, chosen according to

manufacturer recommendations and experimental testing.

Table 4. Combination of instrumental parameters for FTIR Spectrometer.

Spectral range Beamsplitter Detector Source
(cm™)

2500-11000 XT-KBr DTGS-KBr White

8600-15750 Quartz Si White
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Cryostat, Sample Cell and Vacuum Chamber

An APD Cryogenics Heli-tran model LT-3-110 system was used for sample
cooling. The cryogen (liquid nitrogen) is forced to flow through a transfer line to the
cryostat cold head by pressurized nitrogen (5 psig) and then spread out from a needle
valve. Flow of liquid nitrogen (or helium) is regulated by the needle valve at the tip of
the cryostat head. The cryostat is equipped with five ports: coolant exhaust, vacuum
pump-out, electric feed through, BNC terminal, and a vacuum metering point. In order
to avoid freezing of electrical components, a vent gas heater within the cryostat head is
operating when the cryogen is flowing.'**'%

The cell is a copper cylinder 35 mm in external diameter, 1.2 cm in internal
diameter and 50 mm in length. Sapphire windows are mounted at each end of the cell.
The windows are 2 mm thick and 20 mm in diameter. The cell windows are sealed with
indium O’rings and fastened to the cell with flanges. The cell is fastened to the cryostat
cold head and is connected to an external gas handling system through a small section
of stainless steel tubing of 3.17 mm in diameter.

A Scientific Instruments 9650 temperature controller and indicator is used to
control the cell temperature from 300 to 2 K. Silicon diode sensors in the cryostat head
and the sample cell provide temperature readings displayed by the controller (SI-9650).

The vacuum chamber consists of a cylindrical aluminum unit 18.5 cm in length
and 11.5 cm in external diameter with four windows. Two of them are Sapphire (2.5
cm in diameter and 0.6 cm thick) and parallel to and in line with the ones of the cell.
The other two are quartz windows and parallel to each other. Flanges and screws are

used to attach the windows to the chamber. O’rings (Viton) are used to make a vacuum
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tight seal. Rough vacuum of the system is carried out by a mechanical pump, while
high vacuum (<107 Torr) is achieved with a diffusion pump. The standard cell holder
is removed from the FTIR spectrometer and the low temperature cell housed in the
aluminum vacuum chamber with the Sapphire windows is placed in the path of the
beam. Figure 18 shows schematics of the cryostat, sample cell and vacuum chamber

used in FT experiments at low temperature.

T LIQUID NITROGEN
TRANSFER LINE

L3 L
COOLANT EXHAUST PORT j
)=
I E‘-—TD GAS HANDLING

VACUUM PUMP-OUT PORT "
BINC CONNECTOR -. SYSTEM

Figure 18. Schematics of the cryostat, sample cell and vacuum chamber used in FT
experiments at low temperature.'*’

Experimental Procedure
Cryostat Operation. The first stage of the experiment consists in filling a 100
liter Dewar with liquid nitrogen. This operation is made by flowing liquid nitrogen

through the Dewar until is full. This Dewar can hold up to 52 L of liquid He or N,.
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The transfer line bayonet is introduced inside the Dewar and securely fastened with a
rubber sleeve and hose clamps. The Pressurization necessary to push cryogen through
the transfer line is provided by an appropriate connection to the laboratory nitrogen line.
The pressure is then adjusted about to 5 psig. The adjustment knob (needle valve) on
the cryostat head and both flowmeters must be open to allow liquid nitrogen to flow.
The cryogen starts to flow through the transfer line to the cryostat cold head within 20
minutes. At this point, the vent gas heater must be plugged in to avoid freeze damage
of electrical components. The SI-9650 controller can be turned on, providing a 25-V
setting for the heater output voltage. Complete cool down process, time required to
reach the lowest temperature with liquid nitrogen (84 K in the cell) takes approximately
30 minutes. Upon stabilization, the adjustment knob on the cryostat head should be
closed almost completely to save cryogen. Accurate control of liquid nitrogen flow is
able with the flowmeter. A setting of 15 to 20 mm on the flowmeter provides a suitable
amount of cryogen for operation at all temperatures. Wait 30 minutes for temperature
stabilization before acquiring any spectra. Using the SI-9650 a new temperature can be

set and controlled.
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CHAPTER THREE
High Vibrational Overtone (Av = 5) Spectra of Ethylene and Dideuteromethane.
C-H Spectra (4v = 1-4) of CH3;D

The chapter is divided in two different sections. The first section presents
measurements of the (Av = 5) C-H stretching overtone spectra of ethylene (C,H,4) and
dideuteromethane (CH,D;) using Phase Shift Cavity Ring Down (PS-CRD)
spectroscopy at 295K and 140K between 13300 to 14300 cm™. The path length used in
these experiments was 2 Km. In order to show the effectiveness of the PS-CRD system,
the integrated absorption bands of high vibrational overtones were measured. The band
strength values were calculated and compared with values found in the literature using
other techniques.

The second section shows the spectra of CH3D around the C-H fundamental and
overtone transitions. Measurements were made using a White cell having a path length
of 7.2 m and a commercial Fourier Transform (FT) spectrophotometer. The local mode
parameters, the harmonic frequency (w), the anharmonicity (@x) and the interbond
coupling parameter (1) were obtained from the experimental data and were used with
the Harmonically Coupled Anharmonic Oscillator (HCAO) model to -calculate

frequencies and assign absorption bands.

Ethylene (C,Hy): C-H (Av =5) Vibrational Overtone Absorption
The fourth vibrational overtone of the C-H stretch in C,H4 was used to test the
PS-CRD measurements because its absorption spectrum and band strength values are

109,64,110

well known. The (v=0—15) high vibrational overtone of C,H,4 shows a single
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absorption band corresponding to the symmetric stretch of the C-H bonds. Figure 19
shows the pressure series of six separate measurements ranging from 66 Torr to 20 Torr
of Ethylene taken at 295K. The figure shows the reproducibility and sensitivity of the
PS-CRD measurements. Table 5 presents the band maximum, the band absorption, and
the full width at half maximum (FWHM) of each pressure.

Table 5. (Av=5) C,H4 at 295 K, Pressure,
Band Maximum, Band Absorption, and FWHM.

Pressure Band Maximum Band Absorption FWHM

(torr) (cm™) (10° cm™) (cm™)
66 14079.4 4.46 102.2
56 14078.5 3.76 102.6
36 14079.0 2.69 102.8
30 14078.4 2.24 103.2
26 14078.8 1.88 102.0
20 14079.7 1.43 103.0

Avg. 14078.9 £ 0.5 102.6+ 0.4

The average band maximum was at (14078.9 + 0.5) cm’ and the FWHM
average was (102.6 + 0.4) cm™. Band absorption intensities decrease linearly with
decreasing pressure as expected.

In order to obtain the band strength values (Sy), the integrated absorption (S) has

to be obtained. The integrated absorption, in cm™, is represented as

S = Ia(v)dv (22)
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Figure 19. (Av =5) C,H4 Absorption Pressure Series at 295 K
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and the band strength, in cm” cm™ molecules™:

S, :ﬁzlja(v)dv (23)
yo,

yo,
where p is molecular density. The actual band strength is obtained by plotting the
integrated absorptions vs. densities to obtain a linear plot, since measurements for
multiple pressures are obtained. The resulting slope of the line obtained gives the Sy
value. Figure 20 is a plot of the integrated absorption (S), versus the molecular density
(p) at each pressure. The figure shows that the integrated absorption is linear over the
range of densities covered and the slope of the fitted line gives the band strength ). In
Table 6 the calculated molecular densities (p), integrated absorption areas (S) and

calculated band strengths (Sy) are given.

Table 6. (Av=5) C,Hy at 295K, Pressure, p, S and S).

Pressure p S So
torr 10'® molecules cm ™ 103 em ™2 10~2%2cm?cm 'molecule™!
66 2.1597 6.15 2.85
56 1.8324 5.39 2.94
36 1.1780 3.70 3.14
30 0.9817 2.97 3.02
26 0.8501 2.50 2.94
20 0.6544 1.80 2.75
Avg 2.9+0.1
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Figure 20. (Av =5) of C;Hsat 295 K S'vs. p. Slope is Sp.
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Figure 21. (Av =5) C,H4 Absorption pressure series at 140 K.
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The C-H (Av = 5) transition of ethylene was also measured at low temperatures to
demonstrate the effectiveness of the low temperature system. Figure 21 shows a pressure
series of ethylene at 140K. Spectra were obtained at pressures of 30, 25, 20, 15, 10, 5
Torr. Table 7 shows the band maximum, band intensity and the FWHM for each
pressure. Comparison with Table 7 shows that the FWHM of the low temperature
spectra is about 18 cm™ less than the room temperature spectra. This is the result of the
decrease in inhomogeneous broadening caused by the reduction of the number of
thermally populated levels within the molecule. Table 8 reports the density, the
integrated absorption band, and the band strength values for each individual pressure.
Figure 22 shows the plot of S versus p to find the S, value for ethylene.

Table 7. (Av=5) C,H4 at 140K, Pressure,
Band Maximum, Band Absorption, and FWHM

Pressure Band Maximum Band Absorption FWHM
(Torr) (em™) (10° em™) (cm™)
30 14078.65 5.63 84.4
25 14077.12 4.70 84.0
20 14077.34 3.69 84.2
15 14078.00 2.59 84.5
10 14076.98 2.16 85.4

Avg. 14077.6 £0.6 84.5+0.5

The band strength for Ethylene at 140K is (3.0 + 0.1)10* cm® cm™ molecules™
which is very good agreement with the room temperature value of (2.9 + 0.1) 10** cm’

cm” molecules’. A plot of the two different pressure series data shown in Figure 23
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yields a linear line showing that the results for room and low temperature correlate very
well and the band strength value is temperature independent. Also, these values are

compared in Table 9 with some values reported in the literature.

Table 8. (Av=5) C,Hy at 140K, Pressure, p, S and Sy.

Pressure p S So
torr 10'® molecules cm ™ 103 cm™2 10722 cm?em ™ 'molecule™
30 2.07 6.23 3.01
25 1.72 5.19 3.01
20 1.38 4.36 3.16
15 1.03 3.00 2.90
10 0.69 2.06 2.99
Avg 3.0+0.1

Table 9. (Av=5) C,H4 Sy Comparison

Sy

=22 2 -1 -1
107 em”cm™ molecule

298 K 2.9+0.1

100 K 3.0+0.1

Gutow (LPA)'" 29+02
Lewis (PS-CRD)* 2.85+0.07
Lewis (FT-VIS))* 2.83 +0.05
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Figure 23. (Av =5) of C;H4 S vs. p. Marker m = measurements at 295 K and Marker A =
measurements at 155 K
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Dideuteromethane (CH,D;): C-H (Av=35) Vibrational Overtone Absorption
The fourth (Av=5) C-H overtone of CH,D, in gas phase and in liquid argon
solutions have been measured using a photoacoustic and a Fourier transform

spectrophotometer, respectively.''" ''?

Energy levels have also been calculated using a
local mode model.'"? Studies of (Av = 5) overtone of CH,D, at temperatures between
125K and 250K, using PS-CRD have reported integrated intensities for this band.®® In
order to complete this information, the vibrational (Av = 5) C-H overtone spectra of
CH;D, at room temperature were acquired using the PS-CRD technique. Figure 24
presents the stacked measurements taken at various pressures starting from the lowest
pressure at the baseline to the highest pressure at the top. Each congested spectrum
shows three peaks. The main absorption belongs to the degenerate pairs of local mode
vibrations [5,0] at the low energy side lie the combination bands 4vcy + 2vg and 4vcey +

113 112,112

Vit vy Table 10 lists the band positions and the absorptions for each pressure.

Table 10. (Av=5) CH,D, at 295K, Pressure, Band Positions, and Band Absorptions

Pressure Main Peak  Peak Absorption Minor Peaks Peak Absorption

(Torr) (cm™) (10° cm™) (cm™) (10° cm™)
100 13786.0 7.14 13620.2 / 13611.4 0.89/0.83
85 13786.1 6.22 13620.8 / 13612.0 0.70/0.74
65 13785.9 4.80 13619.0/ 13609.9 0.56/0.58
46 13786.2 3.42 13619.1/ 13609.7 0.42/0.43
23 13785.6 .77 e
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Figure 24. (Av =5) CH,;D, Absorption pressure series at 295 K.
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Figure 25. (Av =5) CH,D, Absorption spectrum with a pressure of 100 Torr at 295 K,
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The band at around 13845 cm™ is assigned to [4, 0] + 2vs (See Figure 25). The p,
S, Sy values are presenting in Table 11. Figure 26 presents the plot of S versus p to give

the Sy value.

Table 11. (Av =5) CH;D; at 295K, Pressure, p, S and Sj.

Pressure p S So

torr 10'® molecules cm ™ 103 cm™2 10722 cm?em ™ 'molecule™
100 3.24 4.28 1.32

85 2.72 3.55 1.30

65 2.11 2.60 1.24

46 1.49 1.98 1.33

23 0.74 0.92 1.25
Avg 1.33+0.02

The band strength value, S, = (1.37 + 0.07)x 10 cm? cm™ molecule™ reported
by Lewis using PS-CRD at 126K is in good agreement with the value reported above

So=(1.33 £ 0.02) cm” cm™ molecule™.

C-H Spectra (Av =1-4) of CH;D.
Studies of high energy levels of CH3;D have been important because cross-
sections of CH3;D have been used for the determination of deuterium abundance in
planets and their satellites, which is believed in turn to give useful information about the

114, 115

formation and evolution of the solar system. The C-H stretch absorption spectra

(Av = 1-6) of CH3D in gas phase and in liquid argon solution have been studied using
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66, 113, 16-119 pswever, the Av =4 transition at 11264cm™ has been

different techniques.
reported ''* but the spectrum has not been shown.

This section of the chapter presents the fundamental and overtone spectra of
CH;D around the C-H stretch at room temperature. Measurements were made using a
White cell and a commercial (FT) spectrophotometer. The harmonic frequency (w),
anharmonicity (@x); and interbond coupling parameter (1) were used with HCAO model
to calculated frequencies and assign absorption bands.

Absorption spectrum of the fundamental (Av =1) C-H stretch is shown in Figure
27. Two prominent maxima at 2969 and 3016.8 cm™ are assigned to v; symmetric (A;)

116, 120 :
’ Figure 28 shows

and v4 anti-symmetric (E), C-H stretching modes, respectively.
the first overtone (Av =2) which lies between 5450 -6200 cm™, in a region heavily
populated by combination bands. The second overtone region (Av =3) covers from 8400
to 8800 cm™. The strongest band is located at 8616 cm™ in Figure 29 and corresponds to
the pure transition (Av =3). Finally, the region between 11000 and 11500 cm™ contains
the third overtone (Av =4) (Figure 30). A summary of transition frequencies and pressure
used in each spectrum is presented in Table 12. Frequencies of the fourth and fifth
vibrational overtone of CHsD were reported by Lewis®® using the PS-CRD technique.
The results are summarized in Table 12.

The local mode parameters, harmonic frequency, and anharmonicity for CHs;D

were calculated using Birge-Sponer plot. Figure 31 shows the corresponding plot. Local-

mode parameters are summarized in Table 13
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Figure 27. Absorption spectrum of the fundamental (Av =1) C-H stretch of CH3;D at 298
K
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Figure 28. Absorption spectrum around the first C-H overtone (Av =2) of CH3;D at 298 K
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298 K
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Figure 30. Absorption spectrum around the third C-H overtone (Av =4) of CH;D 298 K
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Table 12. Observed frequencies in the C-H fundamental and overtone spectra of CH3;D

Avch Frequency Pressure

(cm'l) (Torr)

1 2968.8 7.2

2 5860.7 102.0

3 8616.4 296.0

4 11264.0 296.0

5 (13749.0) e

6 (16207.8) e

a . .
The values in parentheses were taken from Lewis

Table 13. Local-mode parameters of CH3D in gas phase at room temperature.

Harmonic frequency Anharmonicity
cm’! cm’!
3108+ 9 59+2

The local mode theory of harmonically coupled anharmonic oscillators
(HCAO)*™?7 12"12% as used to calculate the energies of the local mode states of three C—
H bonds of CH;D.

The HCAO model allows states within a given manifold (intra) or adjacent
manifolds (inter) to interact. If intra and inter-manifold coupling of stretching vibrations

are included the Hamiltonian is as follows >

H=YH,+Y H, (24)
a a<f

where o and P denote different bonds and the summations run over all possible

combinations. Hgg is a two bond coupling term

Haﬂ = grr’papﬂ + f;*r’rarﬂ (25)
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where g, and f,, are the kinetic and potential interaction coefficients, r is the XH bond
displacement coordinate and the conjugate momentum (p).

Eigenvalues are obtained by diagonalizing the Hamiltonian (H) within a Morse

oscillator basis set. Morse basis functions are denoted by |n1n2n3....nk>, where k is the

number of equivalent oscillators. It is convenient to combine potential and kinetic

energy coupling into a single interbond coupling parameter A

1:2{&£+£%J (26)
2 g r f;r

where w is the Morse frequency. If intermanifold coupling is ignored, then an effective

Hamiltonian matrix Hes is obtained. Matrix elements are given by:

k
rro ’ _
<n1n2n3...nk‘Heﬁ.‘nlnzn3...nk> = [a)v - Z n,(n, + l)wx}dﬁn{ Ot Oy ee T

a=1

1
AN, + 0,126, 8 81
afy

27

The first term in the above equation is identical to the Birge-Sponer equation
and is zero for off-diagonal elements. The second term contains the interbond coupling
parameter A and produces the off-diagonal matrix elements. In this case, only two basis
functions with quantum numbers differing by + 1, can interact simultaneously. The

quantum number v is the index of the manifold, v =n, +n, + n;. The matrices are block

diagonal in v.

Monodeuteromethane (CH3;D) is a symmetric top molecule belonging to the
point group Cs,. This molecule has six fundamental vibrations: three totally symmetric
(A)) and three doubly degenerate (E) modes, all of which are infrared active. The

frequencies and symmetries of the different fundamental modes are listed in Table
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14'%. The interbond coupling splits the fundamental C-H vibration into symmetric,
|100, A;>, and antisymmetric , |[100, E>, states. The interbond coupling parameter (1) is
determined from experimental peak positions and the following equations:
vi=Vv(|100, A>) = w— 2ax + 24 (28)
v4=Vv(|100, E>) = @ — 2ax— 1 (29)
The harmonic frequency (o= 3107.1 cm™), anharmonicity («x = 57.9 cm™) and
interbond coupling parameter (1=—16.1cm™ ) were substituted into symmetrized
effective Hamiltonian matrices'”* (equation 27) and frequencies v(|100,
A;>) and v(]100, E>) were obtained. Hamiltonian matrices are given in Appendix B

for the overtone manifolds v =2 to 6.

Table 14. Fundamental Vibrational Frequencies of CH3;D

Assignment Symmetry Mode Frequency / cm™
Vi Ay C-H s-stretch 2973
V) Ay C-D stretch 2200
V3 A C-Hj; s-bend 1300
Va E C-H a-stretch 3017
Vs E C-H; a-bend 1471
Ve E C-D bend 1155

The experimental and calculated frequencies are presented in Table 15.

Vibrational states are given in local-mode notations. Local-mode states are represented
by |nj, ny, n3; '), where n;...n3 indicate equivalent oscillators, and I represents the state

symmetry species.
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Table 15. Calculated and observed vibrational frequencies of CH3D in gas phase

Frequency / cm’™

Frequency / cm’™

L Assignment HCAO obs v  Assignment HCAO obs
1 |100,A;> 2959 2969 4 1400,A> 11264 11264
1 |100,E> 3007 3017 4 ]400,E> 11265
203+ Vs 4071 4070 4 |310,A> 11574
|100,A,>+ vy 4114 4129 4 |310,1E> 11592 11598
|100,E>+ v3 4307 4304 4 |310,2E> 11620 11628
2> (C-D) 4338 4343 4 |220,A> 11741
[100,E>+ vs 4478 4472 4  |220,E> 11756
[100,A; >+ v, 5159 5164 4  |211,A> 11812
[100,E>+ v, 5207 5212 4 ]211,E> 11890
|100,E>+ 2v5 5317 5312
|100,E>+ v3+vs 5778 5761
5 |500,A;> 13793 13749
2 |200,A> 5847 5861 5 |500,E> 13793
2 [200,E> 5863 5 |410,A;> 14228
2 |110,A> 5971 5980 5 |410,1E> 14241
2 |110,E> 6003 5 |4102E> 14253
|3> (C-D) 6428 6428 5 3B1LA> 14443
12> +2v5 6648 6665 5 ]31LE> 14483
200,E>+ v; 7163 7150 5 |320,1E> 14514
[110,E>+ v; 7302 7292 5 1320,A> 14575
[110,E>+ vs 7474 7473 5 |320,3E> 14620
5 |221,A;> 14722
3 |300,A;> 8619 8616 6 |600,A;> 16206.1 16207.8
3 |300,E> 8620 6 |600,E> 16206.1
3 |210,A;> 8814 6 |510,A;> 16766.7
3 |210,1E> 8834 8840 6 |510,1E> 16767.1
3 [210,2E> 8889 6 |5102E> 16798.6
3 |11LA> 8979 6 [411,A> 17095.1
1210, 2E>+ vs 10044 10029 6 |411,E> 17100.3
|110,E>+ 2v, 10403 10403 6 |420,A> 17241.5
6 |420,1E> 17141.6
6 |420,2E> 17258.8
6 |330,A;> 17290.7
6 |330,E> 17294.0
6 |321,A;> 17393.7
6 |321,1E> 17447.8
6 |321,2E> 17530.6
6 [222,A> 17642.2
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A comparison of the calculated frequencies with the observed frequencies shows
that HCAO model provides a good description of the energies of the transitions.

Agreement is particularly good for the highest overtones Av =4, 5 and 6.

Conclusions

High overtone spectrum (Av = 5) of C,Hs was obtained at 295 and 140K using
PS-CRD spectroscopy. The S) value for this transition was calculated and is in
agreement with the literature values.

The absorption spectrum of (Av =5) of CH,D, was obtained at 295K using PS-
CRD spectroscopy. Sy value obtained at room temperature shows a good correlation
with the one obtained before at 120K. Those results show the reproducibility of the PS-
CRD measurements.

The spectra of the C—H stretch fundamental and overtones (Av =1-4) of CH3;D
were recorded. A comparison of the calculated frequencies with the observed
frequencies shows that HCAO model provides a good description of the energies of the

peaks. Agreement is particularly good for the higher overtones Av= 3, 4, 5 and 6.
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CHAPTER FOUR

Absorption Spectroscopy of the Oxygen Atmospheric Bands (5'Y} « X° X))
and (Av = 4) Overtone Band of HD

The absorption spectra of molecular oxygen recorded for the (0<—0) and (2«—0)

1 n 3 _ .. . . .
bands of the b X) « X X, transition using cavity ring down spectroscopy are

presented in this chapter. Quantitative measurements of the individual rotational line
intensities were made for the oxygen y-band at 628nm. The measurements were made
at room and low temperature. A comparison between experimental and simulated
spectra confirmed the molecular temperature measured by a sensor localized in the cell.

Furthermore, the spectrum of hydrogen deuteride, HD, at temperatures of 295
and 90K was studied in the region of the third (Av = 4) overtone. Absorption strength
values of three transitions, R(0), R(1) and R(2), in the (Av = 4) band were obtained.
Using the Boltzmann distribution of the rotational-vibrational intensities and the
simulated spectrum at low temperature, the cell temperature was confirmed.

The data obtained for both diatomic molecules were compared with literature

values.

Absorption Spectroscopy of the Oxygen Atmospheric Bands (b’ XX } 2,)

Transitions between the lowest three electronic states of the oxygen molecule,

X% a'A, and b'Y give rise to several absorption band systems in the near infrared

and visible regions. Figure 32 shows a potential energy diagram for the low-lying

electronic states of 0,.!%¢
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Figure 32. Potential energy diagram for the low-lying electronic states of O5.'*°

The red atmospheric bands of molecular oxygen are due to the transition

between the electronic triplet ground state X 32;, and the second singlet electronic
state blzz . The (0«-0), (1«<-0) and (2«-0) bands are respectively denoted as the A4, B,

and y bands. In absorption from the v = 0 level of the ground electronic state, the
Frank-Condon factors favor the vertical 0-0 transition over the 1-0 or 2-0 bands by the
ratios 0.931: 0.066: 0.003.° Thus, the A- band is the strongest and the y-band the
weakest.

These red atmospheric bands are very weak since the electronic dipole transition
between the two states for the gerade-gerade, - ¥, and singlet-triplet cases are all
forbidden. Hence, the transition takes place via a magnetic dipole interaction. Since

the electronic ground state is the X 32; state, the average electronic orbital angular

momentum vanishes (A= 0). Still there is an instantaneous non-zero value of the orbital
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angular momentum which produces a precessing magnetic dipole moment of orbital
origin. The total electronic spin is S=I, so that molecular oxygen has a permanent
magnetic dipole moment of approximately two Bohr magnetons.

The first spectroscopic study of the red system of atmospheric oxygen bands

was made by Babcock et al'?’

using a long path cell in the laboratory and open path
measurements through the atmosphere with two different grating spectrometers.
Quantitative measurements of intensity have been made for individual rotational lines
. 1 + r_ 3 - " __ .
of the atmospheric oxygen b X (v'=0,2) <~ X~ 2 (v"=0) A band and y band by using
128-132133, 134

different techniques such “White-type” multiple traversal absorption cells

135

intracavity laser-absorption spectroscopy (ICLAS) and cavity ring down

spectroscopy. "> *® Only the A band has been taken at low temperatures (from 202 to

224K) to determine experimental line parameters.'>*.

However, spectra have not been
shown.

The sensitivity of CRDS > '’ phase shift cavity ring down spectroscopy ® and

Fourier transform phase shift cavity ring down spectroscopy '° have been demonstrated

by using several bands in the very weak forbidden &' 2, X ’ 2., transitions on

gaseous molecular oxygen. Using the highly sensitive CRDS, the absorption spectra of

the A band of the 160180, 16O”O, 1802,170180 and 1702 and the y band of 1602, 160170,

17 18 - . 138, 139 o
0O, and °O; isotopomers of oxygen have been investigated. In addition,

calculation of the atmospheric transmission function '*°

and the magnetic dipole
transition moment for the red atmospheric oxygen bands '* has been made. Also,

improved spectral parameters for those bands have been calculated and compared with

HITRAN molecular absorption database. '*'
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Structure of the Bands

The rotational levels of the O, states are designated by the quantum numbers J
and K, where K represents the rotational angular momentum, and J, the total angular
momentum, is the sum of the rotational and spin angular momenta, J=K+S. The
ground state is split into levels corresponding to J” = K”, K”+1, K”-1, with only odd
values of K” allowed (double primes and single primes denote lower and upper states,
respectively). The upper electronic level, which has zero spin, is composed of single
states with J =K, where only even values of K are allowed.

The red atmospheric oxygen bands is comprised of four branches, two R-form
branches forming a head and two P-form branches, separated from the former by a zero
gap. The observed four branches of the red atmospheric oxygen bands can be
accounted for only by the selection rules for magnetic dipole radiation,

AJ=0, £1 (J=025T=0) +>+,—>——<« 5+ (30)

The corresponding transitions are indicated in Figure 33 using full lines. There
is an ®R branch (AJ = +1, AK = +1), a "P branch (AJ = -1, AK = -1), an *Q branch (AJ =

0, AK =+1), and a "Q branch (AJ =0, AK = -1)."*!

— ] FH 1 i 3 4 ]
It &
e
z: e e
1 J 01z 123 234 KL L3
I k. 1 2 3 4 b
Fi Fz Fa FiFzFa

Figure 33. Combinations associated with branches of the red system of atmospheric
oxygen
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As indicated in Figure 33, the three components of the X 2., ground state of

oxygen are designated by F,, F», and F3, according as /=K + 1, J =K, and J=K — 1.
The P and *R branches of the red atmospheric bands correspond to transitions from the
F, component ,the RQ and © QO branches to transitions from F; and F; components,

respectively. The rotational terms F;, are given by Watson '**

For J”=K” +1,
F=J"(J"+1D)B"+(2A— )+ (B" = A—1/20)=|[(B" = A—1/2)* +4J"(J" + )(B"~1/20)*]* (1)
For J”=K”,

F =J"(J"+)B"+(24—-7) (32)
For J”=K” -1,
F,=J"(J"+1)B"+ (22— )+ (B" = A—1/2p)+[(B"= A—1/2p)? + 4J"(J"+1)(B"~1/2)*]* (33)
where the inertial and coupling constants are B” = 1.43777 cm™, A = 1.984 cm™, and y =
-0.084 cm™'. The parameter A indicates a coupling of the spin to the internuclear axis
and thus indicates a deviation from Hund’s case » which would normally be expected
for an unperturbed % state. The parameter y represents a magnetic coupling between

the electron spin and the axis of rotation.

Absorption Spectra for the (0, 0) A-Band of O, using PS-CRD Spectroscopy

Absorption spectra of oxygen from 12990 cm™ to 13180 cm™ were measured
using PS-CRD. The path length used was 3.7 km. The resolution at which the spectra
were recorded was 0.17cm™, determined by the resolution of the continuous wave

Ti:Sapphire ring. The A band plotted in Figure 34 arises from the (0«—0) vibration

levels of the &' 2. X : 2., clectronic transitions of molecular oxygen through its
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magnetic dipole moment. Given by the low resolution, the four branches were not well
resolved. However, in Figure 34 the “P and ©Q branch components are indicated above
the absorption peaks. The intensity distribution in these two branches was used to
prove the ability of PS-CRD system to measure weak absorption bands at low
temperatures. Figure 4 shows the temperature series of four separate measurements.
Spectra were obtained at the temperatures: 295, 150, 130 and 90K. In Figure 35 is
possible see as higher K values disappear at lower temperatures. Also, the shift in the
distribution of rotational line intensity as function of the temperature can be observed.

All of these show the population redistribution in the rotational levels of the ground
state, X 2., given by the temperature change. Table 16 summarizes the maximum K
value and strongest line observed for both branches, Pp and * 0O, at different

temperatures. Figures 34 and 35 also show the reproducibility and sensitivity of the PS-

CRD measurements at different temperatures.

Table 16. Maximum K value and strongest line
observed in P and "Q branches at different temperatures

T (K) Kinax K value of the Strongest Line
90 11 5
130 13 S5and 7
150 17 7
295 25 9

70
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Figure 34. Absorption spectrum of the oxygen 4-band with a pressure of 300 Torr at
295 K.
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Figure 35. Temperature series of the oxygen A-band.
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Quantitative measurements of the individual rotational line intensities of the
oxygen A band were not possible because of the low spectral resolution.

In order to check the accuracy of the temperature measured by the sensor in the
cell, the simulated the spectra at 295 and 90 K were obtained. The simulations used the

PGOPHER program'*?. Vibrational and rotational constants for the electronic states

X’ 2, and b' 2., of oxygen are presented in Table 17.

Table 17. Vibrational and rotational constants for X* > and »' X\ states of oxygen 143

State Te O OeXe OeVe B. Ole D. Transition
X'z,

0 1580.19 11.98 0.047 1.4377 0.0159 4.839x10°
b z; 13195.1 143277 14.00  ----- 1.40037 0.0182 5351x10° peo X

— 7
Units in cm

For each vibronic transition, with a particular v’ and v” a separate set of
constants is required. Thus, to the transitionb' 2, X ’ 2., the band origin can be
calculated by evaluating the following equation for each vibrational state:

EWV)=T,+w,+1/2)-a,x,(0+1/2)* +0,y,(0+1/2)’ +w,z,(0+1/2)* (34)
where T, is the electronic energy, @, is harmonic frequency, x. y. z. are the

anharmonicities and v the vibrational quantum number. For &' 2, V=0, £ (0) =
13907.985 cm™ and for X° 2, V=0, E (0) = 787.11 cm”. The band origin for the

transition, b' X (v’ = 0)— X* £, (" = 0) is then 13907.985-787.11 = 13120.875 cm™,
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A similar process is required for the rotational constant; B,, and the centrifugal
distortion constant, D,. The equations are:
B,=B,—a,(0+1/2)+y,(0+1/2)* +... (35)
D,=D,-p,(0+1/2)+... (36)
where o, e, Be are vibration-rotational constants. For b' Z; v’=0, Bg = 1.39127 cm’!

and Dy = D, = 5.351 x 10°® cm™. In Table 18 other molecular constants are shown. The
centrifugal distortion constants of oxygen (X’ 2., v’=0) included in the simulation
input.

Table 18. Molecular constants of oxygen O, ( X° 2, v’=0)

Constants (cm™)'™*
H, 1.2675x107"
Ap 1.9661x10°
An 1.0441x10™"
7o -8.1790x10”
yH -5.2370x10™"
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Figure 36. Comparison of absorption spectrum of oxygen 4 band with a pressure of
300 Torr at 295 K. Top= experimental. Bottom= simulated
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Figure 37. Comparison of absorption spectrum of oxygen 4 band with a pressure of 80
Torr at 90 K. Top= experimental. Bottom= simulated
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Figure 36 and Figures 37 show the comparison between the experimental and
simulated spectrum of the oxygen 4 band at 295 and 90K, respectively. The good
correlation between the experimental and simulated spectra show that the temperature

measured in the cell and the actual temperature of the molecule are the same.

Absorption Spectra for the (2, 0) y-Band of O, using CRD Spectroscopy

This y band corresponds to the (2,0) band of the b'X} -X ’Y~ electronic

g
system of the O, molecule. The oxygen y band is a weaker absorption than the 4 band
absorption. It is a highly forbidden transition, since it is gerade - gerade, X" - ¥ and a
singlet-triplet transition. Also the Franck-Condon factor is very small (0.00264).”
Absorption spectra of oxygen y band were measured in the range (15795-15945)
cm™ using a pulsed dye laser with DCM as dye. Thus, exponential fitting to measure
the decay time was used in the CRD system. The resolution of the pulsed dye laser was
0.07cm™. In this case, the path length used was 6.4 km. Figure 38 shows the
absorption spectrum of the oxygen y band in the region between 15900 and 15795 cm’™
The "P and "Q branches are very well resolved. They assignments are indicated above
the absorption peaks. Also, a congested region is observed between 15940 to 15900
cm™. This region corresponds to the "R and ®Q branches of the y band. A pressure
series of 598, 495 and 384 Torr was measured and is displayed in Figure 39. Since
individual rotational lines have been obtained in these spectra, quantitative
measurements of intensities can be made for individuals rotational lines of the oxygen y

band.
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Figure 38. Absorption spectrum of the oxygen j~band with a pressure of 598 Torr at
295 K.
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Figure 39. Oxygen y band. Absorption pressure series at 295K

79



The total band intensity (vibrational band intensity) can be derived from these
line intensity measurements.

The intensity of each rotational line in the oxygen y band is given by

ST =S (%}Q exp[— Fhe ! kT [1—exp(— hev, / kT )| = 8187, (37)

where Q(7) is the rotational partition function, v is the frequency at the line center, i, is
the Honl-London factor, F; is the energy of the lower state and the other symbols have
their usual meaning. The observed values S7.. of the "P and "Q branches from K =1

to K =21 were obtained using equation 22. These values were calculated for the three

different pressures used.
In order to calculate S7. values for the PP and "Q lines of the y band, in equation

(37) the contribution of the last term was neglected and it is assumed that the spectral

range covered is small. Thus, the resulting equation is the following

J i,] _
Y= o exp((—Fhc/kT) (38)

where F; values were calculated using equations (31), (32) and (33). The rotational

partition function is given by

o =Y @+ l)exp(_ hek’ J”) SR

- (39)
kT 2 Bhc

where B is the ground state rotational constant B= 1.4377 cm™ and the other constants ,
h, ¢, k, T, have their standard meanings. Because the choice between the Honl-London

128, the

factors calculated by Watson or by Schlapp makes no significant difference
Honl-London factors of Schlapp were used and the values used are shown in Table 19.

To obtain the total intensity of the y band, the observed values S’ of the "P and "Q
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branches from K"=1 to K”=21 were plotted as a function of calculated S7. value, the

slope of the straight line that results is the vibrational band intensity . .

Table 19. Hénl-London factor of Schlapp'®

Branch iy
p
P Lo,
—(J"+1
Lo
P
Q %(J”+0.75)

The S7.. values plotted are the averages for the three different pressures used.
Figure 40 shows the dispersion between S7.. and the calculated S7.. The straight line

gives the best fit of S).. This fit gave S}.= (5.1 +0.1) x 10*° cm’ cm” molecules™.

However, in the literature the vibrational band intensity is reported in units of cm™ km™

atm” STP. The following relationship is used to convert from units of cm® cm’

-1 A -1 -1 141
molecules™ tocm™ km™ atm™ .

-1
Sy, cn — |x N, x10°<" = S).(cm™ km™ atm™ STP) (40)
molecule cm p(atm) km

where N, is Loschmidt’s number, the number of molecules per cubic centimeter of
perfect gas at standard temperature and pressure (STP) and p is the pressure. Thus we

have

1 2
sh — X2.6867x10° ST molecules _ v o atm™ STP) (41)
molecule cm atm
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Thus, S).= (1.38 £ 0.04) cm™ km™'atm™ (STP). Using this value, we compute
the quantities S7..,. = S;.S7.. Table 20 summarizes S7,., , S.and S7.. . values for
each rotational line. The calculated line intensities, S7.., , are plotted and compared
with the experimental values in Figure 41 for the "P and "Q branches. This plot shows a

good agreement between the calculated and experimental values.

Absorption spectra for the (2—0) y band of O, b' X7 —X° 37 were also recorded

at 90K. Figure 42 shows a comparison between the absorption spectrum for the y band
taken at 295K and 90K. Two features stand out in the comparison. The low
temperature decreases the number of rotational lines in each branch. Second, there is a
change in the rotational intensity distribution. Table 21 review the maximum K value
and strongest line observed for both branches, Ppand” 0, at 90K and 295 K.

Also, a pressure series of the y band for oxygen were measured at 90K. Figure
43 presents the stacked measurements taken at various pressures starting from the

lowest pressure at the baseline to the highest pressure at the top.

The intensity of the individual rotational lines, S7..,,,, of these spectra were
obtained and S7. values were calculated to 90K. These values are plotted together with
the data found at room temperature (Table 20) in Figure 44. From the slope of the
straight line obtained, the intensity for the oxygen y band is S).= (1.38 + 0.04) em” km®
'atm™ which is the same obtained before. Using this information, equation (37) was

calculated to obtain S/, . .
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Table 20. S, , S7.and S7.. values for the y band of O, at 295K

. gV 2 J 2 JV' 2
Line SjnVnObs x10 SJ" x10 SJ"V"calc x 10

cm ™ km™ atm™ cem ™ km™ atm™

rp, 2.09 1.36 1.87
"0, 3.13 1.76 2.42
rp, 3.96 2.53 3.49
0. 3.88 2.67 3.69
rp, 5.03 3.35 4.61
o, 4.78 3.17 437
rp. 5.28 3.72 5.13
0, 426 3.23 4.46
rp, 4.87 3.66 5.05
0. 3.48 2.96 4.08
p, 427 3.27 4.51
0. 3.00 2.47 3.41
rp, 3.76 2.69 3.71
0. 2.28 1.90 2.62
’p. 2.86 2.04 2.82
0. 2.51 1.36 1.87
p. 1.87 1.45 2.00
0. 1.80 0.91 1.25
p. 1.80 0.96 1.32
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Table 20S7..,,. , S7.and S7.. . values for the y band of O, at 295K

. gV 2 J 2 JV' 2
Line SJnVnObS x10 SJ" x10 SJ"V"calc x 10

! cem ™ km™ atm™

cm ™ km™ atm™

"0, 1.50 0.56 0.77

p, 1.19 0.59 0.82

Table 21. Maximum K value and strongest line
observed in P and ©Q branches at 295,90K

T (K) Kmax K value of the Strongest Line
90 11 5
295 25 7

Table 22 reviews the S7.,., S7 and S7... . values obtained at 90K. Figure 45

presents a comparison between experimental and calculated values of S7..at 90 K for

the P and "Q branches. This figure show that the rotational lines with K =5 are the

most intense ones.
In order to compare our values for the total band intensity for the y band of
oxygen, Table 23 summarizes the values of vibrational band intensities determined by

several investigators. From this information, we find that our value S,.= (1.38 £ 0.04)

cm” kmatm™ agree with the values found in the literature.
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Figure 40. Oxygen yband at 295K S7..,. vs. S7. Slope is S}.
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Figure 41. Comparison between calculated and observed values of line S7.. at 295 K.

Marker A = values for “P branch and Marker o= values for “Q branch. The continuous
line refers to the calculated values
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Figure 42. Oxygen y band with a pressure of 147 Torr at 90 K- top, and 598 Torr at
295K- bottom
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Figure 44. Oxygen y band at 295 K S77., vs. SJ. Slope is S).. Marker m =
measurements at 295 K and Marker A = measurements at 90 K

89



10 -

Sy’ ¥ /107 em™ km™ atm™
(V)]
L

0 T T T T T 1
0 2 4 6 10 12

KN

oo

Figure 45. Comparison between calculated and observed values of line S7.. at 90 K.

Marker A = values for “P branch and Marker o= values for “Q branch. The continuous
line refers to the calculated values

90



Table 22. S7.., , S7.and S7,.. . values for the y band of O, at 90K

TV 2 TV 2
S0 X 10 Ssveae X 10

Line I Sy x107 cm™ km™ atm™
’p 6.83 4.12 5.67
"0, 6.16 4.65 6.40
’p, 8.78 6.55 9.01
"0, 6.87 5.31 7.30
Pp, 8..29 6.50 8.93
"0, 5.03 4.15 5.70
’p, 7.10 4.76 6.55
"0, 3.71 2.45 3.38
"p, 4.15 2.72 3.74
0. 1.91 1.15 1.58
"p. 2.77 1.24 171

Absorption Spectra of y band of oxygen at 295 and 90 K were simulated using
the PGOPHER program.'* Table 24 shows the rotational constant, B,, and centrifugal

distortion, Dy, used in the program to the excited state ' 2., (L’=2). Figure 46 and 47

show the comparison between experimental and simulated spectrum of the y band at
295 and 90 K, respectively. The similarity between the rotational intensity distribution
in the experimental spectra and the simulated spectra confirms the temperature

measured in the cell.
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Table 23. Band intensities S).in (cm” km™ atm™) for the y (2—0) O, band

Reference S/, (ecm” km™ atm™)

Allen % 1.22
Van de Hulst 1.31
Babcock '’ 1.50

Miller '%° 1.52 +0.07

Stoeckel '*° 1.26 £ 0.05
Mizushima '’ 1.52

This work 1.38 £0.04

Table 24. Parameters for the b' 2, (L'=2) state.

1\ + -1
b « cm
Band Origin 15902.42
B, 1.35487
D, 5351x 10°
Conclusions

The rotational vibrational spectra for three different transition, for O, the (0<0)
and (2<-0) bands of the &' Y, X . 2, transition were obtained using CRD
spectroscopy. The spectra were measurement at room and low temperatures.

The intensity of the  individual rotational lines of  the
b'Yi(v'=2)« XY, (V"=0)oxygen molecules was measured. From these
measurements the total band intensity was determined. The total band intensity derived

from the line intensities is (1.38 + 0.04) cm™ km™ atm™. This value is in good

agreement with the literature values.
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Figure 46. Comparison of absorption spectrum of y band for O, with a pressure of 598
Torr at 295 K. Top= experimental. Bottom= simulated

93



o
0 ‘ M_ALMU gLuLe UUUUVUUM

15800 15820 15840 15860 15880 15900 15920 15940

-1
Wavenumber / cm

Figure 47. Comparison of absorption spectrum of y band for O, with a pressure of 147
Torr at 90 K. Top= experimental. Bottom= simulated
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Rotation-Vibration Spectra of HD.

Intensity Measurements of the Av=4 Overtone Band

There is a particular interest in the measurements of the rotation-vibration bands
of HD because they have been detected in the atmospheres of giant planets.'*® The
estimation of HD abundance by this means, which of course requires knowledge of the
transition intensity, is presently the best way to determine the D/H ratio in their
atmosphere. Observations of the D/H ratio in the atmospheres of giant planets provide
an understanding of the evolution of solar system and even the origin of the universe.'*®

Because the mass of the deuteron is twice the mass of the proton, the electrons
in HD approach the former in average slightly closer than the latter. In a hydrogen
atom the average proton-electron distance is 1.0005456 bohr and in the deuterium atom
the deuteron-electron distance is 1.0002724 bohr. The asymmetry in the electron
behavior near the deuterium and hydrogen nuclei results in an appearance of a small

dipole moment HD'¥

. Due to this dipole moment rotational-vibrational transitions are
visible in the HD experimental spectrum, although they are very weak.

Rovibrational transitions Av=3 and Av =4 in the HD were observed by
Herzberg '° for first time using a White multiple reflection cell and preliminary values
for the constants of HD were given. Later studies of fundamental and some overtones
(Av=1,2,3,4,5, 6) were used to determine molecular constants for the v =0 and v =

151-154

6 vibrational levels of HD ground electronic state. Due to the observation of HD ,

P (1) of the Av = 4 transition, on Jupiter '**, several group have studies intensities of the

68, 153-160

Av =1, 2,3, 4,5, 6 at room and low temperatures Intensities of the dipole

transitions have been measured in order to determine the permanent dipole moment of
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HD in its ground vibrational state and transition dipole moments,'>* 1% 157 161-165 - Ajgq

theoretical calculations have been made for this molecule. ' 137- 166167

The weak Av =4 overtone band of the rotation-vibration spectrum of HD was
studied using PS-CRD absorption spectroscopy. The resolution of the continuous wave
Ti:Sapphire laser was 0.17cm™. In order to increase the coupling-time efficiency of the
laser light inside the cavity, the off-axis alignment has been used. In the off-axis
alignment, the laser beam is injected into the cavity at an angle to the center axis (off-
axis), the beam may couple continuously into the cavity up to 100% of the time. The
path length used was 6 km.

The rotational-vibrational overtone transition (Av =4) of HD was measured at
295 and 104 K. Low temperature measurements of this transition are important because
they provide a relevant comparison to planetary spectra measurements because of the
coldness of their atmospheres ranging between 50 and 150K.

The HD (Av =4) overtone spectrum at 891 Torr and 295K is shown in Figure
48. As can be seen, the lines form a clear R and P branch with a zero gap between the
branches. The intensities of the rotational lines of the R branch were analyzed and
compared to literature values. Figure 49 shows a pressure series of 6 separate
measurements ranging from 891 to 519 Torr of HD taken at 295K. From these spectra,
it is possible measure the integrated intensity and absorption strength of the R (0), R (1)
and R (2) bands of the third overtone transition.

For many purposes it is convenient to define an absorption strength value, S;
which is independent of temperature,' >

S, = f (42)
pP*E;
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where S is the integrated absorption in cm™ km™', p is the density in amagat and P, (T) is
the fraction of molecules in the initial rotational level J at temperature T. P; is

calculated using the relation:®’

B J(J+Dhe
(2J +1)e kT
B J(J+Dhe (43)

Py =—
Y @J+he M
J=0

where J is the rotational quantum number, B is the equilibrium rotational constant, (B.=
45.655 cm™). The other symbols have their usual meaning. The calculated Boltzmann

factors for HD at 295K are presented in Table 25.

Table 25. Calculated Boltzmann factors at 295K

P 295K
0 0.207
1 0.397
2 0.272

The actual absorption strength values are obtained by plotting the integrated
absorption (S), versus the density (p) multiplied by the Boltzmann population factor
(P)).

The slope of the resulting straight line gives the S, value. Rotational line, R(0),
R(1) and R(2) were analyzed individually. Table 26 displays the pressure, the density
multiplied by P, integrated absorption value (S), and the temperature independent

absorption strengths (Sp) of the R (0) line at 295K.
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Figure 48. (Av=4) HD with a pressure of 891 Torr at 295 K
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Table 26. (V=0—4) R(0) of HD at 295 K, Pressure, p*Py, S, and Sj.

Pressure p* Py S S0
torr amagat 102cm™'km™ cm ™! (km amagat) !
891 0.221 4.948 0.227
780 0.193 4.111 0.216
678 0.168 4.552 0.275
638 0.158 4.257 0.273
591 0.147 4.036 0.279
519 0.129 3.594 0.283
Avg, 0.25%0.01

In Figure 50 the values of § are plotted versus p*P; (full square) for the R (0)
absorption at 295K and fitted to a straight line. For comparison, (without including the

15 (open circle) and

points in the fit), the values reported by Trauger and Mickelson.
McKellar et al. "**(open square) are presented. Figure 50 shows that there is very good
agreement between our measurements and the values reported in the literature.

The same analysis was made for the R(1) and R(2) absorptions at 295K. Table
27 and Table 28 present the pressure, p*P;, S and S; values of the R (1) and R (2)
absorptions at 295K, respectively.

The values reported in Tables 27 and 28 with literatures values for R(1) and
R(2) are plotted in Figures 51 and 52.

The resulting absorption strength values are listed together with previously
reported laboratory and theoretical values in Table 29. There is good agreement
between our measurements and values reported before. '>> 2% 5% 16 Measurements of

the (Av =4) overtone band of the rotation-vibration spectrum of HD were also done at

90K using the low temperature setup of the PS-CRD system.
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Figure 50. (Av=4) HD R(0)at 295K S vs p*P, . Marker m = present work, 0 =
McKellar '** and o = Trauger '*°
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Figure 51. (Av=4) HD R(1)at 295K S vs p*P; . Marker m = present work, 0 =
McKellar ' and o = Trauger '
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Figure 52. (Av=4) HD R(2)at 295K S vs p*P, . Marker m = present work, O =
McKellar ' and o = Trauger '
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Table 27. (v =0—4) R(1) of HD at 295 K, Pressure, p*Py, S, and Sj.

Pressure p* Py S S0
torr amagat 102cm™'km™ cm ™! (km amagat) !
891 0.427 6.980 0.163
780 0.374 6.890 0.184
678 0.325 5.350 0.165
638 0.306 5.510 0.180
591 0.283 5.110 0.181
519 0.249 4.747 0.191
Ave 0.175 + 0.004

Table 28. (L =0—4) R(2) of HD at 295 K, Pressure, p*Py, S, and ).

Pressure p* Py S So
torr amagat 102cm™'km™ em™ (km amagat) ™!
891 0.293 4.294 0.146
780 0.257 3.418 0.133
638 0.210 3.008 0.143
591 0.195 2.447 0.126
Avg, 0.139  0.004

Figure 53 shows a comparison of the overtone spectrum of HD at room and low
temperature. As can be seen in this figure the distribution of the rotational lines has
changed, at room temperature the intensities are in the order R(1) > R(0) ~R(2) and at
low temperature the intensities are in the order R (0) > R (1) > R(2). This is because the
thermal distribution of the rotational levels changes when the temperature is reduced.

This is in agreement with the calculated Boltzmann factors for HD at 90K shown in

Table 30.
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Table 29. (Av =4) HD absorption strengths values

SJ SJ
(this work) (other work)
(cm™ (km amagat)'l)
R(0) 0.25+0.01 0.226 + 0.004 '
0.224+0.011 '®
0.26 +0.03 '**
0.230 '
R(1) 0.175 + 0.004 0.171 +0.003 '
0.18 +0.02 '**
0.162 '
R(2) 0.134 + 0.004 0.165 + 0.003 '

0.19 +0.02 '3

0.161 ¢

Table 30. Calculated Boltzmann factors at 90K

Py 295K
0 0.568
1 0.395
2 0.036
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Figure 53. (Av =4) HD with a pressure of 401 Torr at 90 K- top, and 891 Torr at 295K-
bottom
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The integrated absorption was also calculated using the low temperature
spectrum (S) for R(0), R(1), and R(2). Table 31 summarizes the values of p*P, S and

Syat 90 K.

These data were added to the information obtained at 295K and the resulting
plots of p*P, versus S are shown in Figures 54 through 56. As before, for comparison
are presented, without including the points in the fit, the values reported by Trauger and

Mickelson. " (open circle) and McKellar et al. 153(open square).

Table 31. (v =0—4) HD. Pressure, p*Py, S, and S values at 90K

S
p * Py S 0
R(J) P PR _l ~1
amagat 10" cm™ km cm™ (km amagat)
0 0.806 0.150 0.190
1 0.569 0.104 0.183
2 0.058 0.013 0.220

The 90 K data fitted well in the straight lines obtained in these figures (54
through 56), this shows the ability PS-CRD system to measure rotational- vibrational
overtone transitions at 295 and 90K.

The molecular temperature can be determined using the position and intensities
of the rotational lines of HD. The variation of the intensity of the lines in a rotation-
vibration band as a function of the J values is the result of the thermal distribution of the

rotational levels.
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and o = Trauger
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Figure 55. (Av =4) HD R(1). S vs p*P; . Marker m = 295K, A = 90K, o = McKellar 133
and o = Trauger
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Figure 56. (Av =4) HD R(2). S vs p*P, . Marker m = 295K, A = 90K, o = McKellar 133
and o = Trauger
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Thus, the intensities of the lines of rotation- vibrational band for a diatomic
molecule is given by '

_BJ"(J"+D)he
Cab.vv

I, = 7(J' +J"+)e M (44)

abs
r

where Q, is the rotational partition function, v is the frequency at the line center, J” is
the rotational quantum number in the lower state, J’ is the rotational number in the
upper state, B” is the rotational constant of the ground state, C,, is a constant
depending on the change of the dipole moment and the total number of molecules in the
initial vibrational level and the other symbols have their usual meaning. For a given
rotational-vibrational band at a given temperature the factor C,ps/ Q; is constant.
Therefore, to obtain the rotational temperature the energy of the lower state, £,
versus the natural logarithm of the absorption intensity for each R lines must be plotted.
The energy of the lower state is '

F,.=B"J"(J"+1) (45)

The natural logarithm of the absorption intensity is represented by:

]abs
o57) 0

The plot of natural logarithm of the absorption intensity versus F;» yields a linear

line whose slope is equal to
Slope = _ L (47)
P

The slope has units of cm. Thus, the k value is given as 0.694 K' cm™. Using

(Av =4) HD spectrum at 401 Torr and 90K, the F), v, and natural logarithm of the
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absorption intensity values were determined for each R(J) and data is shown in Table

32.

Table 32. (v =0—4) HD 401 Torr at 90 K, Temperature Calculation Data.

. =B'J"(J" I
R(0) 0 13552.80 -21.957
R(1) 89.33 13609.66 -22.954
R(2) 267.99 13652.20 -25.628

Figure 57 shows the temperature calculation plot for data in Table 32. From the
slope, temperature obtained was (104 + 8)K. Also, PGOPHER'* was used to simulated
the (Av =4) HD spectrum at 90K. The rotational constant, (B,) centrifugal distortion,
(Dy) and band origins, vy, used in this simulation are summarized in Table 33. Figure
23 shows the comparison between experimental and simulated spectrum of (Av =4) of
HD at 90 K. Figures 57 and Figure 58 confirm a good correlation between temperature

measured by sensor localized in the cell and the actual temperature of the molecule.

Table 33. Rotational constants and Band origins 33 for HD (in cm™)

L Vo BU DU
0 0 44.668 0.0263
4 13476.87 37.140 0.0231
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Conclusions

Accurate absorption strength values were obtained for the R(0), R(1) and R(2)
lines in the (Av = 4) rotational vibrational band of HD. Good agreement is seen
between these measured values and values found in the literature.

To confirm temperature measured by sensor localized in the cell was using the
Boltzmann distribution of the rotational-vibrational intensities and the simulated
spectrum at low temperature.

The temperatures found are in good agreement with the temperature recorded by
sensor in the cell.

These results show the ability of the CRD system to measure weak absorption
spectra of HD in the visible region at any temperature. Because absorption spectra of
these molecules are using to obtain information of planetary atmospheres, our CRD
system is interest setup to acquire absorption spectrum at temperatures of the planetary

atmospheres which are range between 165 and 100 K.
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CHAPTER FIVE

Vibrational Overtone Spectroscopy of Trideuteromethane (CHD3) at Room and Low
Temperatures

Trideuteromethane (CHD3) is the lightest symmetric top molecule with one C-H
bond. Due to the high values of rotational constants, B”= 3.27916 cm’!, C’=2.62896
cm’ in the vibrational ground state, CHD; is a good candidate for the study of rotational
structure of high excited vibrational states. The vibrational fundamental and overtone
spectra (Av =1, 2, 3, 4, 5, 6, 7) of the C-H stretch of CHD; have been studied
previously using different techniques. Infrared spectra of CHD3 between 900 and 3400
cm” have been used to identify fundamental vibrational frequencies as well to calculate
ground-state and fundamental parameters.'?* '**'7! Studies of C-H overtone levels near
Av = 2, 3, 4 include high resolution spectra , with K-subband structure clearly resolved,
have been made using photographic infrared , intracavity laser absorption spectroscopy
(ICLAS) and FT- spectrometer. ' """ 172175

An analysis of the Fermi resonances of CHD; has been made for high-energy
overtones (Av =5, 6, 7) which indicates strong interactions of the CH stretch with
degenerate bending modes. The C-H overtone (Av =5, 6, 7) absorption spectra have
obtained using photoacoustic spectroscopy ''** ' ICLAS'* 7> 177 178 g

spectrophotometer 7

Hence, the rotational constants of the ground state and some
vibrationally excited states up to 16500 cm™ are well known.

The spectrum around Av = 6 at 77 K using a specially designed photoacoustic

cell has been obtained.'”® Also, Vibrational fundamental and overtone spectra (Av =1,
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2, 3, 5) have been obtained in liquid argon solutions at temperatures around 94K using
FT spectrophotometer and a photo-acoustic cell at low temperature. ™.
In addition, calculations of highly excited C-H stretch states ''®, potential energy

170. 181182 “and dipole moment function '™ '*! of the CH chromophore in CHD;

surface
have been performed by several groups and have been shown good correlation with the
experimental data. Due to adequate information about vibrational energies, relative
intensities, and rotational constants, the CHD3 overtone spectra was studied to test our
CRD system at low temperatures.

The fourth and fifth C-H stretching overtones of CHD; were taken with the
Cavity Ring Down (CRD) system using the phase shift and exponential detection
methods, respectively. The spectra around Av = 5 and 6 were obtained at room
temperature and at low temperatures of 111 K and 124 K, respectively. These spectra
were obtained to probe the ability of CRD system to measure rovibrational spectra at
low temperatures. Also, rotational intensities were used to confirm the temperature of
the cell. The vibrational spectra of CH were recorded using a Fourier transformer
spectrophotometer at room temperature. Observation of the spectra of the overtone
progression shows the increase of the interaction between the CH stretch with
degenerate bending modes.

The absorption strength (Sp) values were obtained from the fundamental and
overtone (Av =1, 2, 3, 4, 5, 6) spectra of C-H stretch. Also, absorption strength values
were calculated with ab initio dipole moment functions. The experimental and

calculated Sy values were compared.
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Fundamental and Overtones of CHD3, in the Region Between 2700 and 11400cm™

The vibrational spectra of CHD; were measured at 295 K from the C-H
stretching fundamental through to the third overtone, using a white cell with a path
length of 7.2 m and a FT-spectrophotometer with a resolution of 1 cm™. CHDj; belongs
to the point group C;, and has six fundamental vibrations: three totally symmetric (A;)
and three doubly degenerate (E) modes, all of which are infrared active. '* The
frequencies and symmetry of the various fundamental modes are listed in Table 34.
Absorption spectrum of the fundamental (Av =1) C-H stretching vibration is shown in
Figure 59. The strong peak at 2991.34 cm™ is assigned as the center (Q branch) of the
vi C-H stretching mode. This band has associated P and R branches with it which
exhibit an unusual rotational structure, because of overlapping with other transitions.
The band around to 3051 cm™ (R branch) was assigned as 2ve + v3 by Bernstein and

Wilmshurst. '*° To higher wavenumbers around to 3178 cm™ lie the combination band

Vot+ve.
Table 34. Fundamental Vibrational Frequencies of CHD;
Assignment Symmetry Mode Frequency / cm™
Vi Ay C-H stretch 2993
Vo A C-Dj s-stretch 2142
V3 Ay C-D; s-bend 1003
Vi E C-D3 a-stretch 2263
Vs E C-Dj a-bend 1291
Ve E C-Ds bend 1036

Overtones, Av = 2, 3, and 4 around the C—H stretch were recorded in the range

from 5400 to 11400 cm™. Individual overtone regions are presented in Figures 60.to

62.
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Figure 59. Absorption spectrum of the fundamental (v =0—1) C-H stretch of CHDjs at
295K. Pressure =1.5 Torr. Pathlength=7.2 m
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Instead of one overtone transition, two bands are observed. In the CHD;

molecule, a Fermi resonance occurs between the C-H stretching mode v; (A;) and twice

the frequency of the C-H bending mode vs (E).'®

These states have fairly similar
energies, because the bending fundamental is at 1291 c¢m™, about half the wavenumber
of the stretching fundamental at 2993 cm™. This resonance explains the observation of
vibrational bands forming polyads which can be characterized by introducing a new

183-185

quantum number N= v, + %2 v, , where vy is the quantum number of the C-H

stretching mode v; (A;) and v, is the quantum number of the H-C-D bending mode vs
(E). The result is that combination bands involving states in Fermi resonance are often

b

much stronger than they would otherwise be, since they can “borrow” some of the
character of the main overtone transition. This point will be presented more in detail
later in this Chapter. (See Analysis of the Fermi resonance).

Figures 60 to 61 show essentially unperturbed intensities in the rotational
structure, POR, of the absorption spectrum of overtones bands. Figure 62 shows initial
overlap between the two bands at higher overtones. In region of the third overtone,

there is overlapping between the R branch of 3v;+2vs and the P branch of 4v; as in

shown in Figure 62.

Absorption Spectra of CHDjs in the Fundamental Region (Av =1) at Low Temperatures

A temperature series of the fundamental of this vibration were recorded with a
resolution of 0.06 cm™ using a FT-spectrophotometer and a low temperature cell inside
a cryostat. The path length used was 5 cm to a molecular density of CHD; equal to

3.33x10'® molecules cm™.
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Figure 60. Absorption spectrum of the first overtone (v =0—2) C-H stretch of CHD; at
295K. Pressure = 32 Torr. Pathlength =7.2 m
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Figure 61. Absorption spectrum of the second overtone (v =0—3) C-H stretch of CHD;
at 295K. Pressure = 295 Torr. Pathlength =7.2 m
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Figure 62. Absorption spectrum of the third overtone (v =0—4) C-H stretch of CHD;
at 295K. Pressure = 295 Torr. Pathlength =7.2 m
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Figure 63 presents the stacked measurements taken at various temperatures
starting from the highest temperature at the baseline to the lowest temperature at the
top. Absorption spectrum of the fundamental (Av =1) C-H stretching at 295 K is a
congested spectrum. Several perturbations appear in the R and P branches, one around
3042 cm™ which is close to the R(7) and R(8) lines and another at 2929 cm™ close to the
P(9) and P(10) lines. Thus, these branches present an unusual rotational structure.
Reduction of this perturbation can be observed when the temperature decreases. Due to
redistribution in the rotational levels, a change in the intensity distribution of the P and
R branches is observed and a decrease of the number of lines is shown in the spectra at
202 and 139K. Also, the Q branch becomes narrower at low temperatures. However,
greater changes can be observed when the absorption spectrum is taken at 84K. Figure
64 shows the IR spectra of the fundamental of the C-H stretching at 84 K which shows
basically an unperturbed PQR structure. It is a less congested spectrum in comparison
with the one of Figure 59. The strongest lines in the R and P branch are R(3) and P(4)
lines, respectively. That is in agreement with the temperature of the sample. Table 35
summarizes the highest J value (J max) observed in the spectrum and the J value of the
strongest line observed for each branch at different temperatures.

Table 35. Maximum J value observed and strongest intensity of the line
observed at different temperatures.

J max Strongest Line
T (K) R branch P branch R branch P branch
295 19 19 J=5 J=6
202 17 16 J=4 J=6
139 11 11 J=3 J=6
84 7 9 J=3 J=4
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Figure 64. Absorption spectrum of the fundamental C-H stretch of CHD; at 84K.
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Due to the resolution used, some K structure can be observed in the absorption
spectrum of the fundamental (Av =1) C-H stretching at 84 K. Figure 65 shows in detail
the experimental (top) and simulated (bottom) R(3), R(4) and R(5) lines. Because the
nuclear spin of deuterium is 1, the alternation of intensity as a function of K is 11, 8, 8,
11, 8, 8, 11, that means the intensity is higher for lines with K multiple of three than of

other lines. This effect can be observed in Figure 65.

Calculations of Band Strength Sy Values for FT- Spectrometer Measurements.
The absorption strength (S¢) values can be obtained from the fundamental and
overtones (Av =1, 2, 3, 4) spectra of the C-H stretch. ~When using the FT-

spectrophotometer equation (23) can be rewritten as

S, = %1 Av)d(v) (48)

where P is the gas pressure in Torr, / is the path length in meters, and A(v) is the
absorbance as a function of frequency in wavenumbers. Using this equation was
obtained the (Sy) values for the fundamental and overtones (Av = 1, 2, 3 and 4) of CH
stretching. It has been reported that the Q branch represents 0.36 of the total band

intensity.'”® Table 36 presents the band strength values for each transition.

Table 36. (Av=l1, 2, 3 and 4) CHD3, S values

L S,
em*em ™ molecule™

1 1.08x107"®

2 2.44x10%°

3 4.64x10™

4 5.36x107%
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Spectra Simulation
CHDs is an oblate (I, > I, = I;) symmetric top molecule belonging to the Cs,
point group. The intensity of the rotational lines in the bands of symmetric top
molecules is given by:'*

I(0,K)=C Agy v gy ¢TI (49)
where, C is a constant independent of K and J values but dependent on the vibrational
transition, gk is the statistical weight. Because the nuclear spin of deuterium is 1, the
alternation of statistical weights as a function of K is 11, 8, 8, 11, 8, 8, 11, that means
the statistical weight ( and therefore the intensity) is higher for lines with K multiple of

3 than of other lines. Axj is proportional to the square of the transition moment

Rff + Rif + Rz_zf summed over all orientations of J. The quantities Ak; in the present case

(AK=0) are:
J+1)° -K*
for A= +1: P CA) it S (50)
(J+DH(2J +1)
2
for AJ= 0: Ay, :K—, (51)
J(J+1)
2 g2
for AJ=-1: J K (52)

Ay = m >
where, as always, K and J refer to the lower state. The rotational energy levels of an
oblate symmetric top molecule in a specific vibrational level are given by'*® '*’

F(J,K) = BJ(J+1) + (C-B)K’ - Dy (J+1)’ - Dyx(J+1)K*-DgK”. (53)

where B is the rotational constant perpendicular to symmetric axis; C is the rotational

constant about symmetric axis; Dy is JA(J+1)? is the quartic centrifugal distortion; Dy is
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the J(J+1)K* quartic centrifugal distortion; and Dk is the K* quartic centrifugal
distortion. The rotational selection rules for a parallel band are:
AK=0and AJ=+ [ if K=0 (54)
AK=0and AJ= 0, £ I if K#0 (55)
The rovibrational frequencies (v) for the P branch (4 = -1) and the R branch
188

(AJ] = +1) are given by

V& m,K) = [vy + (2B +AB)m + (AB-ADy)m’ — 2(2D", +AD )m’ - AD,m’] +
[(AC-AB) — (2D, +AD)m - ADxm’JK’ - ADgK’ (56)

where m = -J for the P branch (m <-1) and m =J + 1 for the R branch (m > 1).and v, is
the frequency of the band center. The rovibrational frequencies for the Q branch
(AJ=0) are given by
W (JK) = v, + ABJ(J+1) + (AC - AB)K” — ADJ(J+1)* - AD i J(J+ 1)K’ + ADgK’ (57)
Figures 66 to 69 present the comparison between experimental and simulated
spectra of the fundamental of CHD; at different temperatures, 84, 139, 202 and 295 K
respectively. The PGOPHER program was used to make the simulations '**. The
important influence of the overlapping in the intensities of the rotational structure is
observed from the comparison. Also, these simulations confirmed the temperature of
the molecule in the cell during the experiments. Tables 37 and 38 show spectroscopic

parameters for CHD; used to simulate the absorption spectra.'®® "
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Figure 66. Comparison of the absorption spectrum of the fundamental of CHD3 at 84K.
Top= experimental. Bottom= simulated.
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Figure 67. Comparison of the absorption spectrum of the fundamental of CHD; at
139K. Top= experimental. Bottom= simulated.
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Figure 68. Comparison of the absorption spectrum of the fundamental of CHD; at
202K. Top= experimental. Bottom= simulated.
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Figure 69. Comparison of the absorption spectrum of the fundamental of CHD; at
295K. Top= experimental. Bottom= simulated.
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Table 37. Ground state parameters for CHD3

Parameter Value (cm’)
B' 3.279053
" 2.6297
D’ 5.010x 10°
D', -4.030x 10°
D 1.8x 107

Table 38. Excited state parameters for CHD;

N vgLp v, B -B' c-c D,-D, DD, DDy
/em’! /cm’ /cm’ /10 cm™ /10%em™  /10° cm™
1 1,0 2992745 -0.05545 -0.0099  -63.12 143.37 -100.3

PS-CRD Spectra of CHD; in the (Av = 5) C-H Stretching Region
at Room and Low Temperatures

The fourth (Av = 5) C-H stretching overtone of CHD3; was measured using PS-
CRD absorption spectroscopy with a continuous laser. The PS-CRD method monitors
the phase shift of a modulated bean exiting the cavity. The continuous wave
Ti:Sapphire ring laser used has a resolution of 0.17cm™. The optical path length used
was 3.4 km. The (Av=5) C-H overtone spectrum of CHD; shows some interesting
features, one is the weak intensity or no appearance of the lower R lines (R(1) and R(2))
and other is the perturbed intensities in the rotational structures of the Av =5 C-H
stretch overtone. The spectra reported by Perry et al''® and Hollenstein ef al'” show
normal intensities for lower R lines. Those problems with intensities of rotational
structure have been attributed to the short time that the light is coupled into the cavity
when using the PS-CRD spectroscopy. In this technique a laser beam is typically

aligned along the center axis of the cavity and as a result, the coherent laser beam
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couples into the cavity on average only 5%- 10% of the time. In order to increase the
coupling-time efficiency, the off-axis alignment has been used. In the off-axis
alignment, the laser beam is injected into the cavity at an angle to the center axis (off-
axis). The beam may couple continuously into the cavity up to 100% of the time. 83, 86

Figure 70 shows the absorption spectrum of the Av=5 (C—H) overtone of CHD3
at 295K using off-axis PS-CRD spectroscopy. The spectrum displays two major
vibrational bands, 5v; at 13797.49 cm™! and 4v+2vs at 13666.14 cm'l, each containing
resolved P and R branch and sharp central Q branch characteristic of symmetric top
parallel type transitions'®. At higher values of J, some unresolved K structure is
observed at this resolution. The overlap between the two bands (5v; and 4v;+2vs)
becomes stronger than the overlap shown for the absorption spectrum of the third
overtone (Av = 4). The interaction between the two levels is reflected in the intensity
ratio of the combination band 4v;+2vs and the intensity of 5v;. The ratio is higher in
Figure 70 than in Figures 61 and 62.

Although the off-axis alignment was used, intensity of R(2) still was lower than
R(1). The reported absorption for the (Av = 5) spectrum of CHD; using a photoacoustic
technique ' and FT-spectrophotometer ' showed normal intensities for lower R lines,
this problem can be explained as an instrumental problem of our PS-CRD system. It is
possible that even with the off-axis configuration there is poor overlap between the
cavity mode and the R(2) transition at this particular frequency.

In order to get the band strength value for (Av =5) C-H stretching, the
absorption spectrum of (Av =5) of CHD; was measured at different pressures. Figure

71 shows the pressure series of seven separate measurements ranging from 30 to 245
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Torr of CHD; taken at 295 K. The actual band strength value is obtained by plotting the
integrated absorption versus densities to obtain a linear plot. The resulting slope of the
line obtained gives the S; value. From the simulation by Campargue'’, it is known that
the Q branch in the rovibrational spectrum represents 0.36 of the total band intensity.
Thus, the integrated absorption area for the total band was obtained by dividing the S
value for Q branch by 0.36. Table 39 reports the calculated density (p) integrated
absorption areas (S), and the band strength (Sy) for each pressure. The Sy value is

reported from the slope of Figure 72.

Table 39. (V=0—5) CHD; at 295K, Pressure, p, S and Sy

Pressure p S S,

torr 10'® molecules cm ™3 107 em™ 107 cm*cm ™' molecule™
245 7.97 3.21 4.03

157 5.10 2.04 3.99

95 3.09 1.07 3.47

71 2.31 0.86 3.72

51 1.66 0.63 3.78

30 0.98 0.42 4.34
Avg 41+0.1

Figures 71 and 72 show the reproducibility and sensitivity of the PS-CRD
instrument to measure rovibrational spectra of high overtones. Band absorption

intensities decrease with decreasing pressure as expected.
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Figure 70. Absorption spectrum of (v =0—5) C-H stretch of CHDs with a pressure of
247 Torr at 295K.
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The fourth overtone (Av =5) of C-H stretching of CHD; was also measured at
low temperature (111K). A comparison of the overtone spectrum at room and low
temperature is shown in Figure 73. From this figure it is noted that there is a shift in the
intensity of the rotational lines. The population of lower rotational levels increases with
a corresponding reduction of the population of high rotational levels. In Figure 73 there
is a reduction or disappearance of the higher rotational lines whereas lines with lower J
values are more intense. The intensity of the Q branch at 111K is twice the intensity of
the same branch at 295K. A change in the population of the rotational levels also
produces change in the width of the Q branch. The Q branch is narrower at low
temperature in comparison with its width at room temperature. Thus, the P(2) line can
be observed at low temperature. However, the intensity of R(2) line is still lower than
R(0) and R(1). This anomaly is probably due to mode mismatch as was explained
before. The most intense lines in the top spectrum of Figure 73 are R(4) and P(4).
These are in agreement with the temperature of the sample. In addition, a reduction of
the spectral congestion around to (13690-13730) cm™ can be observed at 111 K. The
overtone spectrum at low temperature shows the two bands 4v; + 2vs and 5v; almost
separated.

Figure 74 displays the absorption spectrum of (v =0—5) C-H stretch of CHD; at
113 Torr and 91Torr at 111 K. From this data the integrated absorption areas (S) to
each pressure was calculated. The p, S and S, values are presented in Table 40. Figure
75 presents a straight line showing that the results for room and low temperatures

correlate very well and the band strength value is temperature independent.
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Figure 73. (v =0—Y5) transition of CHD; with a pressure of 91 Torr at 111 K- top, and
247 Torr at 295K- bottom
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Table 40. (v =0—5) CHD; at 111K, Pressure, p, S and So.

Pressure p S S,
torr 108 molecules cm ™ 10 em™ 10 Z em’*em ™ molecule™
113 9.83 4.27 4.35
90 791 2.93 3.70

The Sy is equal to (4.2 + 0.2) x 10% cm? cm™ molecules” for the (Av=5) C-H
stretch of CHDs. This value is very close to the S,=4.28 x 102 cm? cm™ molecules™

value reported by Campargue '’®.

The S, value reported by Campargue was obtained
from only two measurements using a laser intracavity technique (ICLAS).

The intensities of the rotational lines in the (Av =5) absorption spectrum of
CHD3; can be used to confirm the temperature of the cell and the molecule as well.
Since, the cell is thermally isolated so therefore the entire cell and sample inside should
be at an equilibrium temperature. From a comparison between experimental and
simulated spectra, the temperature measured by the sensor localized in the cell is
confirmed. Absorption Spectra of (v =0—5) C-H stretch of CHD; at 295 and 111 K
were simulated following the same treatment used before to simulate the fundamental
spectrum. The rotational constants of CHD; using the PGOPHER program are shown
in Table 41. The relation between intensities of the two bands was taken from the
experimental spectra.

Figures 76 and 77 show the comparison between the experimental and simulated

spectra of the (Av =5) of CHDs at 295 and 111 K, respectively. These figures confirm a

good correlation between temperature measured by the sensor located in the cell and the
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Figure 76. Comparison of absorption spectra of (L =0—35) C-H stretch of CHD; with a
pressure of 247 Torr at 295 K. Top= experimental. Bottom= simulated

146



-1

Absorption / 10” cm
l vl
£
-
<
L
=
a

0 T T T T T T
13580 13630 13680 13730 13780 13830 13880

-1
Wavenumber / cm

Figure 77. Comparison of absorption spectra of (L =0—35) C-H stretch of CHD; with a
pressure of 91 Torr at 111 K. Top= experimental. Bottom= simulated
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actual temperature of the molecule. It demonstrates the capabilities of the PS-CRD

instrument to measure low temperature rovibrational overtone spectra.

Table 41. Excited state parameters for CHD;

N vgLp v, B -B’ c-c D,D, Dy-D, DD,
/em’” /cm’ /cm’ /10 cm™ /10°cm™  /10° cm

5 50  13799.454  -0.0747  -0.0441 -7.4 8.9 -3.8

5 4,2 13666.142  -0.0272 0.0396 -22.6 -13 5.5

CRD Spectra of CHDj in the (Av = 6) CH-Stretching Region
at Room and Low Temperatures

The overtone spectrum and integrated band strength (Sy) for the fifth (Av =6) C-
H stretching overtone of CHD3; was measured using the CRD absorption spectroscopy
with a pulsed dye laser. The CRD method uses an exponential fitting to measure the
decay time, or the time a given packet of light spends within an optical cavity. The
pulsed dye laser used DCM as dye and has a resolution of 0.07cm™. For these
experiments the optical path length used was 6.4 km.

Figure 78 presents the absorption spectrum of the fifth overtone (Av =6) of the
C-H stretching of CHD;. The spectrum shows the two major vibrational bands, 6v; at
16226.84 cm™ and 5vi+2vs at 16157.15 cm'l, having almost the same intensity and
closer than in the fourth overtone region, demonstrating that the mixing between the
two bands, vv, and (v-1)v;+ 2vs, becomes stronger for higher overtones (v >5).this
point will be discussed in more detail later. From this spectrum is more difficult to

distinguish between the R branch of 6v, and the P branch of 5v;+2vs because of the

strong overlapping between the two bands. Figure 78 shows an unperturbed
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distribution intensities in R branch of 6v;, where the most intense line correspond to
R(6). The highest J value recorded in this band was R(14). Note that Figure 78
presents a weaker 6v; transition in comparison to Figure 70. The difference between
them is one order of magnitude.

A pressure series of absorption spectrum (Av =6) of CHD3 at 295 K is illustrated
in Figure 79. Spectra were obtained at pressures 300, 248, 214, 177 120 and 77 Torr.
From spectra, where the Q branch represents 36 % of the total band intensity'"®, the
integrated absorption areas (S) were calculated and plotted versus the molecular density
(p) as is shown in Figure 80, where the slope of the straight line represents the band

strength (Sy) values. Table 42 reports the calculated p, S, and Sy value for each

pressure.
Table 42. (v =0—6) CHD; at 295K, Pressure, p, S and Sy
Pressure p S S,
torr 10'® molecules cm ™3 107 cem™ 107 cm’*cm " molecule™
300 9.82 5.44 5.54
248 8.12 5.19 6.40
214 7.00 4.26 6.08
177 5.79 3.35 5.79
120 3.93 2.50 6.35
77 2.52 1.70 6.76
Avg 55+04
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Figure 78. Absorption spectrum of (v =0—6) C-H stretch of CHD; with a pressure of
248 Torr at 295K.
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Figure 81 shows a temperature series of the (Av = 6) of CHD; at 124, 195 and
295 K displaying the shift in rotational line intensity and a reduction of the width of the
Q branch. The top spectrum was taken for 105 Torr at 124K, the middle spectrum was
for 130 Torr at 195 K, and the bottom spectrum was for 248 Torr at 100K. The top
spectrum is twice as intense as the one at 295 K because the increase of the populations
in the lower rotational levels and decrease in higher rotational levels at low
temperatures.

The intensities of the spectra at 295 and 124 K can be comparable, because both
have similar molecular densities. Table 43 summarizes the maximum J value observed
and the most intense line observed for the R branch of the vibrational band 6v; at
different temperatures. In Table 43, the R branch is only considered since in the P
branch there is strong overlapping with R branch of the 5v;+ 2vs band.

A pressure series of the (Av = 6) C-H overtone of CHD; at 124 K was also
measured and is shown in Figure 82. Pressures of 105, 81 and 54 Torr were used and
their integrated absorption areas were calculated.

Table 43. Maximum J value observed and strongest intensity of the
line observed in 6v1 at different temperatures

J max Strongest Line
T (K) R branch R branch
124 10 J=4
195 12 J=5
295 14 J=6
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Table 44 reports the density, S, and Sy for each pressure at 124 and 195K. These
values were plotted together with values obtained at room temperature in Figure 83
which demonstrate the linearity of the results taken at different temperatures.

From the slope, the S; value is (5.4 + 0.3) x 10?* cm? cm™ molecules™. This

2

value is in good agreement with 5.68 x 10%* cm® cm™ molecules’ reported by

Campargue ef al '

Table 44. (v =0—6) CHD; at 124K, Pressure, p, S and So.

T Pressure p S S,
Torr Torr 10'® molecules cm ™ 107 em™ 107 em®em™ molecule™
124 K 105 8.17 4.53 5.55
81 6.31 3.65 5.80
54 4.20 2.50 5.94
195K 130 6.68 3.76 5.63
Avg 55+04

The three different temperatures were used to measure the absorption spectra of
(v =0—6) of CHDs;. The results were confirmed by spectra simulations at each
temperature. This is possible because intensities of the rotational lines are related to the
temperature by equation (49). The rotational constants for the excited states 6v; and

5vi+2vs necessary to simulate the spectra are given in Table 45

Table 45. Excited state parameters for CHD;

N vg,Lp v, B -B’ c-c D,D, Dy D, D,-D,
/ cm’! / e’ Jem' /10%em?  /10%cm /10% em

6 6,0 16230.660 -0.0552  -0.0430 29 -120 59

6 52 16156.933  -0.033 0.044 220 205 275
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Figures 84 to 86 show the comparison between the experimental spectra with the
simulated spectra. The PGOPHER program '“*was used to simulate the spectra at
different temperatures. The agreement between the experimental and simulated spectra
confirms a good correlation between temperature measured by the sensor located in the

cell and the actual temperature of the molecule.

Analysis of the Fermi Resonance

In this section the mathematical formulation for Fermi resonance will be used to
show how the perturbation between the two vibrational levels, vv, and (v-1)vi+2vs is
involved in each overtone level of CHD; and increases for higher overtones (v > 5).
The approximation of treating only the purely vibrational interaction between the levels
is made; that is, Coriolis coupling is ignored to nearby E states. It is expected that a
Fermi resonance interaction of the totally symmetric overtone and combination state
will dominate the relative intensities.'"

The magnitude of the perturbation depends on the value of the corresponding

matrix element W, of the perturbation function 186
W, = [ywydr (58)
The perturbation function W is essentially given by the anharmonic (cubic,
quartic, ...) terms in the potential energy, while y, and y; are the zero order
eigenfunctions of the two vibrational levels that perturb each other. Since W is totally
symmetric, . must have the same symmetry type as y;in order to give a non-zero

value to ¥,; and therefore to the magnitude of the perturbation.'™
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Figure 84. Comparison of absorption spectra of (L =0—6) C-H stretch of CHD; with a
pressure of 248 Torr at 295 K. Top= experimental. Bottom= simulated
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Thus, it is obtained the important rule: only vibrational levels of the same
species can perturb one another, or, Fermi resonance can occur only between levels of
the same species. This rule restricts very greatly the occurrence of vibrational
perturbations (Fermi resonance) in symmetrical polyatomic molecules. The C-H
stretching fundamental has A; symmetry in the C3y molecular point group. Thus, all
overtones of this mode have A; symmetry also. The symmetry of mode vs is E,
however, the level 2vs split into A; and E sublevels of which the A; level may, with or
without combination with the A; C-H stretch overtones, interact with A; C-H- stretching
levels.

If the resonance is fairly close the magnitude of the shift can be obtained

according to first-order perturbation theory from the secular determinant'*®

E°-E W

/4 E’-F

in i

=0 (59)

where E” and E! are the unperturbed energies. From this equation one obtains for the

*

perturbed energies E., since according to equation (58) W, = W,

ni

2

E. =Eu i% 4w | +65° (60)

where E. = %(El.o +E))is the mean of the unperturbed levels and & = E’ — E7 is the

separation of the unperturbed levels. From this equation the magnitude of the
perturbation, ,;, can be obtained.
Following the same procedure used by Perry e al ' and Campargue,'”” Fermi

resonances of CHDj are studied. The Av = 6 region is used as a model. Thus, the

subscripts in equation (60) are defined as n = 6v; and i = 5v;+ 2vs.
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First, the unperturbed or zero-order (E”) overtone energies have to be obtained.
These are obtained from the extrapolation of the Birge-Sponer equation. Figure 87
shows the Birge-Sponer plot for the CHD; v, overtones. Using a linear least squares fit

to experimental points for v=1 through 7 the following equation was

determined: —%2% =3107-58.12v . Table 46 lists energies for the CHDs v, overtones
1%

(v vp) obtained experimentally in previous sections (E,s), extrapolated energies from
the Birge-Sponer equation (E7,), the Fermi resonance shift (FRS) which is obtained
from the difference in the observed energy of the pure overtone and the extrapolated

value (F= E,»- E?), and the harmonic frequency (@), and anharmonicity (ax) for

ext
CHD:.

Thus, from Table 46 the zero-order energy to 6v; can be obtained, E’ =

16202.59 cm™. Since the shifts due to the resonance interaction are of equal magnitude
for the two level problem , the shift of the observed 6v, energy from the zero-order
calculated energy (FRS) can be wused to correct the observed 5Svi+2vs

energy,E° =E,, +FRS=16157.15 cm™'+ 24.25 cm™'= 16181.4cm™'= E?. Hence, we

corr

are able to obtain the zero-order energy for the combination band. Table 47 lists the

energies for the CH-stretch- bend combination ((v-7)v; + 2vs) obtained experimentally

o
corr *

E,ss, and the corrected, E
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Figure 87. Birge-Sponer plot for CHD;, C-H stretching states.
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Table 46. Observed and extrapolated energies of C-H stretch overtones (v v;) of CHD;

v E, /cm’ E° /cm” FRS/cm™

1 2991.34 2990.77 0.57

2 5864.56 5866.66 -2.09

3 8622.32 8625.31 -2.99

4 11265.32 11267.52 -2.20

5 13797.44 13793.28 4.16

6 16226.84 16202.59 24.25

7 (18473.00)° 18495.46 -22.46
Harmonic F_rlequency 3107 + 2 Anharmo_rluclty 531404

/em / cm

* The values in parentheses were taken from Perry et al '

Table 47. Energies of CH-stretch-bend combination ((v-1)v;+ 2vs) of CHD;

L State E,, /cm’ E°  /cm”
4 3vi+2vs 11064.28 11066.48
5 4vi+ 2vs 13666.14 13670.30
6 Svi+2vs 16157.15 16181.40

The perturbed energies (E.) are the values obtained experimentally, called

earlier E , . E. refers to experimental energy of v overtones (v v;) and E. is the energy

for the CH-stretch-bend combination ((v -1)v; + 2vs). For our model E, = 16226.84

cm™ and E=16157.15 cm™. The W, value can now be calculated. Table 48. shows Ex,
E,E’,E? E. and 8. These values are used to calculate W, for Av =4, 5 and 6 region.

The W,;values are also summarized in Table 48.
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Table 48. E+,E,E’, EY Em-, o and W,; values for CHD;

E, E_ E° E¢ Eu 5 Wi
L T
/ cm
4 1126532 1106428 1126752 11066.48 111648  201.04  1.35x10°
5 13797.44  13666.14 1379328 1367030 1367030  122.98 23
6 16226.84 16157.15 16202.59 16181.40 16181.40  21.19 33

For Av =4 region, the value of the perturbation is very small. Hence, the weak
coupling is observed in the spectrum of Figure 62 where very little overlap is observed
and confirms the perturbation value obtained. On the other hand, the magnitude of the
perturbation increases for higher overtones, W,; for Av = 6 is larger than W, for Av =5,
which is in agreement with the absorption spectra of these regions. Figures 78 and 70
show that the mixing between the pure CH stretching overtone with the CH-stretch-
bend combination is stronger for the Av = 6 region than for the Av = 5.

The eigenfunctions for the mixed states can be shown to be the following

. . . . . 186
mixtures of the zero approximation eigenfunctions y, andy; :

v=ay, —by; (61)
wEby, +ay! (62)

where

! 1

(oo (o -5 )

RN R N A

a
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Where a®+ b* =1. If 8=0, a fifty-fifty mixture is obtained and if § is very large w, — y"

and y, — ;. Using equation (61) to (63), the eigenfunctions for the mixed states in

Av =5 and 6 region were obtained. These eigenfunctions together with a and b values
are shown in Table 49.

Eigenfunctions show that the perturbation W,; destroys the “pure” character of
the CH stretching overtone (v v;). Thus, those confirm that combinations bands
involving states in Fermi resonance are often much stronger than they would otherwise
be, since they have “borrowed” some of the character of the more strongly allowed

... 186,189
transition " 7.

Table 49. Eigenfunctions for the mixed states in Av =5 and 6 region

) a b Eigenfunctions

s, = 0.98y5, —0.17w5, 1,
Voo e20= 017975, +0.98w5, o,
W= 0.8lyg, —0.5%75, o,
Vo i20= 059, +0.81lys, o,

5 0.98 0.17

6 0.81 0.59

Theoretical Calculations of Band Strength Values for C-H Stretching of CHD;
In this section, band strength values obtained experimentally (in a previous
section) for the C-H stretch of CHD; are compared with calculated S, values. The
calculation is based on the following theoretical considerations. The oscillator strength,
£, of a vibrational transition within the same electronic state between the ground state g

. . . . 1
and an excited vibrational state e can be written as:'”°

2

ﬁeg

focy =4.70165x107 (cmD ™ i

eg

; (64)
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where Vv, is the transition frequency for a particular eigenstate in cm’ and

lBeg

frequencies are known from the measured spectra (see Table 46) what is left to be

=<e|ﬂg> is the transition dipole moment in debye (D). Since the transition

calculated are the transitions dipole moments.

The dipole moment as a function of all or even a fraction of the internal
coordinates is a nontrivial quantity to determine. Intensity calculations for local mode
overtone spectra have been presented through two approximations to calculate the

191,192

dipole moment function. They are an exponential bond dipole form or a set of ab

initio calculated coefficients in a series expansion in the internal displacement
3

. 19
coordinates.

The dipole moment function (DMF), for an XH, is modeled as a polynomial

expansion in the internal bond displacement coordinates qjlgo’ 194195
JCR BT A (65)
where
p, L ok (66)
M) 0 Oglog ...0q
The q;, q5,...... ¢, coordinates represent the displacement of the appropriate H

atom from its equilibrium position. To calculate the transition dipole moments for a

single C-H stretching bond, it considers only the single bond (one-dimensional) DMF.

This simplifies equations (65) and (66) considerably'*:

lig=Y kid (67)

and
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p Lok (68)

i! 0q'

To calculate the p; in equation (67), the bond length is changed in small steps
and then the dipole moment at the new geometry is calculated for each step. The
resulting dipole moment values with the corresponding displacement values are fitted to
polynomial function. From that fitting the p; coefficients can be obtained

The transition dipole moment of equation (64) can be expanded as'’
(elflg) = (vifio) = <v| 0)+3 Loy =2(vig’l0) + l83—“<v| 0)+ (69)
g 40)* 5 57\l A rAGCAVALS

The <V|q"‘0> values correspond to the matrix elements of the powers of the

198, 199

coordinates over the Morse oscillator wave functions . These matrix elements are

relatively insensitive to the C-H stretch harmonic frequency (w)and the Morse
anharmonicity (ax) parameters. Therefore, the values calculated by Kjaergaard and
Henry '** were adopted and give in Table 50.

One-dimensional dipole moment functions for the CH bond in CHD; were
calculated using Hartree-Fock (HF) and MP2 levels of theory using 6-311++G(d,2p), 6-
311++G(d,3pd), 6-311++G(2d,pd), 6-311++G(d,2pd) and 6-311++G(d,pd) basis sets.
The computations were performed using the Gaussian 03 Program Package.””

The calculations utilized the C;, symmetry of the CHD3; molecule. Table 51
contains the select parameters ' for the optimized geometries, and compares available

experimental data.
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To calculate the p; in equation (67), the CH bond length was changed in the
range of 0.4 Ato-04 A, in steps of 0.1 A% This procedure required nine

calculations and provided accordingly nine dipole moment values.

Table 50. Matrix elements <V q" O> for a Morse oscillator (in unit of A“)
v n=1 n=2 n=3 n=4 Exponent
1 7.847 0.453 0.170 0.020 -2
2 -8.210 8.127 0.878 0.401 -3
3 1.417 -2.128 0.898 0.137 -3
4 -3.213 5.890 -4.398 0.921 -4
5 0.878 -1.822 1.778 -0.804 -4
6 -2.768 6.264 -7.205 4.558 -5
7 0.980 -2.367 3.050 -2.361 -5

Table 51. Calculated parameters for CHD;

u (Debye) B,/ MHz Co/ MHz
6-311++G(d,2p) 0.0133 97.59 77.89
HF 6-311++G(d,3pd) 0.0130 97.60 77.89
6-311++G(2d,pd) 0.0127 97.57 77.88
6-311++G(d,2pd) 0.0134 97.61 77.90
6-311++G(d,2p) 0.0104 97.43 77.87
MP2 6-311++G(d,pd) 0.0099 97.41 77.86
6-311++G(d,3pd) 0.0103 97.45 77.88
6-311++G(2d,pd) 0.0097 97.40 77.86
Experimental 0.0058 98.37 78.89

Figure 88 shows the dipole moment as a function of the CH bond length. The

coefficients in equation (67) were found by least-squares fitting of an nth order
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polynomial in the coordinate ¢**', where # is the chosen maximum order. Tables 52 to
59 show the dipole derivatives fitted to a polynomial for different orders at each level of

theory. The values n =4, 5, 6, 7 and 8 were used to denote the maximum order of the

polynomial.

Table 52. HF/ 6-311++G(d,2p)Dipole moment derivate coefficients

1) n=4 n=5 n=6 n=7 n==8
D(A™ -0.828 -0.826 -0.826 -0.826 -0.825
D(A'Z) -1.138 -1.137 -1.137 -1.137 -1.127
D(A'3) 0.140 0.098 0.098 0.078 0.078
D(A'4) 0.041 0.041 0.028 0.028 0.372

Table 53. HF/ 6-311++G(d,3pd)Dipole moment derivate coefficients

i) n=4 n=5 n=6 n=7 n=_8
DA™ -0.797 -0.792 -0.792 -0.793 -0.793
D(A?) -1.139 -1.139 -1.167 -1.168 -1.166
D(A?) 0.050 -0.071 -0.071 -0.032 -0.032

D(A™) 0.183 0.182 0.673 0.673 0.613
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Figure 88. Dipole moment as a function of the CH bond length using the HF / 6-
311++G(d,2p)

172



Table 54. HF/ 6-311++G(2d,pd)Dipole moment derivate coefficients

1) n=4 n=>5 n=6 n=7 n=_8
DA™ -0.818 -0.813 -0.813 -0.813 -0.813
D(A'z) -1.085 -1.085 -1.101 -1.101 -1.095
D(A'3) 0.081 -0.061 0.061 -0.057 -0.057
D(A™) 0.060 0.060 0.212 0.212 -0.018

Table 55. HF/ 6-311++G(d,2pd)Dipole moment derivate coefficients

1) n=4 n=5 n=6 n=7 n=_8
D(A™) -0.809 -0.805 -0.805 -0.806 -0.806
D(A'z) -1.138 -1.138 -1.151 -1.151 -1.155
D(A'3) 0.064 -0.045 -0.045 -0.021 -0.021
D(A"‘) 0.120 0.120 0.359 0.359 0.492

Table 56. MP2/ 6-311++G(d,2p) Dipole moment derivate coefficients

i) n=4 n=5 n=6 n=7 n=8
DA™ -0.838 -0.836 -0.836 -0.836 -0.836
D(A'z) -1.136 -1.136 -1.140 -1.140 -1.142
D(A'3) 0.140 0.088 0.088 0.107 0.107
D(A'4) 0.041 0.041 0.101 0.102 0.174
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Table 57. MP2/ 6-311++G(d,pd) Dipole moment derivate coefficients

1) n=4 n=>5 n=6 n=17 n=8
DA™ -0.832 -0.829 -0.829 -0.829 -0.829
D(A?) -1.210 -1.210 -1.238 -1.238 -1.237
D(A?) 0.087 -0.010 -0.010 0.017 0.017
D(A™) 0.256 0.256 0.744 0.744 0.708

Table 58. MP2/ 6-311++G(d,3pd) Dipole moment derivate coefficients

1) n=4 n=5 n=6 n=7 n=_8
D(A™) -0.806 -0.802 -0.802 -0.802 -0.802
D(A?) -1.140 -1.140 -1.169 -1.169 -1.173
D(A?) 0.048 -0.061 -0.061 -0.018 -0.018
DA™ 0.189 0.189 0.694 0.694 0.851

Table 59. MP2/ 6-311++G(d,2p) Dipole moment derivate coefficients

i) n=4 n=5 n=6 n=7 n=8
DA™ -0.829 -0.823 -0.823 -0.824 -0.824
D(A'z) -1.088 -1.088 -1.104 -1.104 -1.101
D(A'3) 0.080 -0.066 -0.066 -0.053 -0.053
D(A'4) -0.040 -0.040 0.248 0.248 0.120
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The dipole moment derivate coefficients from the best order polynomial fitting,

the matrix elements <U

q" 0> for a Morse oscillator, and the transition frequencies shown
in Table 13 were used to calculate the oscillator strength (f). The f values were
calculated using equation (64) for the fundamental and overtones (Av =1 2, 3, 4, 5, and
6) of CH stretch in CHDs;. Comparison with the experimental data, indicated that the
seventh order polynomial is the best polynomial fitting for the DMF.

In order to compare the calculated oscillator strength with the S values obtained

from the absorption spectra, the relation between the oscillator strength and the band

strength is given by:

4x1072 ggmc?
- 2

e

f So =1.1296x 1012 5 (70)

where gy is the permittivity of free space, m and e are the mass and charge of the
electron respectively, c is the speed of light and S is the band strength.

Table 60 shows the comparison between the S, calculated at different levels of
theory and the experimental values. The S, values are in units of cm” cm™ molecule™.

In general, the calculated S, values are in good agreement with the experimental
values. From Table 60 is possible to observe that the S, value decreases for higher
transitions. For the fundamental intensity the best calculated value is about 18% higher
than the experimental value. This difference in the fundamental region has been
reported before for other molecules.'” Calculated fundamental intensities were found
to improve with the addition of electron correlation. The importance of electron
correlation for the fundamental is perhaps related to the fact that fundamental intensities

depend primarily on the first derivative of the dipole moment expansion.
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However, the overtone intensities for the fundamental and the Av = 2-6 regions
are relatively unaffected by electron correction and the levels of the theory chosen. A
possible explanation for this lies in the assumption that the vibrational wavefunctions

can be separated into contributions from CH-stretching and all the other low frequency

modes.
Table 60. Observed and calculated band strength values for CHD3
L I I 1 v v obs
HF 1 6.07x10"  6.18x10"®  5.90x10"®  5.82x10"® 1.08x107"®
2 1.38x10%°  2.11x10%  1.22x10%°  1.67x107% 2.44x107%
3 6.28x107"  8.92x10?"  4.90x10*"  6.43x10™! 4.64x10™
4 8.92x10%2  7.57x10%*  5.50x10%  6.66x107% 5.36x107%
5 1.23x102  5.29x10%  5.97x10%  6.50x10™ 422x107%
6 1.88x10%  3.24x10%*  7.20x10%*  6.88x107%* 5.43x10%
MP2 1 6.20x10"™  5.78x10"®  6.04x10"® 6.18x10"®
2 1.25x10%°  1.72x10%*  1.14x10™° 2.11x10%
3 6.55x102"  7.34x10*"  4.91x10™ 8.92x107%!
4 9.10x10%  6.04x102  5.42x10™ 7.57x10%
5 1.21x10%  4.01x10*  5.70x102 5.29x10%
6 1.78x10%  2.21x10*  6.61x10* 3.24x10%

“ I 6-311++G(d,2p), II: 6-311++G(d,3pd), III: 6-311++G(2d,pd), IV: 6-311++G(d,2pd), V: 6-
311++G(d,pd)

Conclusions
The fundamental and overtone spectra, Av= 1, 2, 3, and 4 around the C-H
stretch of CHD3; were measured at room temperature using a FT-spectrophotometer and
their band strength values were determined.
The fundamental (Av= 1) spectrum of CHD; was recorded at different

temperatures, 84, 139, 202 and 295 K. Comparison of the spectra show as the
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overlapping of fundamental (Av = 1) C-H stretch with other transitions produces an
anomalous intensity in the rotational distribution.

The off-axis alignment of the cavity was used with the PS-CRD technique, to
increase the time that the coherent laser beam couples into the cavity. Unlike to the on-
axis alignment where the coupling the light into the cavity is only 5%- 10% of the time,
in the off-axis alignment the beam may couple continuously into the cavity up to 100%
of the time.

The fourth overtone (Av = 5) spectra at different pressures were measured using
the PS-CRD instrument at 295K. The spectra probed the ability of PS-CRD system to
measure rovibrational spectra of high overtones. However, an anomalous intensity in
the rotational structure of the R branch was observed. The R(2) line showed a lower
absorption than R(0) and R(1). This problem could be explained as an instrumental
problem of our PS-CRD system.

The fifth overtone (Av = 6) spectra of CHD3 were also measured using the CRD
technique, but in this case a pulsed dye laser was used. The exponential fitting method
was used to measure the decay time. In this region the overlap between the two bands
(6v; and 5v;+2vs) is strong and the intensities of both are almost the same. It was
shown that the mixing between the two states is stronger than the mixing of the lower
overtones

High overtone spectra (Av = 5 and 6) of CHDs; were also measured at low
temperatures of 111, 124 and 195K using the PS-CRD and the pulsed CRD

spectroscopy, respectively. Shift and increase of the intensities of the rotational lines at
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low temperatures was observed. These spectra show the ability of our systems to
measure spectra at any temperature.

The comparison between simulated and experimental spectra confirmed a good
correlation between temperature measured by the sensor localized in the cell and the

4 .
was used to simulate

actual temperature of the molecule. The PGOPHER program'
the spectra.

The high energy overtone spectra (Av = 5 and 6) of CHDs are strongly affected
by Fermi resonance of the pure overtone v v; with combinations (v-7)v;+ 2vs. The
spectra are reasonably well described using degenerate perturbation theory.

The band strength values for Av = 1-6 regions for CHD3; were calculated using
ab initio dipole moment functions. The local mode parameters, frequency and
anharmonicity, were obtained from experimental data. The dipole derivatives were
obtained for fitted polynomials of different order (n = 4, 5, 6, 7 and 8). It was found

that the best polynomial fitted for the DMF was the seventh order polynomial. The

calculations give results that are in good agreement with experimental values.
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CHAPTER SIX
C-H Fundamental and Overtone Spectroscopy of Methyl acetylene,
Tert-butylacetylene and Trimethyl-silyl-acetylene.

Methyl acetylene (CH3;C=CH), Tert-butyl acetylene (CHj3);CC=CH and
Trimethyl-silyl-acetylene [(CH3);CSi=CH] are interesting molecules, since they include
two types of C-H stretches, involving acetylenic and methyl hydrogens.

Methyl acetylene (propyne) was chosen as a model to study similar molecules
RC=CH because its vibrational overtone absorption has been extensively investigated in
the near infrared and visible ranges using standard infrared techniques, and

photoacoustic (PA) spectroscopy. 2

Also, high resolution spectroscopy using
intracavity absorption spectroscopy (ICLAS), cavity ring down spectroscopy
(CRDS)*"*® and photodissociation spectroscopy™ * have been employed for
studying the intramolecular dynamic of Propyne.*'**'?

The fundamental and first overtone region for the series of trimethyl substituted
acetylenes (CH3);XC=C-H (X= C and Si) and its deuterium compounds, tert-
butylacetylene-dy and (trimethylsilyl)acetylene-dy, have been previously studied by

213215
[

Lehmann et a using an optothermal detection method using molecular beam

infrared spectroscopy to study the intramolecular vibrational relaxation of the acetylene
CH vibration. Also, a theoretical study has been reported for these molecules.*°

This chapter presents the vibrational overtone spectra of the (Av=4) acetylenic

and (Av=5) methyl C-H stretches of propyne using the PS-CRD technique at 295 and
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240K. With this information the band strength values (Sy) for these transitions were
obtained.

Complete spectra of the fundamental and overtones of the C-H stretches of the
large polyatomic molecules (CH3);XC=C-H (X= C and Si) are shown in this chapter.
Spectra at 240K were recorded using PS-CRD spectroscopy. Thus, band strength
values for the higher overtones were obtained. In addition a harmonically coupled

92, 96, 190, 194, 217, 218 .
» 96, 190, 194, 217, model was used to determine the

anharmonic oscillator (HCAO)
overtone energy levels and assign the absorption bands to transitions in C¢Hjo and

CssiHlo.

Overtone Spectroscopy of Propyne (C3Hy)

Propyne is a symmetric top molecule with two types of CH oscillators. The CH3
group does not internally rotate (this is not true). In this molecule the acetylenic CH
oscillator is around ~3335 cm™ and the methyl C-H stretches around ~2940 cm™. Both
types of CH bonds are decoupled. Table 61 shows the fundamental vibrational
frequencies of propyne.”’* Hence, the propyne overtones are dominated by features
arising from these two oscillator types.

The vibrational overtone spectra of the (Av = 4) acetylenic and (Av = 5) methyl
C-H stretches of propyne at 295 and 185K were obtained using the PS-CRD technique.
From the spectra, the integrated band strength was calculated for both oscillators and
compared with literatures values. The resolution of the continuous wave Ti:Sapphire

ring was 0.17cm’™. The optical path length was 3.67 km.
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Table 61. Fundamental Vibrational Frequencies of Propyne

Assignment Symmetry Mode Frequency / cm’™
Vi Ay acetylenic C-H stretch 3335.1
V) A methyl C-H s-stretch 2941.4
V3 Ay C=Cstretch 21379
V4 Ay methyl deformation 1385.0
Vs Ay C-C stretch 930.3
Ve E methyl C-H a-stretch 2980.8
V7 E methyl skeletal deformation 1450.3
Vg E methyl skeletal rock 1036.1
Vo E C=C-Hbend 633.3
Vio E C-C=C bend 327.5
Acetylenic C-H Stretch

Absorption spectrum in the range of (12550-12850) cm™ is shown in Figure 89.
The spectrum shows three different bands. The stronger one around 12712 cm™ is
assigned as the pure 4v, transition. The second band, around 12764 cm™, is assigned as

202,203 The assignments 4v; and

3vy; + v3 + vs. These two bands are in Fermi resonance
3v; + v3 + vs, were established by Crofton et al**? and is based on the integrated
intensity of a combination band being weaker than that of a pure overtone band if strong
multilevel coupling is absent. These authors also calculated the locations of the
unperturbed 4v; and 3v; + v3 + vs levels and estimated the magnitude of the coupling
between these states.

The small peak to lower frequencies corresponds to a hot band, 4v; + vg - vo.
This band arises from nonresonant intramolecular coupling of the acetylenic C-H

stretch (v;) and the =C - H bending mode (vy). This small peak at low frequencies have

been also observed at v =2, 3, 4, 5, 6 in the region of the acetylenic stretch. It has been
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Figure 89. Absorption spectrum of (Av =4) acetylenic C-H stretch of propyne with a

pressure of 92 Torr at 295K.
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Figure 90. (Av =4) acetylenic C-H stretch of propyne. Absorption pressure series at
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Figure 91. (Av=4) acetylenic C-H stretch of propyne. S vs. p. Slope is Sy
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demonstrated that the transitions are due to the hot bands vv; + v — V9.203 In a similar
molecule, 3,3,3-trifluropropyne, these series of transitions were also seen at v = 2-6."2°
In order to obtain the integrated band strength (Sy) of this region Av =4 for th
acetylenic stretch for a series of eight different pressures, 92, 81, 72, 61, 51, 37, 23 and
10 Torr. The pressure series was obtained and is shown in Figure 90. Table 62 reports

the density, integrated absorption band, and band strength values for each individual

pressure. The S, value is found by plotting S versus p (see Figure 91)

Table 62. (Av =4) acetylenic C-H of C;Hy at 295K, Pressure, p, S and Sj.

Pressure P S So
torr 10'® molecules cm ™3 10 em™ 10722 cm%em ™ 'molecule™
92 3.01 10.61 3.38
81 2.65 8.44 3.19
72 2.34 7.14 3.05
61 2.00 6.02 3.02
51 1.67 5.11 3.06
37 1.21 3.68 3.04
23 0.75 2.33 3.10
10 0.33 0.87 2.66
Avg 33+0.1

The absorption spectrum of the (Av=4) acetylenic C-H stretch of propyne was
recorded at 185K. A comparison between the spectrum at room and low temperature is
shown in Figure 92. This figure shows that the red shoulder of band 4v; is reduced
dramatically at low temperature. This is expected since the population of the hot band
decreases. Also, it is possible to see from this comparison that the hot band disappears
at 185 K. Other feature of the spectrum at low temperature is the increase of the main

absorption.
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Figure 92. (Av =4) acetylenic C-H stretch of propyne with a pressure of 10 Torr at 185
K (top), and 23Torr at 295K (bottom)
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Figure 94. (Av=4) acetylenic C-H stretch of propyne. S vs. p. Slope is Sy. Marker m =
measurements at 295 K and Marker A = measurements at 185 K.
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Although the density used to take the low temperature (p = 7.52x10''molecules
cm™) spectrum is smaller than the density used for the spectrum at 295 K (p =
5.22x10'7 molecules cm'3) the absorption of 4v; and 3v; + v3 + vs at 185 K is 30%
more intense than the absorption at 295K. This is because the bands are narrower at
low temperature. However, the integrated band strength of the total band remains
constant at any temperature.

A pressure series of (Av =4) acetylenic C-H stretch of CsH4 at 185 K was also
measured and is shown in Figure 93. Pressures of 10, 8, 6, 4 and 2 Torr were used and
their integrate absorption areas were calculated.

Table 63 reports the density, S, and Sy for each pressure at 185K. These values
and values obtained at room temperature were plotted together in Figure 94. The results

are linear for measurements taken at different temperatures.

Table 63. (Av=4) acetylenic C-H of C;H4 at 185K, Pressure, p, S and Sy

Pressure p S So
torr 10" molecules cm > 10" em™ 10722 cm?em 'molecule™!
10 0.52 2.23 4.26
8 0.42 1.83 4.38
6 0.31 1.36 4.33
4 0.18 1.08 5.89
2 0.08 0.44 5.62
Avg 3.1+£0.1
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Figure 95. Absorption spectrum of (Av =5) methyl C-H stretch of propyne with a
pressure of 92 Torr and 295K.
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Methyl C-H Stretch

The fourth overtone spectrum of the propyne methyl group C-H stretch is shown
in Figure 95. This band is more complex that the band presented above. In the local
mode limit there are now three independent oscillators. The linear basis functions for
each oscillator can be combined to form A; and E symmetry states, consistent with the
Csy point group of the molecule. Bands involving the A, state are associated with
parallel type bands whereas E states are associated with perpendicular type bands.
Thus, the band in Figure 95 is associated with parallel and perpendicular type bands.
This information has been confirmed in previous work by Crofton et al *** and Bar et al
201,209

Figure 96 shows stacked spectra of (Av =5) methyl C-H stretch at 295 and 185
K. The narrowing of the band at the lower temperature can be observed from this
comparison. It is especially large on the low frequency side.

In order to get the band strength value, the absorption spectrum of (Av=5)
methyl C-H stretch of propyne was measured at different pressures. Figure 97 shows
the pressure series of eight separate measurements ranging from 10 to 92 Torr of C3Hy4
taken at 295 K, and Figure 98 shows the pressure series at 185K. Table 64 reports the
density, S, and Sy for each pressure at 295 and 185K. These values were plotted
together and are displayed in Figure 99. The resulting slope corresponds to the S
value, Sy = (1.34 + 0.02) x 10 cm” cm™ molecules™. This value is closer to the S,

value calculated by Bar et a/ 201 , So—= 2.08 x 102 cm? cm™ molecules™.
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Figure 97. (Av =5) methyl C-H stretch of propyne. Absorption pressure series at 295K
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Figure 98. (Av =5) methyl C-H stretch of propyne. Absorption pressure series at 185K
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Table 64. (Av =4) methyl C-H of C;H4 at 295 and 185K, Pressure, p, S and S.

T Pressure p S S,
Torr Torr 10'8 molecules cm ™3 107 em™ 10 em*em ™ molecule”

92 3.01 4.03 1.34

81 2.65 3.61 1.36

72 2.34 3.28 1.40

61 1.99 2.76 1.38

295K 51 1.67 2.22 1.33

37 1.21 1.63 1.34

23 0.75 1.10 1.46

10 0.33 0.47 1.44

10 0.52 0.61 1.16

185 K 8 0.42 0.66 1.58

6 0.31 0.58 1.84

Avg 1.34 £0.02

The Sy values obtained for the acetylenic C-H stretch, Sy = (3.1 + 0.1) x 107
cm® cm” molecules™, and methyl C-H stretch, Sy = (1.34 £ 0.02) x 10 cm® cm™
molecules™ .are used as reference for the molecules to be presented in the following

sections.

Overtone Spectroscopy of Tert-butylacetylene
The vibrational overtone spectra of the acetylenic and methyl C-H stretches of
tert-butylacetylene (C¢H ) were obtained for the v =1 to L =4 and v =1 to v =5 levels,
respectively. These spectral regions were measured using Fourier transform
spectrophotometer with a resolution of 1 cm™ and white cell with an optical path length
of 6.6 m. The overtones spectra, v =4 for the acetylenic and v =5 for the methyl C-H
stretches, were also obtained at 295 and 240 K using PS-CRD technique, with a path

length of 4.34 km and resolution of 0.17cm™ given by the continuous wave Ti:Sapphire
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ring laser used. Sy values were obtained from the data obtained. The C-H stretches in
CeHjo were analyzed in terms of the local-mode model. Harmonic frequencies (@;) and
anharmonicities (X;;) were calculated. A harmonically coupled anharmonic oscillator
(HCAO) "*'® model was used to determine the overtone energy levels and assign the
absorption bands to vibrational transitions. Ab initio molecular orbital calculations of

geometries and vibrational frequencies were also performed.

Acetylenic C-H Stretch

The spectra shown in Figures 100 to 103 correspond to transitions from v=0 to
levels 1, 2, 3 and 4 of the acetylenic C-H stretch. These spectra were taken on the FT-
spectrophotometer.

Figure 100 shows the PQR structure for the acetylenic C-H fundamental
centered at v;= 3328 cm’, and a small shoulder at the low frequency end of the P
branch. This fundamental spectrum looks similar to similar molecules of the type
RC = CH such as (CF3);C=CH *', 3,3,3-trifluoropropyne **° and propyne **. Also, the
fundamental acetylenic C-H stretch of CgH;p and these similar molecules nearly
coincide in frequency. Hence, the weaker band centered at 3308cm™ could be assigned
as a hot band originating from the v,4 vibrational frequency at 634 cm™, following the
notation used in Table 65.22% %

The first overtone is shown in Figure 101 and exhibits the strong narrow
acetylenic C-H absorption (Q branch), as well as a small peak to the low frequency side.

A similar low frequency absorption is observable for the Av;= 3 and 4

transitions in Figure 102 and Figure 103. Because of its lower frequency relative to the
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Figure 100. Absorption spectrum of the fundamental (Av =1) acetylenic C-H stretch of
CsH o at 295K. Pressure = 0.2Torr.
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Figure 101. Absorption spectrum of the first overtone (Av=2) acetylenic C-H stretch of
CgH o at 295K. Pressure = 9.2Torr.
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Figure 102. Absorption spectrum of the second overtone (Av=3) acetylenic C-H stretch
of CgHjp at 295K. Pressure = 200Torr.
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Figure 103. Absorption spectrum of the third overtone (Av =4) acetylenic C-H stretch
of CgHjp at 295K. Pressure = 200Torr.
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Table 65. Fundamental Vibrational Frequencies of CsHjj

Assignment Symmetry Mode Frequency / cm™
Vi Ay acetylenic C-H stretch 3329
Vo A methyl C-H a-stretch 2977
V3 Ay methyl C-H s-stretch 2889
V4 Al C =Cstretch 2107
Vs Ay H-C-H a-bend 1475
Ve Ay H-C-H s-bend 1363
\ Ay C-C stretch 1248
Vg A CH; rock 885
Vo Ay C-C =Cstretch 691
Vio Ay C-C; bend 382
A A, CHj; a- stretch 2974
Vi2 As CHj; a- bend 1459
Vi3 A, CH; rock 995
Vi4 Aj CH; twist 216
Vis E acetylenic C-H stretch 2978
Vie E methyl C-H a-stretch 2976
Vi7 E methyl C-H s-stretch 2889
Vig E CHj; a-bend 1475
Vi9 E CH; a-bend 1456
Va0 E CH; s-bend 1393
Vi E C-C a-stretch 1205
Voo E CHj; a-rock 1032
V23 E CH3; a-rock 930
Voa E = C-Hbend 634
Vos E C-C; a-bend 542
Va6 E C-C=Crock 362
V7 E CH; twist 287
Vg E C-C=Cbend 181

v overtones and its proximity to them, it is most probably a hot band corresponding to

one observed in the fundamental. In addition, the separation in energy between the

maximum of main absorption and the low-frequency peak increases by a multiple of the

vibrational quantum number of the excited level.

For a polyatomic molecule the local-mode representation of a vibrational energy

. 220
level is usually expressed as
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E:E0+Zul.a)l.+ ZZcija}U+ZZuiquij (71)

2] i2j
where @, and vu; are the harmonic frequency and vibrational quantum number,
respectively, and @;’s are harmonic coupling terms that are usually small and can be
neglected. Besides the diagonal Xj; local- mode anharmonicities, off-diagonal X local-
mode-local-mode and local-mode-normal mode anharmonicities are sometimes
necessary to assign the spectra.
With eq 71, the energy difference E(v;) — E(0), corresponding to a pure local-
mode transition 0 — v; is
AE =v,0, + 0’ X, (72)
Similarly for a hot-band transition (0,0;) — (v, vy the energy difference E(v,v) —
E(0,v) is given by
AE'=v,0, + uizXl.l. +0,X; (73)
With the experimental points for the acetylenic CH stretch transitions 0 — v; a
plot of AE/v versus v was obtained and the results are shown on the upper straight line
of Figure 104. A similar plot was made with the experimental energies obtained for the
small absorption on the low energy side of each transition. A straight line was obtained
from this data as shown in the lower line of Figure 104. From this result it can be
concluded that the weaker band, close to and at a lower frequency than the main
overtone transition, is a hot band of the type (U1 =0, V2s=1) — (L1=v, Logs =1). These

are in agreement with the suggestion made by Manzanares et al **°

that the coupling
between the CH stretch and CH bend of the acetylenic compounds should be common

to other similar molecules of the type RC=CH. The observed and calculated
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frequencies for these transitions are presented in Table 66. The frequencies were
calculated by use of equation 72 and 73 and the harmonic frequency,®;, anharmonic
constant, X;;, and anharmonic interaction constant, X; , also presented in Table 66.

The best absorption spectrum the third overtone (Av=4) acetylenic C-H stretch
of C¢Hjp was recorded using PS-CRD spectroscopy and is shown in Figure 105. Both
bands can be observed in this spectrum, the strong acetylenic C-H absorption, 4v;, and
the small peak at low frequency side due to the hot band vy4 — (Va4 + 4v)).

Using the PS-CRD technique, the absorption spectrum of the (Av=4) acetylenic
C-H stretch of C¢Hj¢p was recorded at 240K. Give by the vapor pressure of tert-
butylacetylene (26 Torr at 240K), it was 240K the lower temperature reached. Figure
106 shows that the band 4v; is narrower at 240K than at 295 K.

It is possible to see from this comparison that the hot band intensity decreases at
240K. Pressure series at 295 and 240 K were taken and are shown in Figure 107 and
Figure 108. This information was used to calculate the Sy value for this overtone
transition. Table 67 reports the calculated density (p), integrated absorption areas (S),
and the band strength (Sy) for each pressure at 295 and 240K. Also, in this table the
data obtained for this transition using FT spectrometer at 200 Torr and 295 K is
included. The Sy value reported is found by plotting S vs. p found in Figure109.

The Sy value equal to (3.0 = 0.1) x 10** cm® cm™ molecules ™' is similar to the
value obtained for propyne, Sy = (3.1 = 0.1) x 10?* cm” cm™ molecules . This result

shows that the acetylenic C-H oscillator is isolated from other parts of the molecule.
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Figure 104. Birge-Sponer plot of the acetylenic C-H stretch of C¢H;o and an associated
hot-band transition. Marker m represents the vv; overtones and Marker A represents the
Va4 — (V24 + V) hot bands.
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Table 66. Observed and Calculated Frequencies, w; ,
X and X o4 (cm’l) for the Acetylenic CH stretch of C¢H g

v Obs. Freq Calc freq Assigned Transition
1 3308.34 3308.34 Vag — (Vag + Vi)
3328.11 3328.07 0— v,
2 6516.96 6516.36 Vag — (Vag +2v))
6555.93 6555.70 0—2v,
3 9622.25 9624.05 Vag — (Vag +3v))
9682.03 9682.87 0 — 3v,
4 12632.63 12631.42 Vag — (Vag + 4vy)
12710.25 12709.58 0 — 4v,
Harmonic 3378.3+0.3 Anharmonic constants -50.2+0.1
Frequency
Anharmonic -19.8 £0.7

Interaction constant

Table 67. (Av=4) acetylenic C-H of C¢H ¢ at 295 and 240K, Pressure, p, S and Sj.

T Pressure p S S,
Torr Torr 108 moleculesem > 107*em™ 102 cem*em ™' molecule™
65 2.105 5.12 2.43
52 1.684 4.06 2.41
32 1.037 2.73 2.63
19 0.615 1.64 2.66
295K 11 0.356 1.33 3.72
4 0.130 0.59 4.58
2 0.065 0.40 6.22
200 6.567 20.23 3.08
5.5 0.221 0.732 3.31
240 K 1.6 0.064 0.261 4.06
0.9 0.039 0.216 5.47
Avg 3.0+£0.1
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Figure 105. Absorption spectrum of (Av=4) acetylenic C-H stretch of CsHjo with a
pressure of 65 Torr at 295K
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Since the §) value for the acetylenic C-H stretch in molecules like RC = CH 1is

not affected by changing the R group.

Methyl C-H stretch

Tert-butylacetylene is a symmetry top molecule belongs to the point group Cs,.
For this reason at the equilibrium geometry, each CHj group is aligned with a C-H bond
in the Cs, plane (CHs) and the other two C-H bonds out of the molecular Cs, plane
(CH,). It is expected that this molecule will show two overtone bands in the methyl C-
H regions corresponding to the two non-equivalent CH bonds in the methyl groups.

The methyl C-H stretch spectra are shown from Figure 110 to Figure 114.
Figure 110 and Figure 111 correspond to the fundamental and first overtone C-H
region. The expected two bands for two non-equivalent CH bonds in the methyl groups
do not appear because they have similar energies at this level of excitation. For higher
overtones from Av = 3 up to Av = 5, these two bands can be distinguished. This is
because the two C-H bonds have different anharmonicity constants. The contribution
from the anharmonicity begins to show the separation between energy levels for

vibrational transitions larger than Av = 3.2%*2%*

Absorption spectrum of the fourth overtone (Av =5) methyl C-H stretch of
CesHjo was also obtained using the PS-CRD technique. The spectra were obtained at
295 and 240K. A small decrease in the bandwidth was observed in the spectrum taken
at 240 K. Using the same procedure explained before for the (Av = 4) transition of the
acetylenic C-H stretch, a pressure series at each temperature were obtained and are

shown in Figure 115 and Figure 116.
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Figure 110. Absorption spectrum of the fundamental (Av=1) methyl C-H stretch of
CgHyo at 295K. Pressure = 0.2Torr.
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Figure 111. Absorption spectrum of the first overtone (Av =2) methyl C-H stretch of
CesHio at 295K. Pressure = 9.2Torr.
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Figure 112. Absorption spectrum of the second overtone (Av =3) methyl C-H stretch of
CgHyo at 295K. Pressure = 200Torr.
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Figure 113. Absorption spectrum of the third overtone (Av =4) methyl C-H stretch of
CeHip at 295K. Pressure = 200 Torr.
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Figure 114. Absorption spectrum of the fourth overtone (Av =5) methyl C-H stretch of
CgHjo at 295K. Pressure = 200Torr.
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Table 68. (Av=5) methyl C-H of CsHy at 295 and 240K, Pressure, p, S and S.

T Pressure p S S,
Torr Torr 108 moleculesem=>3  107*em™ 107 cm*em™ molecule™
65 2.105 8.04 3.82
52 1.684 6.51 3.87
32 1.037 4.13 3.98
19 0.615 2.46 4.00
295K 11 0.356 1.84 5.17
4 0.130 0.85 6.55
2 0.065 0.20 3.08
200 6.567 27.6 4.20
5.5 0.221 1.34 6.06
240 K 1.6 0.064 3.85 5.98
0.9 0.039 3.37 7.69
Avg 4.14 +0.06

In order to obtain the band strength value for (Av=5) methyl C-H stretch,
integrated band values were plotted as a function of the molecular density. The results
are shown in Figure 117. Table 68 reports the density, integrated absorption band, and
band strength values for each individual pressure. The integrated band obtained from
the FT- spectrum was also plotted.

The S, value obtained (4.14 + 0.06) x 10%* cm® cm™ molecules™ is three times
the Sy value obtained for propyne ((1.34 = 0.02) x 10 cm? cm™ molecules™) which
confirms that the triple bond in molecules like RC = CH effectively isolates the
acetylenic C-H stretch from the methyl group vibrational modes and that the converse is
also true.””

The harmonically coupled anharmonic oscillators (HCAQO) model was used to
obtain suitable vibrational energies for the methyl groups.”’” *'® Following the same

194
[

treatment given by Henry ef al ", the model neglects interactions among the three
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methyl groups of the molecule. In a methyl group, the coupling between the C-H
stretching modes and the bending modes is also neglected and the Hamiltonian is the
sum of three (two of which are identical) Morse oscillators which are harmonically
coupled.

The states in each methyl group are described by three quantum numbers with
the notation | 1L, >. | L3 >, where v; and v; are the vibrational quanta in the two C-H,
oscillators, respectively, and v; is the number of vibrational quanta in the C-Hg
oscillator. The =+ refers to the symmetry of the two equivalent C-H, wave functions
with respect to reflection in the skeletal plane. The zeroth-order Hamiltonian H® can be

written as

( ‘- E\(60>\0>)

2 2 2
” =, + U)o, — (U] +0; + U, + V) OX, + V0, — (U +U;)W;x, (74)

where @; and @; x; are the local mode frequency and anharmonicity of the two

equivalent C-H, oscillators, and @w; and w; x; are the corresponding local mode

o

parameters for the C-H; oscillator. E‘00>‘0>

is the zeroth-order energy of the ground state.

States that have the same total number of vibrational quanta v = v; + L+ v; are said to
belong to the same manifold.

The HCAO local model includes in the perturbation only terms that are
quadratic in the momentum or the position operators. Henry e al”> " introduced the

creation @ and annihilation a operators in place of the momentum and position

+H!

inter >

operators. Thus the perturbation can be written as H' = H. where

ntra

1
intra

he

= _7/1’2(611‘1;r + araz) - 7/1’3(611‘13+ + ara3 + a2a3+ + a;as) (75)
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and

1
inter

he

= _71*2(‘11‘12 +ala;) - 71*3("1"3 +ala; +a,a; +aya;), (76)

where the coupling parameters are defined by

Vo = (712 -, )a)1’ 73 = (13 — ¢13)\/ @, (77)
and
71*2 = (712 +4, )a)l’ 7/1*3 =y + ¢13)\/ 0,0, (78)

The parameters yand ¢ are defined by ** '**

1 Gy 1 F,
Vy=—7—T—— and ¢, =_——— (79)
Y 2 1G°G? ' 2 |FF

Where the G are the elements of the Wilson G matrix evaluated at the optimized

geometry, and the Fj , the usual force constants. Henry et a 4 assume that the

operators @' and a, to good approximation, have the step-up and step-down properties

known from harmonic oscillators even though they here operate on Morse oscillators.”®

1
intra

With this approximation, H. . will only couple states within the same manifold and

only those that differ by one vibrational quantum in two CH oscillators. H.  is the

nter

contribution to the energy from the coupling between vibrational manifolds. It has been

190

shown that this second contribution to the perturbation is very small because it

couples states where v is changed by + 2, which are states that are well separated in

1
inter

energy. Hence, H._ is neglected in the present calculation. The problem of obtaining

peak positions is reduced to diagonalization of a block diagonal Hamiltonian matrix

with one block for each manifold.
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The intramanifold coupling parameters y’ can usually be obtained from the
observed frequencies of the fundamental peaks and/or some of the observed peak
frequencies in the first CH-stretching overtone. However, this is not our case since ab
initio molecular orbital calculations were performed to obtain y.

The vibrational frequencies of C¢Ho were calculated at the Hartree-Fock, DFT
(B3LYP) level of theory using the standard 6-311G (3d,p) and 6-311G(d,p) basis sets,
respectively. The computations were performed by using the Gaussian 03 Program

200

Package.”™ The most stable configuration is presented in Figure 118.

Table 69 contains the selected computed geometric parameters for the Csy
symmetry of C¢H o and compares available experimental data.**> %

The most stable configuration of C¢H;o was used to calculate the vibrational
frequencies. The configuration with C;, symmetry possesses 3N-6 = 42 normal modes
with the symmetry representations 10A; + 4A, + 14E. Tables 70 and Table 71 lists the
vibrational frequencies calculated at the HF / 6-311G (3d,p) and DFT (B3LYP) /6-
311G(d,p) levels, respectively.

Table 69. Optimized geometry (Csy) and experimental
bond lengths (A) and bond angle (degree) for CsHjo

Parameter HF / 6-311G (3d,p) Dlg_]; g?él(g;;) / E)zgzp%erlmezrzrgal
C=C, 1.1822 1.2025 1.206 1.210
Cr-Cs 1.4799 1.4720 1.500 1.498
Cs-Cy 1.5370 1.5454 1.531 1.529
C4-He 1.0859 1.0942
C4-Hy 1.0843 1.0924
C;-Hg 1.0548 1.0622 1.056 1.10

Cs-C5-Cy 109.9321 109.7587 111.1 110.9

C;3-Cy-Hg 109.9846 110.0392

Cs-C4-H5 110.9314 110.8969
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Figure 118. Equilibrium geometry (Cs, symmetry) of tert-butylacetylene.

These tables also show the corresponding calculated IR intensities. The
calculated frequencies are scaled (scaling factors: 0.92(HF) and 0.96 (DFT (B3LYP))
and compared with the observed IR frequencies ***.

Therefore, the intra-manifold coupling parameters (y’) were estimated from
frequencies obtained from ab initio calculations using the same method that was used
for dimethyl ether.'™

The isolated fundamental C-H, and C-Hj stretching frequencies for (CD,H)
(CD3),CsD and the fundamental CH stretching frequencies of (CHs) (CDs3),CsD were
calculated at the Hartree-Fock 6-311G (3d,p) and DFT (B3LYP) 6-311G(d,p) levels of
theory. The results are presented in Table 72.

Since the calculated isolated fundamental frequencies, C-H, and C-H,, for

(CD;H) (CDs3),CsD are independent of any coupling, these two CH frequencies are
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made equal to the pure local mode frequencies, (@, — 2w;x;)= 3219cm™ and (ws —
2m3x3)= 3199 cm’™, respectively. These values were obtained when HF 6-311G (3d,p)
level of theory was used. The latter calculation produces three frequencies (v) that

correspond in increasing order to the energies of the states V| OO>| 1>= 3163 cm™,
v|10>+|0>= 3228 cm’, v|10>_| 0>= 3240 cm™ of the HCAO model.
The parameter y,, is calculated from the equation
¥, =v|10)_|0) - (@, — 20,x,) (80)
and y/,is obtained from the calculated frequencies of the in-plane fundamental |00>| 1>

and the following energy matrix

|10>+|0> o, — 20X, — 71, _\/57/1'3

(81)
|00> |1> _\/571’3 @y —20,x,

which involves the two symmetric states |10>+|0> and |00>|1> and their interaction

through y/,. The ab initio calculated fundamental frequencies are higher than the

experimental ones but because the present analysis depends only on the differences in
frequencies between (CD,H) (CD3),C3D and (CHj3) (CD3),CsD, it is expected that the
calculated parameters (') are as reliable as the ones obtained from experimental
frequencies. The analysis yields values of y/, =21 cm™ and y/, =25 cm™

In order to obtain the CH local model parameters for CgHjo, the peak
frequencies of the absorption bands in Figures 110 to 113 were fitted to the equation for

the transition energy for a one-dimensional anharmonic oscillator:

E =w, - (v+ l)a)l,xl. (i=13) (82)
19
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where .is the harmonic frequency, @,x; is the anharmonicity and v is the vibrational

quantum number. The sub-index i=1, 3 refers to the two C-H, and one C-Hj; oscillators,

respectively.

Table 70. Normal modes for C¢H; calculated at the HF 6-311G (3d,p) level of theory

Symmetry Normal IR ' Calculated Scaled Exp ear&ment
Mode Intensity Frequency Frequency Frequency
A Vi 63 3620 3330 3329
\) 96 3233 2974 2977
V3 32 3170 2916 2889
V4 3 2370 2180 2107
Vs 7 1637 1505 1475
V6 1 1557 1432 1363
V7 24 1379 1268 1248
Vg 0 951 874 885
Vo 2 729 670 691
Vio 0 409 376 382
Ar Vi1 0 3232 2974 2974
Vi2 0 1597 1469 1459
Vi3 0 1047 963 995
Vig 0 202 186 216
E Vis 56 3239 2980 2978
Vie 5 3223 2965 2976
V17 26 3160 2907 2889
Vig 6 1620 1490 1475
Vig 0 1606 1478 1456
Va0 5 1526 1404 1393
Vai 5 1341 1233 1205
V2o 0 1142 1050 1032
V23 0 1008 927 930
Va4 40 805 740 634
Vas 12 607 558 542
Vas 0 383 352 362
Va7 0 299 275 287
Vog 1 202 186 181
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Table 71. Normal modes for C¢H; calculated at DFT (B3LYP) 6-311G(d,p)

Symmetry  ormal IR Calculated Scaled Expear&ment
Mode Intensity Frequency  Frequency Frequency
Al v 65 3477 3338 3329
Vs 68 3098 2975 2977
V3 28 3031 2910 2889
V4 5 2209 2121 2107
Vs 9 1518 1458 1475
v ) 1429 1371 1363
Vs 22 1272 1221 1248
Vg 1 892 856 885
Vo 1 693 667 691
o 0 382 367 382
A, Vi 0 3102 2977 2974
Via 0 1477 1418 1459
Vi3 0 967 929 995
Vis 0 218 209 216
E Vis 42 3106 2982 2978
Vie 5 3091 2968 2976
vir 23 3024 2903 2889
ie 8 1501 1441 1475
vie 0 1489 1429 1456
oo 7 1397 1341 1393
v 6 1224 1175 1205
v 0 1050 1008 1032
V23 0 230 893 0
Vas 44 672 645 634
Vas 6 556 534 542
e I 353 339 362
Va7 0 271 260 287
o 1 179 172 181

Figure 119 shows a plot of Eq (82) for the two different CH oscillators in C¢Hjo.
The upper line corresponds to the C-H, oscillators and from its intercept and slope @;

and w,x; are obtained, respectively. For the C-H; oscillators, w; and wsx; values were
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obtained from intercept and slope of the lower line. The points for v =2 were not

included in the fit. The local mode parameters are presented in Table 72.

iso

Table 72. Local mode parameters. ab initio calculated isolated frequencies v,

(cm™) C-H, C-H,
Local Mode w; 3099 3091
parameters WX 66.2 67.1
i 3219 3199
Yioo) I 3163
Vv,
HF/ 6-311G (3d,p) 110).10) 3228
V\ 10)_|0) 3240
712 21
71'3 25
i 3216 3197
Yioo) 1) 3163
DFT (B3LYP) Y10y, |0} 3225
6-311G(d.p) Viio)_Jo 3236
12 20
713 23

The matrices for each vibrational manifold from v =1 to 5 were obtained using

the local mode parameters and the coupling parameters y/, and y/, (see Appendix B)

217,218 The frequencies corresponding to pure local modes were calculated from the

matrices. Table 73 summarizes the experimental and calculated peak positions.
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Figure 119. Birge-Sponer plot of the C-H, and C-Hg oscillators in C¢H;o Marker m =
CH, data and Marker A = CHg data.
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Table 73. Calculated and experimental vibrational frequencies (cm™)

Assignment HCAO Obserqu
HF DFT Frequencies
|00) |1) 2916 2917 2889
10),|0) 2987 2985
2978
1 10)_|0) 2987 2987
2 100) |2) 5753 5755 5731
2 20),|0) 5785 5785 5788
2 20)_|0) 5792 5792 5795
2 |10),|1) 5915 5915 5908
2 10)_|1) 5952 5952 5939
2 |11) |0) 5961 5960 5948
3 100) |3) 8454 8455 8445
3 30)_|0) 8487 8488
3 30)_|0) 8489 8490 08
3 10),]2) 8672 8674 8650
3 20) _|1) 8715 8717
3 121) |0) 8729 8730 8737
3 10)_|2) 8802 8801 8780
3 20)|1) 8805 8803
3 21)_|0) 8829 8827
3 11) |1) 8920 8919
4 00) |4) 11010 11012 11011
4 |40)_|0) 11060 11060
11064
4 40)_|0) 11073 11072
4 10) [3) 11371 11375 11394
4 10)_|3) 11407 11410
4 30 |1) 11413 11414
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Continued. Table 73. Calculated and experimental vibrational frequencies (cm™)

‘ HCAO Observed
\Y Assignment HF DFT Frequencies
4 130)_[1) 11448 11448
4 31). |0) 11459 11460
4 131)_|0) 11483 11483
4 20 |2) 11603 11601
4 20)_[2) 11624 11621
4 22) |0) 11634 11634
4 121) |1) 11667 11667
4 11) |2) 11780 1777
11766
4 121)_|1) 11780 11779
5 00) |5) 13432 13433 13470
; 50). o 13407 13408
13550
5 |50)_|0) 13497 13498
5 |10)_[4) 13948 13950
5 10)_|4) 13986 13989
5 |40 |1) 13987 13989
5 40) _|1) 13995 13996
5 |41) |0) 14038 140338
5 |41)_]0) 14043 14042
5 20),[3) 14203 14204
5 20)_|3) 14216 14217
5 32}, |0) 14240 14241
5 30),12) 14351 14349
5 30)_[2) 14357 14355
5 11) [3) 14357 14358
5 32)_]0) 14371 14370
5 131) |1) 14426 14425
5 131) |1) 14453 14451
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Continued. Table 73. Calculated and experimental vibrational frequencies (cm™)

\% Assignment HCAO Observed
HF DFT Frequencies

> 21),12) 14559 14557

5 21)_|2) 14597 14597

5 |22> | 1> 14629 14625

The local mode states are labeled |vv,),|v;). Pure local mode assignments

corresponding to the least intense low energy overtone (C-H;) are denoted by |00)|v) and

assignments corresponding to the most intense high energy overtone (C-H,) are denoted

by |v0).]0), where v=3-5 is the vibrational quantum number. Assignments of pure

local modes were also confirmed with the help of the Birge-Sponer plot.

Overtone Spectroscopy of (Trimethylsilyl)acetylene

Overtone spectra of (Trimethylsilyl)acetylene, CsSiH;o, for the acetylenic and
methyl C-H stretch were recorded between 3250 and 13900 cm™. Spectral regions were
measured using Fourier transform spectrophotometer with a resolution of 1 cm™ and
using a white cell with a path length of 6.6 m. As in C¢H,, higher level overtones
spectra (V=4) for the acetylenic and (v=>5) for the methyl C-H stretches, were obtained
with the PS-CRD technique. The path length and resolution used were 4.34 km and
0.17cm’, respectively. The spectra were taken at 295 and 240K. Birge-Sponer plots
were constructed for each C-H oscillator and local-mode parameters were calculated. Sy

values were obtained from the data obtained
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Acetylenic C-H stretch

Individual overtone regions of the acetylene C-H stretch of CsSiH;, are
presented in Figures 120 to 123. In general, these spectra show the same features
exhibited by CeH,o spectra (see Figures 100-102). A strong narrow acetylenic C-H
absorption, as well as a small peak to the low-frequency side are shown. This weaker
band has been identified as a hot band. It arises from nonresonant intramolecular
coupling of the acetylenic C-H stretch and the =C-H bending mode. Equation (73) was
used to fit the frequencies of the hot band vy4 — (v24 + Vi), using the notation in Table
74.**7 The fundamental region and the small peaks observed at v=2-4 were used for the
plot. The fit is shown in Figure 124 (lower line). The good linear fit indicates that
these absorptions are all due to the hot bands v,4 — (Lv24 + v;) and that this absorption
can be described as a local mode. The v; overtones were analyzed based on Eq(72). A
plot of AE/v versus v was constructed and is shown in Figure 124 (upper line). The
resulting good linear fit indicates that the vibration can be adequately described by a
two-parameter local-mode model. Table 75 summarizes observed frequencies and
calculated frequencies by use of eq (72) and (73). Also, values for the local parameters;
w;, X;1, and X »4 are shown.

It was found that the line width of the CsSiH; spectra is significantly narrower
than the tert-butylacetylene spectra. This feature has been observed before for the
fundamental and first overtone of acetylenic C-H stretch of C¢H;o and CsSiHj( in

studies of intramolecular vibrational relaxation (IVR) #!*%'?
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Figure 120. Absorption spectrum of the fundamental (Av=1) acetylenic C-H stretch of
CsSiH;¢ at 295K. Pressure = 0.5Torr.
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Figure 121. Absorption spectrum of the first overtone (Av=2) acetylenic C-H stretch of
CsSiH;¢ at 295K. Pressure = 28 Torr.
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Figure 122. Absorption spectrum of the second overtone (Av=3) acetylenic C-H stretch
of CsSiH; at 295K. Pressure = 180 Torr
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Figure 123. Absorption spectrum of the third overtone (Av=4) acetylenic C-H stretch
of CsSiH;q at 295K. Pressure = 180 Torr.
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The observation of dramatically different lifetimes in both molecules was

explained first by the increase of the mass of the central atom.”?%2%

However, quantum
calculations for the intramolecular vibrational energy redistribution and absorption
spectra of the first two excited states of the acetylenic CH stretch vibration in the
polyatomic molecules (CX3);YCCH, where X=H or D and Y=C or Si found that an
increase of the mass alone of the central atom from C to Si cannot explain the observed
difference in the C and Si molecules.*°

Moreover, this theoretical study found that a model of intramolecular vibrational
relaxation based on the assumption of sequential off-resonance transitions via third and
fourth order vibrational couplings (as opposed to direct high order couplings) is in
agreement with experimental results on spectral linewidths. In a semiclassical limit this
type of relaxation corresponds to a dynamic tunneling in phase space. It was shown that
the local density of resonances of third and fourth order, rather than the total density of
states, plays a central role for the relaxation. It is found that in the Si molecule an
accidental absence of appropriate resonances results in a bottleneck in the initial stages
of relaxation. As a result, an almost complete localization of the initially prepared
excitation occurs. Vibrational states for C¢H;o and CsSiH;o molecules, v = 1, are shown
in Figure 125.

Because of the extremely high density of states in higher tiers and the limited
resolution of the plot only the first few tiers are shown. In Figure 125 a qualitative
difference can be seen in the densities of coupled states in the first tiers for the C and Si

molecules.
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Table 74. Fundamental Vibrational Frequencies of CsSiH;o

Assignment Symmetry Mode Frequency / cm™
Vi A acetylenic C-H stretch 3312
Vo Ay methyl C-H a-stretch 2966
V3 Ay methyl C-H s-stretch 2900
W Ay C=Cstretch 2037
Vs Ay H-C-H a-bend 1420
Ve Ay H-C-H s-bend 1265
vy Ay Si-C stretch 654
Vg A CHj; rock 860
Vo Ay Si - C = Cstretch 557
V1o Ay Si-C; bend 218
Vi1 As CHj a- stretch 2974
Via A, CH; a- bend 1459
Vi3 A CHj; rock 995
Vi4 Ay CHj; twist —
Vis E acetylenic C-H stretch 2966
Vie E methyl C-H a-stretch 2966
Vi7 E methyl C-H s-stretch 2900
Vig E CHj; a-bend 1420
Vig E CH; a-bend 1420
Va0 E CH; s-bend 1255
Vol E Si-C a-stretch 700
Voo E CHj; a-rock 845
V23 E CH3; a-rock 765
Va4 E = C-Hbend 680
Vos E Si-C; a-bend 236
Vg E Si-C=C rock 132
Va7 E CH; twist -_—
Vog E Si-C =Cbend 350
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Figure 124. Birge-Sponer plot of the acetylenic C-H stretch of CsSiH;o and an
associated hot-band transition. Marker m represents the vv; overtones and Marker A
represents the vo4 — (V24 + LV]) hot bands.
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Table 75. Observed and Calculated Frequencies, @, , X;; and
X724 (cm’l) for the Acetylenic CH stretch of CsSiHj.

v Obs. Freq Calc freq Assigned Transition
1 3291.00 3291.05 Vag — (Vag + Vi)
3311.23 3311.08 0— v,
2 6479.27 6479.19 Vag — (Vag +2v))
6518.81 6519.33 0— 2v,
3 9564.00 9564.423 Vag — (Vag +3vy)
9624.17 9624.74 0 — 3v,
4 12546.81 12546.75 Vag — (Vag + 4vy)
12627.81 12627.31 0 — 4v,
Harmonic 3362.5+0.3 Anharmonic constants -514+04
Frequency
Anharmonic -20.0+0.3

Interaction constant

Despite the fact that the total density of states in the Si molecule is
approximately thirty times higher in this energy region, the local density of directly
coupled states in the Si molecule is found to be substantially smaller than in the C
molecule. A particularly low number of strongly coupled states in the tier 3 (the light
state is tier zero) of the Si molecule produces a bottleneck for the energy transfer from
the acetylenic CH vibrational state. For the C molecule there are already a number of
quasi-resonant states in tier 3, as one can see in Figure 125 (a).

The third (Av=4) acetylenic C-H stretch of CsSiH;, spectra were obtained at 295
and 240K using the PS-CRD technique. Figure 126 displays the spectra of 4 Torr of

stiHlo at 295 K and 240 K.
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Figure 125. First six tiers of sequentially coupled zero-order states in (a) (CH3);CCCH
and in (b) (CHs);SiCCH. The first state on the left is the CH vibration, v=1.*'®

In the low temperature spectrum (upper), the hot band intensity is reduced
dramatically. The low energy shoulder of 4v, band is reduced at 240K. This is
expected since the hot bands contribute the most on this side, but the high energy
shoulder shows little change at the two temperatures. A pressure series at 295K is
presented in Figure 127. Table 76 reports the density, integrated absorption band, and
band strength values for each individual pressure. Also, the data obtained from the FT-
spectra were included. The Sy value reported is found by plotting S vs. p in Figure 128.
The Sy value equal to (2.20 + 0.07) x 10?2 ¢cm? cm™ molecules ! is a lower than the So

value
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Figure 126. (Av=4) acetylenic C-H stretch of CsSiH,( at 240 K- top, and at 295K-
bottom
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245



14 -

12 A

10 A

S/10 *cem 2

p/ 10" molecules cm™

Sp=1(2.20+0.07) x 10 cm” cm™ molecules™
R*=0.993

Figure 128. (Av=4) acetyl C-H stretch of CsSiHjo. S vs. p. Slope is S). Marker m =
measurements at 295 K , Marker x =FT-spectrum , Marker A = measurement at 240 K.
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Table 76. (Av=4) acetylenic C-H of Cs SiH,( at 295 and 240K. Pressure, p, S and S

T Pressure p S S,
Torr Torr 108 moleculesem > 10 em™ 10 em*em ™ molecule”

65 2.105 5.22 2.48

52 1.684 4.25 2.52

32 1.037 1.87 1.80

205 K 19 0.615 1.05 1.71

9 0.292 0.57 1.97

4 0.130 0.36 2.78

2 0.065 0.25 3.83

180 5.831 12.66 2.17

240 K 4 0.157 0.33 2.13
Avg 2.20 +0.07

found for CH3CCH and (CH3);CCCH. That is in agreement with the reduction of the

linewidth given by the change of central atom.

Methyl C-H Stretch

Also, the fundamental and overtones spectra of the methyl C-H stretch of
CsSiHj¢ were obtained. Figures 129 to 133 show the spectra correspond to transitions
to levels 1, 2, 3, 4 and 5 of the methyl C-H stretching. Since (Trimethylsilyl)acetylene
is also a symmetry top molecule that belongs to the point group Cs,, it is expected that
this molecule will show overtone bands in the methyl C-H regions corresponding to the
two non-equivalent CH bonds in the methyl groups. In Figures 132 and 133 the two
bands for two non-equivalent CH bonds in the methyl groups are shown. The decrease

in the line width of the absorption bands is also observed in these transitions. An
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unusual feature occurs in the absorption spectrum of the (Av=5) methyl C-H stretch,
where an absorption immediately to high frequency side of the C-H, overtone may be
seen. Since this feature is not present in the Av=>5 spectrum of C¢Hj¢ and even in the
fundamental and lower overtone spectra of CsSiH ), it is expected that this absorption
band correspond to a combination band that involve at least one mode where the silicon

is involved. This band can be assigned as local mode-normal mode combination band
|00>|4> + Va6, Where vy 1s the Si- C = C rock mode.

Using the band absorption frequencies from Figures 129 to 133, Birge-Spooner
plots were obtained for the C-H, and C-H; oscillators. They are shown in Figure 134.
Table 77 summarizes observed frequencies and calculated frequencies for C-H, and C-
H;. Also, it is shown values for the local parameters; @;, @;x; for CH, and w;, wsx; for
CH;. As in Figure 26, in Figure 134 the points for v=2 were not included in the fit.

The Fermi resonance between |OO>|4> and |00>|4>+ Ve 18 analyzed using the

procedure explained in Chapter 5. The perturbed energies are given by equation (60)'*

where the subscripts, in this case, are defined as n = |OO>|4> +vysand i = |OO>| 4> . From

this equation the magnitude of the perturbation, I¥,;, can be obtained. Frequency of the

perturbed combination band measured from Figure 133 is £+ = 13570.36 cm™ and E)=

13551.9 cm™. The magnitude of the perturbation is W,= 25 cm™.
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Figure 129. Absorption spectrum of the fundamental (Av=1) methyl C-H stretch of
CsSiH;o at 295K. Pressure = 0.5Torr.
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Figure 130. Absorption spectrum of the first overtone (Av =2) methyl C-H stretch of
CsSiHo at 295K. Pressure = 28 Totr.
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Figure 131. Absorption spectrum of the second overtone (Av =3) methyl C-H stretch of
CsSiH o at 295K. Pressure = 180 Torr
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Figure 132. Absorption spectrum of the third overtone (Av =4) methyl C-H stretch of
CsSiHjo at 295K. Pressure = 180 Torr
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Figure 133. Absorption spectrum of the fourth overtone (Av =5) methyl C-H stretch of
CsSiHjg at 295K. Pressure = 180 Torr
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Table 77. Observed and Calculated Frequencies, @; and
wX] (cm'l) for the Methyl CH, stretch of CsSiH .

C-H, C-H,
) Obs. Freq Calc. Freq Obs. Freq Calc. Freq
1 2975.00 2969.65 2965.00 2963.46
3 8460.32 8495.99 8463.22 8471.16
4 11060.90 11052.68 11013.17 11015.40
5 13493.22 13471.72 13429.10 13419.90
Harmonic 31073+ 5 3103 +3
Frequency
Anharmonic S69+1 269.9+0.8
Constants

A better spectra of the fourth overtone (Av =5) methyl C-H stretch of CsSiH;o
was obtained using the PS-CRD technique. The spectra were obtained at 295 and
240K. However, only small decrease in the bandwidth was observed in the spectrum
taken at 240 K. Figure 135 shows the absorption spectrum of (Av=5) methyl C-H of
CsSiH; at 240K.

Table 78 reports the calculated density p, integrated absorption areas S, and the
band strength S, for the pressure series shown in Figure 136, also it is included in this
table the data obtained at 240K and from FT-spectrum. The Sy value is reported from
the linear fit of Figure 137 that is a plot of integrated absorption areas versus density.

The Sy value (2.87 £ 0.08) x 1022 ¢cm? cm™ molecules ' for CsSiH,o is almost

half that the S value obtained for C¢H;¢ which means that the change of the central

254



3100 -

3050 -

3000 -

2950 +

2900 +

2850 ~

AE/v / cm™

2800 -

2750 -

2700 +

2650 -

2600 T T T T T 1

Figure 134. Birge-Sponer plot of the C-H, and C-Hj; oscillators in CsSiH;o Marker m =
CH, data and Marker A = CH;, data.
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Table 78. (Av=5) methyl C-H of Cs SiH;( at 295 and 240K. Pressure, p, S and Sy

T Pressure p S S,
Torr Torr 10'8 moleculescm > 107 em™ 1072 cm*cm™ molecule

65 2.106 6.34 3.01

52 1.684 5.55 3.30

32 1.037 2.39 2.30

295 K 19 0.615 1.48 2.40

9 0.292 0.90 3.09

4 0.130 0.48 3.70

2 0.065 0.23 3.60

180 5.831 16.57 2.84

240 K 4 0.157 0.35 2.23
Avg 2.87 % 0.08

atom from C to Si affect more the C-H oscillators in the methyl groups than the
acetylenic C-H stretch.

The harmonically coupled anharmonic oscillators (HCAO) model was also used
to obtain suitable vibrational energies for the methyl groups present in CsSiHjo.
Following the same treatment shown before for CgHj¢, fundamental vibrational
frequencies of CsSiH,( were calculated at the Hartree-Fock and DFT (B3LYP) level of
theory using the standard 6-311G (df,p) and 6-311G(3d,p) basis sets, respectively. The
computations were performed by using the Gaussian 03 Program Package.”*

The most stable configuration is presented in Figure138. Table 79 contains the
selected computed geometric parameters for the Cs, symmetry of CsSiH;( and compares
them to available experimental data.””” This configuration was used to calculate the

fundamental vibrational frequencies.
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Figure 135. (Av=5) methyl C-H stretch of CsSiH; at 4 Torr and 240 K
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Figure 136. (Av=5) Methyl C-H stretch of CsSiH;o. Absorption pressure series at 295K
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Figure 138. Equilibrium geometry (Cs, symmetry) of (Trimethylsilyl)acetylene.

Table 79. Optimized geometry (Csy) and experimental
bond lengths (A) and bond angle (degree) for CsSiH

Parameter HF / 6-311G (df)p) D6F_;)F1(1B éézil;))) / 231 E2>§12)er1mental
Ci=C, 1.1904 1.2063 1.219 1.204
C1-Si3 1.8579 1.8455 1.836 1.833
Si3-Cy4 1.8794 1.8774 1.873 1.868
Cs-Hg 1.0878 1.0942
C4-H7 1.0865 1.0929
Ci-Hg 1.0569 1.0640 1.098 1.064

Cy-Si3-Cy 108.2327 108.3573 109.7

Si3-C4-He 110.7444 110.6310

Si3-C4-H5 111.1381 111.2248

Tables 80 and 81 list the vibrational frequencies calculated at the HF / 6-311G
(df,p) and DFT (B3LYP) /6-311G(3d,p) levels, respectively. Tables 80 and 81 also

show the corresponding calculated IR intensities. The calculated frequencies are scaled
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(scaling factors: 0.919(HF) and 0.959 (DFT (B3LYP)) and compared with the observed

- 22
IR frequencies.””’

Table 80. Normal modes for CsSiH; calculated at the HF 6-311G (df,p) level of theory

Symmetry Normal IR . Calculated Scaled Experimental
Mode Intensity ~ Frequency Frequency Frequency
Ay Vi 40 3612 3319 3312
V2 63 3226 2965 2966
V3 11 3153 2898 2900
Vi 41 2304 2117 2037
Vs 7 1579 1451 1420
Ve 10 1413 1298 1265
V7 50 682 626 654
Vg 189 941 864 860
Vo 25 573 526 557
Vio 4 240 220 218
As Vi1 0 3226 2965 2967
Vi2 0 1558 1432 1410
Vi3 0 739 679 739
Via 0 159 146 -—--
E Vis 31 3228 2967 2966
Vi6 2 3217 2957 2966
V17 10 3151 2896 2900
Vig 5 1571 1443 1420
Vi9 0 1564 1436 1420
V20 38 1405 1291 1255
V21 98 830 762 700
V22 44 927 852 845
V23 30 856 786 765
V24 13 736 676 680
Vas 0 219 202 236
Vas 1 136 125 132
Va7 0 179 164 —
Vag 34 388 356 350

261



Table 81. Normal modes for CsSiH; calculated at DFT (B3LYP) 6-311G(3d,p)

Symmetry Normal IR . Calculated Scaled Experimental
Mode Intensity  Frequency Frequency Frequency
Ay Vi 40 3455 3314 3312
\%) 63 3093 2966 2966
V3 11 3025 2900 2900
V4 41 2133 2046 2037
Vs 7 1478 1417 1420
V6 10 1304 1250 1265
V7 50 651 625 654
Vg 189 883 847 860
Vo 25 549 526 557
Vio 4 224 215 218
Ay Vil 0 3100 2973 2967
Vi2 0 1454 1395 1410
Vi3 0 693 665 739
Vi4 0 145 139 -—--
E Vis 31 3101 2974 2966
Vie 2 3091 2964 2966
V17 10 3023 2899 2900
Vig 5 1467 1407 1420
Vi9 0 1460 1400 1420
Va0 38 1294 1241 1255
V2l 98 714 685 700
V22 44 869 833 845
V23 30 778 746 765
Va4 13 697 668 680
Vas 0 207 199 236
Vas 1 122 117 132
Va7 0 163 156 -
Vag 34 354 339 350
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Isolated fundamental C-H, and C-H; stretching frequencies for (CD,H)
(CD3),CsD and the fundamental CH stretching frequencies of (CHs) (CD3),CsD were
calculated at the Hartree-Fock 6-311G (df,p) and DFT (B3LYP) 6-311G(3d,p) levels of
theory. The results are presented in Table 82.

Since the calculated isolated fundamental frequencies, C-H, and C-Hj, for
(CD;H) (CDs3),C;sD are independent of any coupling, these two CH frequencies are
made equal to the pure local mode frequencies, (w; — 2w;x;) and (w3 — 2wsx;),
respectively. The latter calculation produces three frequencies (v) that correspond in
increasing order to the energies of the states v| 00>| 1>, v|10>+|0>, v|10>7|0> of the
HCAO model.

The parameter y;, was calculated from equation (80) and y,, was obtained from
the calculated frequency of the in-plane fundamental |00>| 1> and the energy matrix (81)
which involves the two symmetric states |10>+| 0> and |00>| 1> and their interaction

through y/,. The ab initio calculated fundamental frequencies are higher than the

experimental ones but because the present analysis depends only on the differences in
frequencies between (CD,H) (CDs3),CsD and (CH3) (CD3),C3D, it is expected that the
calculated parameters (') are as reliable as the ones obtained from experimental
frequencies.

Frequencies corresponding to pure local modes were calculated from the
matrices for each vibrational manifold from v =1 to 5. These matrices were obtained

using the local mode parameters and the coupling parameters y;, and py/, (see
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Appendix B).*'" 2" The parameters required for these calculations are presented in

Table 82.

Table 82. Ab initio calculated isolated frequencies VS:] for CsSiH; o

(cm’) C-H, C-H,
Ve 3205 3191
Yjoo) 1) 3152
V,
HF/ 6-311G (df,p) 10}, 10) 3218
Y110)_Jo) 3227
7/1’2 o)
713 24
Ven 3078 3064
oot 1y 3024
DFT (B3LYP) Yito), o) 3091
O3HGER Y1) o) 3100
7/1’2 22
713 25

Table 83 summarizes the experimental and calculated peak positions for

CsSiHjo. The local mode states are labeled |vv,),|v,). Frequencies involving local

mode-normal mode combination bands were not calculated using the HCAO model and
correspond to the simple addition of the calculated local mode frequency (HCAO) and
the normal mode frequency taken from Table 74. Pure local mode assignments

corresponding to the least intense low energy overtone (C-H;) are denoted by |00)|v)and

assignments corresponding to the most intense high energy overtone (C-H,) are denoted
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by |v0),]0), where L=3-5 is the vibrational quantum number. Assignments of pure

local modes were also confirmed with the help of the Birge-Sponer plot. Comparison
of the calculated frequencies with the observed frequencies shows that the HCAO

model provides a good description of the energies of the peaks.

Table 83. Calculated and experimental vibrational frequencies (cm™)of C¢H o

v Assionment HCAO Observed
& HF DFT Frequencies

1 |00) |1) 2924 2922 2911
1 10),|0) 2993 2995

2975
1 10)_|0) 2995 2995
2 00) |2) 5766 5764 5750
2 20),|0) 5794 5794

5770
2 20)_|0) 5800 5800
2 |10),|1) 5929 5930 5888
2 10)_|1) 5968 5969 5928
2 |11) |0) 5974 5975 5935
3 100) |3) 8467 8466 8466
3 30 |0) 8491 8490

8466
3 30)_|0) 8493 8493
3 10),]2) 8690 8688 8679
3 20)_|1) 8735 8733 8733
3 21),|0) 8743 8744
3 10)_|2) 8819 8819
3 20 |1) 8819 8822
3 21)_|0) 8844 8846
3 11) |1) 8940 8942
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Continued. Table 83. Calculated and experimental vibrational frequencies (cm™)

v Assignment HCAO Obserqu
HF DFT Frequencies
4 |00) |4) 11016 11015 11013
4 |40)|0) 11054 11053 11061
4 40)_|0) 11066 11066
4 |10),|3) 11389 11386 11394
4 10)_|3) 11425 11422
4 30 |1) 11426 11425
4 31)_|0) 11463 11462
4 20 |2) 11471 11471
4 20)_|2) 11494 11495
4 22) |0) 11620 11622
4 121) |1) 11640 11643
4 1) |2) 11651 11651
11766
4 121)_|1) 11689 11689
5 00) |5) 13424 13423 13429
5 50)_|0) 13476 13476
13493
5 50)_|0) 13476 13476
5 00) |5)+026 13556 13555 13570
5 10)_[4) 13959 13958
5 10)_|4) 13991 13989
5 |40 |1) 13993 13991
5 |40)_|1) 14005 14004
5 |41) |0) 14039 14039
5 |41)_|0) 14044 14044
5 20 |3) 14220 14218
5 20)_|3) 14234 14232
5 32),]0) 14250 14249
5 30 |2) 14367 14369
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Continued. Table 83. Calculated and experimental vibrational frequencies (cm™)

‘ HCAO Observed
\Y Assignment HF DFT Frequencies
5 30)_|2) 14371 14373

5 1) |3) 14378 14376

: 2 [0 s s

5 131) |1) 14445 14447

5 31) 1) 14469 14470

5 121) |2) 14581 14583

5 121) |2) 14625 14626

5 122) |1) 14650 14654

Conclusions

The acetylenic and methyl C-H overtone spectra of propyne, tert-butylacetylene
and (trimethylsilyl)acetylene were investigated using standard infrared technique (FT-
spectrophotometer) and PS-CRD spectroscopy.

The acetylenic C-H stretch of C¢H;¢ and CsSiH( behaves as a local mode for all
vibrational levels investigated (v=1-4).

The absorption spectra of (Av=1, 2, 3, 4) acetylenic C-H stretch of C¢H;o and
CsSiH)o look similar a previous reported results for propyne ** and 3, 3, 3-
trifluoropropyne.””® These results indicate that the acetylenic C-H stretch is a relatively
long-lived mode that does not significantly interact in a resonant manner with the rest of

the molecule.
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A hot band transition (vo4 — (v24 + LV) was observed for Av=1-6 in acetylenic
C-H stretch overtones of these molecules that is almost identical to the transitions
observed in C3H4 and C3HFs5.

The behavior of the methyl C-H stretches in C¢Hjp and CsSiHjy is almost
identical. For the fundamental and first overtone levels, there are separate symmetric
and antisymmetric (normal mode) C-H stretches. At higher levels (Av=3, 4 and 5) two
bands can be distinguished in the spectra, these correspond to the two non-equivalent
CH bonds in the methyl groups. In these transitions the methyl C-H stretch is a local
mode.

An unexpected absorption occurs in the absorption spectrum of the (Av=5)
methyl C-H stretch, where an absorption immediately to high frequency side of the C-

H, overtone was observed. This band was assigned as local mode-normal mode

combination band |00>|4> + V,6, Where vog 1s the Si-C = C rock mode.

A noticeable change in the bandwidth of the absorption spectra was observed
when the central atom in the like molecules (CH3); XC=CH was X=C or X=Si. Spectral
bandwidth of the tert-butylacetylene compound was much larger than that of the silicon-
substituted compound. This bandwidth difference has been explained by theoretical
study. It has been found that in Si molecule an accidental absence of appropriate
resonance states results in a bottleneck in the initial stages of relaxation. As a result, an
almost complete localization of the initially prepared excitation occurs.

For C¢Hjp and CsSiHjo, the corresponding local mode parameters and the
HCAO model were used to assign vibrational transitions. A comparison of the

calculated frequencies with the observed frequencies shows that the HCAO model
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provides a good description of the energies of the peaks. Agreement is particularly
good for the higher overtones Av= 3, 4 and 5.

Using the spectra obtained from the PS-CRD technique, the band strength
values, S,, for acetylenic and methyl C-H were obtained. Sy values for CsSiHj, are
smaller than the values obtained for CsH;y.

High overtone spectra (Av=4 and 5) of CsH4, C¢Hjp and CsSiH;y were also
measured at low temperatures of 185 and 240K, using PS-CRD spectroscopy.
However, only smaller changes in the bandwidth were observed. Because of the low

vapor pressure of CsH;o and CsSiH o at 240K , this was the lowest temperature reached.
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CHAPTER SEVEN

Photolysis of Ethyl Acetate by Visible Radiation

Sunlight is the driving force for reactions in the Earth’s atmosphere. The major
flux of solar radiation is mostly in the ultraviolet (UV), visible (VIS) and near infrared
(NIR) with a maximum in the visible. Excitation of electronic molecular states at
energies corresponding to the UV, induce chemical reaction by accessing and breaking
covalent bonds. The electronic states of oxygen (O, and O3) are photo reactive, and this
light induced chemistry in the upper and middle atmosphere leads to formation of a
stratospheric ozone layer, controlling the UV radiation available for chemistry in the
troposphere below. Hence, at the lowest altitudes, basically all of the higher energy
ultraviolet radiation is attenuated, leaving light of A > 305 nm to affect any
photochemistry.**

Although visible radiation is more abundant than UV radiation at any altitude
and zenith angle (angle between the direction of the Sun’s light and the vertical at a
given point),”* excitation energies corresponding to these wavelengths are below the
bond dissociation energy of most covalent bonds, and so visible radiation is not usually
considered as a driving force in atmospheric chemistry.

. 2
However, Vaida ef al **°

proposed that OH-containing species, such as HNOy
(HONO, HONO,, HO,NO;) would absorb visible radiation into vibrational overtones of
the OH stretch of sufficient energy to cause dissociation to HO, + NO,. In the

mechanism which leads to radical formation by OH overtone excitation, direct overtone

photodissociation (DOP), a strongly-absorbing local mode oscillator (via the O-H
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stretch) is excited into a vibrational level which contains sufficient energy to break
some other bond (N-O or O-O) in the molecule. This bond dissociation occurs by a
rapid (on the order of picoseconds) intramolecular vibrational energy redistribution
which then transfers sufficient energy to the weaker bond(s) in the molecule to
dissociate them.

For example, in nitric acid, the 0 K dissociation energy (Do) of the HO-NO2
bond lies at 16 740 cm™ so the lowest vibrational overtone transition which causes
dissociation in this molecule is that to the Av=>5 level, centered at 16 165 cm™.
Although this value is lower in energy than Dy, bond rupture does occur following
excitation of this overtone from thermally populated rotational states.”>> Thus, there is a
temperature dependence to the dissociation quantum yield which is related to the
internal energy of the molecule prior to the overtone excitation.”® Therefore,
transitions to v=>5 and higher of the O-H stretch provide the molecule with sufficient
energy to rupture the HO-NO, bond. This energy is initially localized in the O-H
stretching vibration. Then, a rapid intramolecular vibrational redistribution (IVR)
occurs as a consequence of the anharmonic coupling between the H-O stretching motion
and the other vibrations of the nitric acid molecule, giving rise to migration of energy
out of the OH stretch.”’ Because of potential and kinetic couplings among the internal
motions of the molecule, this energy will eventually become distributed statistically into
the “bath” of internal quantum states, which is the nitric acid molecule, providing
sufficient thermal energy for the O-N bond to break .>*****

Furthermore, Vaida et a/ (2) proposed that excitation of vibrational overtones of

sulfuric acid (H,SO4) and its hydrate (H,SO4-H>0) in the near-infrared and visible leads

271



to photolysis, forming sulfur trioxide (SOs) and water. The reactions of interest to this
study involve the dehydration of H,SO4 (Eqn. 1) and H,SO4-H,0 (Eqn. 2).
H,SO4 — SOs3 + H,O (83)
H,S0O4-H,O — SO;5 + 2H,0 (84)
The energy required to achieve the transition state for reaction 1 has been
predicted to lie in the range of 32 to 40 kcal/mol (11192 to 13990 em™).P* The
energy of the Av = 4 O-H stretch level, calculated using HCAO model, is 38.6 kcal/mol
(13500 cm™)>®, so even if the barrier lies at the high end of its calculated range,
dissociation of either molecule upon excitation to the v=4 level is expected to occur,
promoted by rotational energy. For dissociation of the H,SO4-H,O complex, an energy
of ~ 25 keal/mol, corresponding to v > 3 of the OH stretch, is required. ***** The
estimated J values were sufficiently large to explain SO; stratospheric and mesospheric
concentration and the related observation of the sulfate layer.”*
Hence, it is also possible that the overtones of C-H vibration could induce

reactions in organic molecules such as ethers, aldehydes, ketones, nitrates and alcohols.

Atmospheric Photolysis Rates
The rate of formation of photoproduct B from the photolysis of atmospheric

species A is expressed as a first order rate law, with a rate coefficient J(s™)**

918)_ 4 (85)

The value of J is given by a convolution of the absorption spectrum of A, scaled by the

quantum yield of formation of B, with the spectrum of available atmospheric radiation

J = [lepyialaz (86)
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where g(4) gives the absorption cross section of A at wavelength 4, I(1) represents the

intensity of solar radiation (in photons cm™® nm™' s') at 4, and ¢(1) gives the

wavelength-dependent quantum yield for formation of B via photolysis. The integration
is carried out over the absorption spectrum of the molecule A. Thus, absorption cross-
sections and quantum yields of overtone-induced chemistry must be known as a
function of wavelength. To provide quantitative J values, the temperature and pressure
dependence of these parameters should also be known. In general, electronic
transitional cross sections of atmospheric species are available in the literature.”**
However, due to vibrational transitions having much lower cross sections than
electronic transitions, by several orders of magnitude; these are more difficult to
measure accurately, especially the higher overtones, which are more reactive.
Vibrational overtone spectra are measured using sensitive techniques such as
photoacoustic and cavity ring down spectroscopic.®® °> > Also, overtone intensities

may be calculated using ab initio quantum chemical methods.**!

Photolysis of Esters via Vibrational Overtone Absorption
Esters RCOOR’, where R’ contains a -hydrogen atom, decompose into olefins
and acids in the gas phase at high temperatures (230-600°C). A cyclic transition state
(Scheme 1) is usually accepted for these reactions. Thermal decomposition of esters
have been widely studied by several groups.*****® Table 84 summarizes the activation
energy (E,) for thermal decomposition of some esters with R’= ethyl ( CH,CHj3) and

different R groups. The activation energy is reported in units of Kcal/mol, cm™ and nm.
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RCOOR' —» R-C. B —> Acid + Olefin
0 7\
I ¢

BN

Scheme 1. Decomposition of RCOOR’

Table 84. Activation Energy for Thermal Decomposition of RCOOCH,CHj3

R Group E, / (Kcal/mol) E./ cm’! E./nm
CH;-** 47.9 16751.9 597
CH;CH,-** 48.5 16960.9 590
CH;CH,CH,->* 49.5 17312.0 578
(CH;);C-*% 44.0 15389.3 650
CH;s-24 47.7 16676.7 600
CgHsCH,-24 47.8 16718.5 598
Trans- CH;CH=CH->* 46.8 16375.7 611
CICH,-*¥ 47.1 16467.7 607
CICH,CH,-** 47.0 16451.0 608
CICH,CH,-** 475 16609.8 602

From these values, it is proposed that decomposition of esters, containing a 3-

hydrogen atom, to an acid and an olefin could occur by excitation of vibrational
overtone of C-H stretch via absorption of visible light. Because of the high frequency
and anharmonicity of this local mode, it might be expected to have reasonable energy in

Av =6 or 7, as required to exceed the threshold energy for decomposition of the esters

tabulated in Table 84.

Ethyl acetate (C4H3O5) is volatile organic compound (VOC) and is emitted into

the atmosphere by various anthropogenic and natural sources. The molecule C4H3O, is

used extensively in industry, particularly as a solvent and in the manufacture of
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perfumes and flavorings. This compound is also produced in nature by a process in
vegetation. Thus, a substantial proportion of ethyl acetate could escape then to the
atmosphere where it is available for photochemical transformation, such as the proposed
mechanism here. The next section outlines why ethyl acetate has been chosen as a

model to demonstrate this possible mechanism.

Fundamental and Overtones Spectra of Ethyl Acetate

Investigation of reactions controlled by vibrational overtone excitation requires
knowledge of basic spectroscopic information of overtones, such as transition energies
and intensities. For this reason, fundamental and overtone (Av = 1, 2, 3, 4, and 5)
spectra of C4HsO, have been recorded at 295K. The spectral region between 2800 and
11500cm™ was recorded for C4HsO, using a Fourier transform spectrometer with a
resolution of 1 cm™ and a white cell with a path length of 6.6 m. The higher level
overtone spectrum Av=>5 was obtained using the PS-CRD technique, with a path length
of 2.17 km and a resolution of 0.17cm™ given by the continuous wave Ti:Sapphire ring
laser used.

Individual fundamental and overtone regions (Av = 1, 2, 3, 4, 5) are presented in
Figures 139 to 143. These figures show very spectrally congested spectra due to the
overlap of the different C-H oscillators present in this molecule. Using the main band
absorption frequencies from Figure 139 to Figure 143, the Birge-Sponer plot was
obtained for ethyl acetate and is shown in Figurel44. Table 85 shows the observed
frequencies for the main band of ethyl acetate. Using the Birge-Sponer equation, Table
85, predicted the position for overtones Av = 6 and Av = 7 of ethyl acetate at 15847 cm’

' (631nm) and 18019 cm™ (555nm), respectively. Hence, decomposition of ethyl
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acetate to acetic acid and ethylene could occur by excitation of vibrational overtone
(Av = 6 or 7) of C-H stretch. On the other hand, the integrated band strength () was
calculated for the fourth overtone (Av=5) of ethyl acetate. A series of nine different
pressures of this absorption was obtained and is shown in Figure 145. Table 86 reports
the density (p), integrated absorption band (S), and band strength values (Sy) for each
individual pressure. The Sy value reported, Sy = (4.6 + 0.1) x 10** cm” cm™ molecules™,

was found from the slope of Figure 146.

Table 85. Observed Frequencies and Birge-Sponer Equation for Ethyl Acetate

v Obs. Freq (cm™)
1 2982

2 5820

3 8484

4 11092

5 13580

Birge-Spooner
) AE/v =-66.9 (v+1) +3109.4
Equation
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Figure 139. Absorption spectrum of the fundamental (Av = 1) of ethyl acetate at 295K.
Pressure = 0.2Torr.
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Figure 140. Absorption spectrum of the first overtone (Av = 2) of ethyl acetate at
295K. Pressure = 60 Torr.
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Figure 141. Absorption spectrum of the second overtone (Av = 3) of ethyl acetate at
295K. Pressure = 60 Torr.

279



0.9

0.8

0.7

0.6

0.5

0.4 -

Absorbance / 107

0.3

0.2 1

0.1 1

0.0 I T T T T T T 1
10800 10900 11000 11100 11200 11300 11400 11500

A
Wavenumber / cm

Figure 142. Absorption spectrum of the third overtone (Av = 4) of ethyl acetate at
295K. Pressure = 60 Torr.
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Figure 143. CRD Absorption spectrum of the fourth overtone (Av = 5) of ethyl acetate
with a pressure of 38 Torr at 295K.
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Figure 144. Birge-Sponer plot for ethyl acetate
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Figure 145. (Av =5) C4HgO, absorption pressure series at 295 K
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Figure 146. (Av =5) of C4HgO,at 295 K S vs. p. Slope is Sy
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Table 86. (Av=5) C4H3O, at 295K, Pressure, p, S and So.

Pressure P S Sy
torr 10" molecules cm™ 107 em™ 1072 cm*em ™ molecule™
40 1.30 5.85 4.52
38 1.23 6.04 491
30 0.97 4.52 4.65
28 0.91 4.20 4.63
20 0.65 2.59 4.00
15 0.49 2.20 4.53
10 0.32 1.09 3.36

8 0.26 1.26 4.87
5 0.16 0.42 2.59
Avg 4.6+0.1

Conclusions and Research Outlook
Conclusions

Photolysis of esters with a B-hydrogen atom by visible radiation has been
proposed in this chapter. In the mechanism, which leads to acid and olefin formation by
C-H overtone excitation, a strongly absorbing local mode oscillator (the C-H stretch) is
excited into a high vibrational level. This vibrational mode contains sufficient energy to
achieve the activation energy for decomposition of ester. Thus, this process may be
potentially important in the atmosphere as a source of acid formation.

The spectra of fundamental and overtones (Av = 1-5) of ethyl acetate were
recorded. From this information, the Birge-Sponer plot was obtained to predict the
frequencies of overtones Av = 6 and Av = 7 of ethyl acetate.

Using the spectra obtained with the PS-CRD technique, the band strength values

(Sp), was obtained for the fourth overtone (Av = 5) of ethyl acetate.
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Research Outlook

Future work should be focused on obtaining the absorption spectra of Av=6 and
Av=7 of ethyl acetate in gas phase. Also, kinetic studies should perform by pumping
the Av=6 and Av=7 C-H overtones of ethyl acetate together with theoretical studies of
this possible reaction at different levels of theory in order to confirm the proposed
mechanism.

Due to the demonstrated ability of our CRD spectrometer to measure very weak
transition at any temperature between 90 and 295 K, this system can be used to perform

the studies proposed above.
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APPENDIX A

Remote Control and Data Acquisition System

This appendix describes the basic system used to achieve remote operation of
the CRD spectrometer. National Instruments LabView offers the ability to performed

together operations of wavelength tuning and data acquisition in the CRD system.

Data Acquisition Hardware

Phase shift-CRD.

Two types of computer cards are required in our system to collect PS-CRD
spectrum. The first is a DAQ card and it is used to send an analog pulse in the form of a
wave train to the stepper motor driver. The pulse is received and is transformed into a
signal to move the step motor one step. Connection between the card and the motor is
carried out with a suitable connector panel. The second card is a PCI-GPIB card and it
is used to acquire the phase angle from the Sr830 lock-in amplifier. Connection to the
lock-in amplifier is carried out with a GPIB cable, which requires a compatible port in

the measuring device.

Exponential-CRD

In this case the pulsed dye laser (PDL) motor is connected to the computer using
a 9-pin (DB-9) serial interface connector. A R232 tester (from Radio Shack) is
necessary to find out what binary number is associated to each pin. A PCI-GPIB card

allows signal readout from the LeCroy 9310C oscilloscope.
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CRD LabView Software Programs

LabView is a graphical program which provides a user friendly environment
without needing to know complex programming. The key is the graphical environment
that facilitates connectivity between ideas and actual coding. The principal behind
LabView is to create programs called virtual instruments (VI’s) to produce the data
acquisition system. In general, one VI, called main, is in charge of coordinating all
subroutines, so that each chore is achieved in an orderly mode. Saving all VI’s created
by the programmer into a library (*.11b) is usually recommended to facilitate execution.

The main measurement panel wiring diagram for the CRD acquisition system is
illustrated in Figure 147 which connects all the components of the program together and
orders them in sequences that the computer can follow and execute in a particular. The
sequence follow by the program is:

1) Move the step motor.

2) Wait specified time.

3) Take data point from the lock-in amplifier or oscilloscope.

4) Calculate the absorption.

5) Write the data to a file,

6) Repeat until the final position is reached.
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Figure 147. Measurement Panel Wiring Diagram.

The DAQ vi is the essential vi in the CRD program. This contains several
frames operation within it. It starts the data acquisition by moving the step motor or
PDL motor. It then has a sequence to allow the lock-in or oscilloscope to respond to the
signal after the step by waiting a predetermined amount of time set by the operator. The
vi then communicates with the lock-in or oscilloscope to acquire the data following by
calculation the ring down time (1) and then absorption using the equations presented in
chapter one. After the data point is processed the computer sends a signal back to the
lock-in or oscilloscope re-establishing communication. The program can then be
stopped if desired using the next sequence or it will keep collecting data points until the
final position is reached, previously set by the user.

Although in general for both phase shift and exponential cavity ring down, the
DAQ sequence is similar, for reasons of clearer understanding, the DAQ vi’s are
presented separately in the following sections.

PS-CRD
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Figure 148 shows the first sequence of the DAQ program. This starts the process

by moving the motor one step. The next sequence is shown in Figure 149 and notifies

[nitial mm Position o

Figure 148. DAQ Movement of the motor

the program to wait a specified time before collecting the data point. Figure 150 shows

the follow sequence where the data point is acquired and the absorption calculated.

'I:IDEIDI:IDEIDEIDEIDEIL'ID”q_ »pf OOOOODODOOOOOOO

hasait bime afrer Step (=

ld0000000000000 0000000000000 oooan

Figure 149. Delay time

The Pscrd 830 snap vi is in charge to communicate with the lock-in and is

illustrated in Figure 151. This vi takes the string obtained from the lock-in and
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Figure 150. Acquire Data Point and Calculated Absorption.

separates it into useable data. As shown in Figure 151, the string is separated into an X,
Y, intensity in mV, phase angle, and the reference frequency supplied to the lock-in.
Also, calculation of the absorption value was setup. Figure 152 shows the last vi. It is
wired to a button on the measurement panel that when pushed tells the data acquisition
process to end. All of the information collected is sent out of the DAQ vi and
assembled in the measurement diagram where it is processed and shown on the main

panel.

E\DDDDDDDDDDDDDDDDDDDDDI‘ID 2]+ o000 0D00000000000o0o00o000ocL
] READ

eeeeee

[ == * Absorption Yalue {om-1
ot em .
B==u

DO00O0O0O0D00000000000000000000000000o000o00ooo0o0ooo0o0oooooooct,

Figure 151. Pscrd 830 Snap vi.
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Figure 152. Stop Data Collection

Exponential-CRD

In this case the sequences presented in Figures 148 and 149 are the same.
However, the next sequence where the data point is acquired and the absorption
calculated is different in this system. Figure 153 shows acquire data point and
calculated absorption sequence. This uses a separate vi to communicate with the
oscilloscope. This vi is denoted as LeCroy Wv Frm and is presented in Figure 154.
This figure presents the method for receiving information from the oscilloscope. It has

also been setup to calculate the absorption value and this is shown in Figure 155.
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g

CLSW
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Figure 155. Calculation of Absorption using LeCroy Wv Frm.vi

The last sequence is the same that is shown in Figure 155. As in the PS-CRD
system, all of the information collected is sent out of the DAQ vi and assembled in the

measurement diagram where it is processed and shown on the main panel.
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APPENDIX B

Hamiltonian Matrices to HCAO model

Hamiltonian Matrices to Calculate Frequencies of CH3;D
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Hamiltonian Matrices to Calculate Frequencies of CsH ;9 and CsSiH g

Av =2 Energy Matrices for all states
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