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Supervisor: Dr. T.E. Gough

Abstract

Fourier transform infrared spectroscopy was used to record the spectra of crystalline
films containing varying amounts of acetylene with either carbon dioxide or nitrous
oxide. These binary films were prepared by pulsed expansion of the mixed gas onto
a liquid nitrogen cooled window. The presence of new absorption bands indicate
the presence of a binary phase with a concentraion independent stoichiometry. The
stoichiometry for the binary phase CO;-CyH; was determined to be 1:1. Two binary
phases (labelled a and ) of N,O-C,H;, were also shown to have a 1:1 stoichiometry.
The binary phase CO,-C,H; was found to be metastable with respect to its pure
phases. Evidence was shown which suggests the nuclei of formation of these binary

phases are clusters formed in the early stages of the supersonic expansion.
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Chapter 1

Introduction

Recently, the presence of a novel binary phase containing carbon dioxide and acetyl-
ene has been identified in the infrared spectra of microcrystalline particles produced
under the non-equilibrium conditions of a diffusive trapping cell [1,2]. Evidence was
presented showing that carbon dioxide and acetylene are present in the binary crys-

talline phase in a fixed molecular ratio, independent of initial mixture concentrations.

The purpose of this thesis was to prepare and study a bulk sample of the same
crystalline phase. To our knowledge, this had not been done before. This was to
be accomplished under equilibrium (i.e. slow cooling of a gas mixture through the
liquid phase to the solid phase), if at all possible. If not, a method using conditions
similar to those used in the diffusive trapping technique would be devised in order to

produce a binary solid film. This would further enhance our ability to study this new
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binary phase. The following questions could then, in time, be addressed: What is the
stoichiometry of the binary phase? What is the crystal structure? How stable is the
binary phase with respect to the pure phases of carbon dioxide and acetylene? What
are the absolute intensities of infrared absorptions? Invariably, more questions would
arise as the study progresses. Since infrared spectroscopy is the primary analysis tool
in this thesis, we expect that questions such as crystal structure will not be fully

answered.

This thesis will discuss the preparation and subsequent study of the crystalline
binary phases containing carbon dioxide/acetylene or nitrous oxide/acetylene. Chap-
ter 2 deals with the experimental details of the work including a brief introduction
to Fourier transform spectroscopy. In Chapter 3, the method of preparation of the
binary phase of carbon dioxide and acetylene is discussed as well as the determination
of stoichiometry and relative intensities between selected infrared absorption bands.
The same method of preparation and analysis is applied to a binary system of nitrous
oxide and acetylene. The results are detailed in Chapter 4. The growth and stability
of the binary phases are covered in Chapter 5. A brief summary and possible future

work are given in Chapter 6.

The fundamental infrared vibrations of the gases used in this study are shown in

Figures 1.1 to 1.3.
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Chapter 2

Experimental Details

2.1 Introduction

The bulk of the experimental work for this thesis required the use of a Fourier trans-
form infrared (FTIR) spectrometer to observe the film that has been vapour deposited
onto a cooled window. The apparatus consists of a gas mixing board, a supersonic
nozzle, a zinc selenide window, a vacuum chamber and a BOMEM DA3.002 FTIR
spectrophotometer. These details are shown in Figure 2.1. Control of the spec-
trophotometer, data collection, co-addition of scans, and Fourier transformation are
performed by a 66 MHz-486 microcomputers. A second computer provides an inter-

face between the control computer and the interferometer.
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2.2 Sample Preparation

2.2.1 Gas Mixing Board

As shown in Figure 2.2 the systems carbon dioxide-acetylene and nitrous oxide-
acetylene are mixed in known proportions by passing the gases each through a separate
Side-Trak model 840 mass flow controller. The mass flow controllers were calibrated
for their respective gas and are accurate to £1% of full scale linearity over 15 to 25°C.
Typical flow range used in the calibration of each flow controller and in the study
was 0.5 to 9.5 SCCM (standard cubic centimeters per minute). The gases combine
in a mixing chamber filled with glass beads. The pressure in the mixing chamber is
held constant by pumping the gas mixture from the chamber through a needle valve.
A pulsed solenoid valve is also attached to the chamber. It is through this valve that
the gas mixture is delivered to a liquid nitrogen cooled zinc selenide (ZnSe) window

via a 200 pm diameter nozzle.

The nozzle and cooled window are contained within a vacuum sample chamber. A
rotary vacuum pump in conjunction with a liquid nitrogen cryopump maintains the
pressure inside the sample chamber at approximately 10! Torr. The primary purpose
of the low pressure is to remove atmospheric water, CO, and other contaminants. The
vacuum chamber is situated in a BOMEM FTIR spectrometer in order to study the

film deposited onto the cooled window spectroscopically.
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gen cooled ZnSe window used in the preparation of binary
cryofilms.
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2.2.2 Cooled Window

Zinc selenide has a low absorptivity; 70% transmission through a 10 mm thick window
in the region 550 to 4000 cm™! [3]. It is extremely uniform, homogeneous, non-
hygroscopic and chemically stable. As shown in Figure 2.2, brass flanges house the
ZnSe window. Indium wire compressed between two brass flanges and against the
edge of the window is used to hold the window and to provide a good thermal contact
with the brass flanges [4]. Indium is soft and the thermal expansion coefficients of
brass and ZnSe are very similar [5], allowing rapid and deep cooling of the assembly

without cracking the window.

The temperature was held constant near 90 K by flowing liquid nitrogen through
a1/, inch pipe soldered to one flange. A thermocouple is connected to the other brass
flange to monitor the temperature. Because of the small volume of liquid nitrogen
in the pipe with respect to the size of the window assembly, a low sample chamber
pressure was necessary in order to cool the flanges down to near liquid nitrogen
temperatures. It is assumed that the ZnSe window reaches the same temperature as
the brass due to the high thermal conductivity of indium (0.837 W cm~! K~1) [5] and
the fair thermal conductivity of ZnSe (0.18 W cm™ K~!) [3]. The temperature is
held constant for several minutes to ensure that thermal equilibrium has been reached

before any vapour is deposited onto the ZnSe window.
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2.3 Nozzle Performance

Figure 2.3 shows the cross-sections of four nozzle geometries commonly used in molec-
ular beam experiments. The nozzle used in this study is a 200 um diameter cylindrical

nozzle having a circular orifice with a length-to-diameter ratio of approximately unity.

Computer generated electrical pulses were used to control the solenoid valve sep-
arating the nozzle from the mixing chamber. Pulse duration and interval timing was
calibrated with an oscilloscope. The pressure inside the mixing chamber was usually
held at 60 Torr. In most cases, the solenoid valve was set to open only once for a
duration of 500 ms. In this period of time the stagnation pressure (F,) in the tubing
between the solenoid valve and the nozzle orifice reached the same pressure as in the
mixing chamber. Figure 2.4 shows the temporal build-up and subsequent decay of F,
inside the nozzle. The flow rate through the nozzle is pressure dependent (F o< Pyd?)
and thus reaches a maximum at 500 ms. The flow rate at this pressure, calculated by
the initial slope of the decay, was found to be 10.9 SCCM (standard cubic centime-
ters per minute). SCCM refers to the flow of 1 cm?® of a gas at 1 atm and 0°C in one

minute.

The setup described above should result in supersonic expansion flow from the
nozzle. We believe that this condition is critical to the formation of the binary
complex CO;-CyH,. The rationale behind this will be discussed in Chapter 5. A brief

discussion on physical properties of the gas leaving the nozzle will be dealt with here.
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Figure 2.3: Cross-section of nozzle geometries used com-
monly in molecular beam experiments.
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Figure 2.4: Pressure build-up inside the nozzle during a
typical 500 ms solenoid valve opening time, indicated by
the arrows. The pressure in the mixing chamber is initially
60 Torr. Pressure decay is due to gas leaking through the
200 pm diameter opening.
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2.3.1 Free Jet Expansion

A gas flowing through a nozzle with an imposed pressure difference of (Pp — P)
accelerates toward the nozzle exit. If the nozzle converges toward the nozzle exit, the
acceleration is enhanced due to the decreasing area, such that, the gas flow reaches
the speed of sound at the exit. Py is the source pressure. The pressure in the sample
chamber will be referred to as the background pressure P,. If the pressure ratio Py/ P,
exceeds a critical value G = ((y + 1)/2)"/0~1) then the mean velocity at the nozzle
exit is equal to the local speed of sound. 7 is the molar heat capacity ratio C,/C,, a

property of the fluid species.

When the gas expands out of the nozzle and into a vaccuum the pressure at
the nozzle exit is roughly equal to P,/2. The flow is underexpanded at this point,
so the gas density continues to decrease; the random thermal energy is converted
into directed kinetic energy of a supersonic flow field. This correlates to decreasing
temperature and pressure. The mean velocity of the flow increases independent of

Py. This is because the flow is moving faster than information propagates.

The molar heat capacity ratio for CoHy is 1.241, thus G is 1.8. A background
pressure of 107! is typical in the present setup. With a source pressure of 60 Torr
the pressure ratio, Py/P, ~ 600. A supersonic, or free jet, expansion is therefore
taking place since Py/P,)) G. This fact can be used to characterize the properties of
temperature and pressure in the flow field for the present experimental setup. 7" and

P may be determined from the distance dependent Mach number (M). For an ideal
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gas, the speed of sound is @ = \/yRT /W and M = V/a. V is velocity. Approximate

values of T' and P can be computed from the following equations.

(T/Ty) = (1 + 7—;lw)_1 2.1)

-1 =v/(v-1)
2) (2.2)

(P/Py) = (1 + 7TM
Cp and 7 are assumed to be constant for the entire range of temperatures. As

well, ideal gas behaviour, and continuum flow are assumed.

The variation of M with distance may be calculated using Equation 2.3. Note
that it is independent of source and background conditions and molecular weight. The
coefficients and equations were given by Murphy [6] (see also Scoles [7]). The fits are
for circular nozzles and assume that the entropy is constant (isentropic) throughout

the flow. z/d is the ratio distance to nozzle throat diameters.

SOUI‘CC Y Cl Cz C3 C4 A B

Circular 5/3 3.232 -0.7563 0.3937 -0.0729 3.337 -1.541
Circular 7/5 3.606 -1.742 0.9226 -0.2069 3.192 -1.610
Circular 9/7 3.971 -2.327 1326 -0.311 3.609 -1.950

x z\2 z\3
205 M_1.0+A<E) +B(E>

0

£10.5 ; M:(£>(7_1) 4Gy G s



CHAPTER 2. EXPERIMENTAL DETAILS 13

The Mach number, temperature and pressure of the flow field are shown in Fig-
ure 2.5 as a function of distance in nozzle throat diameters. A value of v = 9/7
was used for these approximations since v = 1.241,1.304,1.275 for C;H,,CO, and
N,0, respectively. The cooled window is 150 nozzle throat diameters from the nozzle
exit. The flow field will continue along the path shown in Figure 2.5 as long as no
other processes occur. Processes such as cluster formation and Mach shock will be
discussed in Chapter 5. Other processes such as collisions with thermalized species
returning from the walls shield and window are too complex to model. It is safe to
assume, however, that a good deal of cooling occurs during the initial expansion such
that the internal temperature prior to collision with the window may be at or even

below the window temperature.

2.3.2 Cooled Equilibrium Cell

In an attempt to condense bulk binary phase CO,-CyH, under thermodynamic equi-
librium conditions, a solution cell capable of withstanding high pressures and low
temperatures was constructed. It was hoped that binary gas mixtures of CO, and
C2H; could be condensed in the cell to yield in bulk the same binary crystalline phase
seen by Gough and Wang [1]. The cell, pictured in Figure 2.6, is similar in design
to the cooled window. Each ZnSe window is fixed to brass flanges by compressing
indium wire between two flanges and the window. The two window assemblies are

bolted together and sealed with indium. This configuration allows the path length
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Figure 2.5: Free jet centerline M, T and P versus distance
in source diameters. Free jet temperature and pressure
are calculated from Equations 2.1 and 2.2 using M and
v =9/7. The M values are calculated from Equation 2.3.
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between the two windows to be varied. By tightening the bolts, the path length was
reduced to as thin as several hundred microns. Because of the minute size of the
inlet and the low temperature, clogging is a potential problem. This was overcome by
filling the evacuated cell to roughly two atmospheres with the sample gas. The cell
was cooled slowly until droplets appeared on the window. At this point the temper-
ature of the cell was held constant as it was filled by keeping the gas supply pressure
several hundred Torr higher than the vapour pressure of the liquid. Once the cell was
sufficiently filled, the gas supply was shut off. Slow cooling was then resumed. The
temperature of the cell was controlled with cooled dry nitrogen gas. The flow rate of

the N, gas (controlled by a needle valve) determined the temperature of the cell.

The construction of the cell allowed simultaneous vapour pressure and FTIR spec-
tral data to be taken at various temperatures ranging from room temperature to 85 K.

The cell was able to withstand high pressures as well as rapid cooling.

2.4 Interferometric Spectrometer

The primary instrument employed in this work is the BOMEM (FTIR) spectrometer.
The essential elements are shown in Fig 2.7. The heart of the BOMEM spectrometer is
a Michelson-type interferometer. A general discussion of interferometry may be found
in the literature [9-12] as well as more detailed mathematical treatments [13,14]. A

description of the more relevant aspects of the spectrometer and the general principles
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Figure 2.6: Liquid nitrogen cooled solution cell made with
brass flanges and zinc selenide windows, sealed with indium
wire.

16



CHAPTER 2. EXPERIMENTAL DETAILS 17

of interferometry will be dealt with here.

Broad spectrum radiation (mid-infrared) from the source (globar) passes through
a variable diameter aperture. The aperture diameter must be large enough to obtain
high throughput efficiency from the source yet not so large that the resolution is
affected. The radiation is collimated by mirror C before impinging on a potassium
bromide beam splitter. Ideally, half of the radiation is reflected towards mirror M;
while the other half is transmitted toward mirror M;. The two mirrors are situated
perpendicular to one another; one is fixed while the other is movable. When the two
mirrors are equal distance from the beam splitter the reflected beams recombine in
phase, having travelled the same distance. The intensity recorded with the detector
at this point, I(0), is at its maximum value. As M; is displaced the two recombined
beams interfere with one another. The interference patterns for each wavelength of
light are superimposed on one another, and the intensity is modulated in accordance
with this displacement and with the frequency content of the incident radiation. Thus,
an interferogram may be recorded in terms of intensity as a function of optical path

difference. The function plotted, I(z), is of the form:

I(z) — —I /oo )cos(2moz) do (2.4)

Optical path difference, z, is twice the distance travelled by the movable mirror, I(z)
is the radiation intensity recorded at the source, and o is the wavenumber (o=v/c)

given in cm™!. Figure 2.8 shows a typical interferogram recorded with the BOMEM
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Figure 2.7: A schematic diagram showing the essential el-
ements of the BOMEM DA3.002 FTIR spectrometer. Col-
limated radtiation from the temperature stabilized globar
is split into two equal intensity beams by the KBr beam
splitter. M; is the moving mirror and M, is stationary.
The recombined beam exiting the interferometer is chan-
neled through the sample chamber and focused onto a lig-

uid nitrogen cooled MCT detector.
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Figure 2.8: A typical interferogram. Each distance unit
represents one wavelength of radiation from the HeNe laser,

A=632.8 nm.

in the absence of a sample.

By Fourier analysis, the interferogram is converted into a spectrum. Since an

optical path difference of infinity is impossible, the Fourier transform integral,

Blo)= [ [I(a:) - %1(0)] cos{ Bz, (2.5)

is approximated by summation with the maximum displacement of the movable mir-
ror (L) determining the upper limit. Because of this approximation, the maximum

resolution attainable is roughly equal to 1/L cm™!.

Instrumental resolution also depends upon the area of the aperture. Ideally, the
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radiation beam should be collimated. In reality, since the globar source is not a point
source, the beam shape is not a cylinder but a cone. As a result, light rays hit the
moving mirror at angles other than 90°. This is known as angular divergence. The
optical path difference, z;, for each light ray is dependent upon the angle between its

direction of propagation and the optical axis:

z=2Lcosb (2.6)

where L = the total displacement of the moving mirror and 6 = the angle between

the direction of propagation and the optical axis.

The differences in z cause destructive interference, reducing the intensity of light
returning to the beam splitter. This effect increases as the mirror moves farther
away from the beam splitter. As L approaches 1/c6? the interferogram amplitude
approach 0. Thus, resolution is limited by ¢6? (ie. 1/L). o is the wavenumber of
the radiation. ¢6? is the maximum angle of divergence and is directly proportional
to the area of the aperture. Note that reduction in aperture size which allows higher

resolution also reduces the throughput of light yielding a worse signal-to-noise ratio.

Normally, a sufficiently small aperture is chosen such the aperture has no conse-
quence on the resolution. Thus, the maximum displacement chosen for M; determines
the resolution of the instrument. The BOMEM FTIR spectrometer is capable of an
optical path difference of 250.0 cm which relates to a maximum resolution of 0.002

cm™'. In order to reduce scanning time and noise, a resolution of 0.500 cm™! was
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typically used in the course of this work. This low resolution is justified by the fact
that most peaks observed had a full width at half the maximum height (FWHM)

larger than 1.0 cm™.

In order to co-add successive scans and obtain the spectrum via a Fourier trans-
formation, it is necessary to have a unique reference point that is reliable and highly
repetitive from scan to scan. It is preferable that this point is at a zero path dif-
ference (z=0). Since broadband radiation produces an easily recognizable pattern
at =0 (see Figure 2.8), white light produced from an intense incandescent lamp is
passed through the same optical path such that it runs parallel with the radiation
from the source. After passing through the interferometer, the recombined white light
beam is collected onto a photodiode detector. From the white light interferogram,
the zero path difference (zpd) is determined for each mirror scan. This point is then

used to initialize each successive scan.

A second additional beam of radiation is also passed through the same optical
path. It is a highly monochromatic (with a wavelength of 632.8 nm), frequency sta-
bilized, helium-neon (HeNe) laser beam . The purpose of the HeNe laser beam is to
accurately identify the mirror diplacement from the zero path difference by simply
counting the fringes produced from the HeNe laser passing through the interferometer.
The interference pattern resulting from monochromatic radiation passing through a
Michelson interferometer is sinusoidal with a maximum intensity occuring for each

moving mirror displacement of [ = lp£(n x A/2) for n=0,1,2,3.... Xis the wavelength
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of the monochromatic radiation. In other words, the two beams reflected off M; and
M, constructively interfere whenever the optical path difference is an integral number
of wavelengths. This is referred to as a laser fringe reference system. It provides very
precise mirror position determination independent of mirror velocity and regularly
spaced sampling intervals. The minima as well as the maxima from the laser interfer-
ogram are used as the sampling intervals. An intensity measurement is thus recorded

at each mirror displacement of A/4 to yield a highly accurate interferogram.

The efficiency of the interferometer depends upon the planarity and stability of
the mirror and mirror drive system. In the BOMEM, the two mirrors are kept perpen-
dicular to one another during the complete translation of M; by dynamic alignment
of M,. The design of the mirror drive system with a torque motor and tensioned belt

drive allows for a very smooth translation of the moving mirror at constant velocity.

As mentioned a temperature stabilized infrared radiating globar (200 to 10000
cm™! frequency range) is used as the source in the present experiments. Unwanted
frequencies may be filtered out with a shallow cut-off filter situated prior to the

aperture.

The beam splitter is a polished single crystal of potassium bromide (KBr) coated
with several dielectric layers in order to transmit 50% of the light. The crystal

has a frequency range of 450 to 9000 cm™?.

Since KBr is sensitive to water and
because atmospheric water vapour and carbon dioxide exhibit very strong (and thus

bothersome) infrared absorptions, the entire spectrometer is continously evacuated.
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One other option is to purge the system with dry nitrogen gas, but this is not as
effective in removing water and carbon dioxide as evacuation. Purging is also more

costly and less easily controlled.

A liquid nitrogen cooled mercury-cadmium-tellerium (MCT) detector was used to
collect all spectra in this work. It is a photo-voltaic detector with a spectral range
400 to 5000 cm™! and a fast-response, which allows the movable mirror to scan at a

velocity of 0.50 cm sec!.

2.4.1 Advantages of FTIR Spectrometers over Dispersive

Instruments

An interferogram, a plot of infrared detector response versus optical path difference,
contains all of the spectral elements. A consequence of this is the Felgett or multi-
plex advantage over conventional dispersion spectrometers. If there are N spectral
elements, each spectral element is studied simultaneously for a total time T which
is required to record the interferogram. By contrast, a conventional instrument re-
quires a total time of TxN to record a spectrum with a similar signal-to-noise ratio.
For equal total times of observation, the signal-to-noise ratio of an interferometric

spectrometer will be greater by a factor of v/ N.

The resolution of an FTIR spectrometer is enhanced by increasing the displace-

ment of the movable mirror. The slit width in a dispersive spectrometer must be
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decreased, thereby reducing the energy throughput and greatly decreasing the signal-
to-noise ratio from the detector. In addition to high resolution from short scan times,
an FTIR spectrometer gives highly accurate and reproducible frequency determina-
tions. This leads to the feasability of signal averaging which increases the signal-to-

noise ratio.

It is because of these strengths that the BOMEM FTIR spectrometer is ideal in
the present study. Moderately high resolution spectra with a high signal-to-noise ratio
are necessary since the bands of interest are weak and narrow. Speed in obtaining

these spectra is also essential in case the product is metastable.
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Chapter 3

The Carbon Dioxide - Acetylene

Binary Phase

3.1 Introduction

Recently, spectroscopic evidence was presented for the existence of a novel binary
crystalline solid consisting of carbon dioxide and acetylene held together by van der
Waals forces [1]. These binary complexes were formed as microcrystallites suspended
in a modified version of what Gough et al. [8,15] refer to as the diffusive trapping
cell. Briefly, they were prepared by the following approach. The gases were mixed
together and diluted in a non-condensable carrier gas (helium). The mixture was

introduced into a cooling tube in which a temperature gradient was maintained; from
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room temperature at the inlet to 90 K at the outlet. As the gas passed through the
tube the mixture cooled until it eventually condensed. The result was submicron
microcrystallites suspended in helium. The microcrystallites passed from the cooling

tube into a spectroscopic cell to be studied with a FTIR spectrometer.

Depending on the concentration of the mixture in the flow, the spectra contained
features which were characteristic of either pure carbon dioxide, pure acetylene, or a
new mixed phase. Mixtures rich in COy, for instance, yielded pure CO; and pure C,H,
microcrystallites. The same phenomenon was observed for mixtures rich in CoHa. It
may be concluded that each chromophore condenses separately at a different stage
in the cooling tube. For a certain range of mixtures between these two extremes,
however, frequency shifts were observed from each of the pure absorption bands.
This shift in position was determined to be due to the presence of a new mixed phase
containing carbon dioxide and acetylene in a specific stoichiometric ratio. In thisrange
of mixtures, the partial pressures are such that the condensation temperatures of the
two gases are similar. Thus, they are able to co-condense at the same stage of the
cooling tube. This equilibrium approach did not provide a complete understanding
of the mechanism of complex growth. It does not explain why in a mixture rich in
CO,, the CyH; does not exist in the binary phase, so nonequilibrium effects, such
as the dynamics of the nucleation and growth of crystalline solids, were considered.
This led to a model of the nucleation and growth of the binary phase in the particular

environment.
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The concentration of the mixture entering the spectroscopic cell was not guaran-
teed to be the same as the mixture entering the cooling tube. Because the vapour
pressures of carbon dioxide and acetylene are different, differing amounts will condense
on the walls of the cooling tube on their way to the cell. Therefore, the stoichiometry
of the new phase could not be determined by systematic variation of the concentra-
tions entering the apparatus. A less definitive approach was used to determine the
stoichiometry. The relative intensities of absorptions characteristic of each compo-
nent in the mixed phase were compared with the absolute intensity ratio in the gas
phase. A stoichiometry of CO4-(CyHj), was thus determined. However, this required
that the absolute intensities of the absorptions do not change upon going from the

gas phase to the mixed solid phase.

The present work was undertaken in an attempt to confirm the stoichiometry of
the binary phase without any assumptions concerning the absolute intensities of in-
frared absorption. Initially, the intention was to prepare the carbon dioxide-acetylene
complex in bulk under equilibrium conditions. It was not possible to prepare the
binary solid by freezing a mixed solution of CO, and CyH,. A successful method was
later developed which deposits the binary solid onto a cold window. The results of

these new methods are outlined in this chapter.
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3.2 Experimental Conditions and Results

3.2.1 Equilibrium Studies

In an attempt to construct a phase diagram of carbon dioxide - acetylene system,
various gas mixtures of acetylene with carbon dioxide were introduced into an evac-
uated steel container and cooled slowly until the mixture condensed. The vapour
pressure of the liquid was then monitored as the liquid was further cooled through
the freezing point and subsequently recooled. Hysteresis showed that the cooling was
sufficiently slow to allow equilibrium to be established. The melting point of acetyl-
ene was found to depress as much as 25 K for mixtures containing large amounts of
carbon dioxide. However, the measured vapour pressure of the solid was equal to the
combined equilibrium vapour pressures of the pure components within experimental

error. This suggested that the binary phase was not present.

In order to determine conclusively whether or not the binary phase was present,
a cooled equilibrium solution cell was fabricated. The cell is shown in Figure 2.6.
Various liquid mixtures of carbon dioxide and acetylene were prepared in the cell.
Spectra of these mixtures were taken at various temperatures as the cell was cooled
past the freezing point. Figure 3.1(a) shows the v; + v3 combination absorption band
of CO; for an equimolar sample of carbon dioxide and acetylene. The film is 0.5 pm
thick. Spectrum labelled ‘i’ represents the liquid and spectrum labelled ‘ii’ represents

the solid. The environment in the liquid is clearly different than in the solid. The
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position of the liquid band at 3699.5 cm™! shows that the environment of the carbon
dioxide is similar to that of the binary solid phase (see Table 3.2). Freezing, however,
leads to phase separation rather than complex formation. The position of the solid

band at 3707.2 cm™! verifies that CO, is in the pure solid environment.

From the results of Gough and Wang [1], the appearance of a peak at 1963 cm™,
in the region of the infrared inactive v, symmetric C-C stretching mode of CyHy, is
indicative of the presence of a binary phase. This vibration was observed presumably
because of a lowering of site symmetry. As shown in Figure 3.1(b), a peak is present
in this region of the liquid spectrum and absent in the solid, confirming the above

conclusion that the binary complex is not formed by an equilibrium process.

Spectra of a thick crystalline sample of acetylene are shown in Figure 3.2. The
sample is roughly 100 um thick. The v, C;H; band is absent, however, combinations
between this fundamental and lattice translation modes is observed. One such band
is a sum band vy+v7 located at 2061 cm™! (spectrum labelled 95 K). The less intense
difference band, vy-v7, is located at 1854 cm™! and the center between these two
bands is 1957.5 cm~!. The second lattice mode combination, vo+v7:, is located at
2026 cm™!, and vp-vp« is found at 1871 cm™!. The center between these two bands
is 1958.5 cm™1. The average of these two center values yields an approximate value

of 1958 cm™!. This is in agreement with the Raman value for v, in liquid acetylene

(1961 cm™!) [16].

Acetylene is know to undergo a phase transition at about 133 K [17]. The low
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Figure 3.1: Spectra of an equimolar CO,-CoHy; mixture
in the equilibrium cell. Liquid spectra i are recorded at
165 K. Solid spectra ii are recorded at 157 K.

(a) The v1+v3 band of CO,.

(b) The v4 band of CoH,.
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Figure 3.2: The combination bands of the v, symmetric
C-C stretch of CoH, with crystal lattice translation modes.
The sample is solid acetylene 100 um thick produced by
freezing the pure liquid. The series above shows the grad-
ual warming of the sample over 45 minutes.
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temperature phase is believed to be orthorhombic with two molecules per unit cell
while the higher temperature phase is face-centered cubic with four molecules per unit
cell. Figure 3.2 shows a distinct change occuring at 132 K. The very narrow peak at
1833 cm™ in the 95 K spectrum is due to the v, fundamental of C,HD [17]. This
peak abruptly shifts to 1837 cm™ upon transition to the cubic phase. This phase

transition was found to be completely reversible.

3.2.2 Non-Equilibrium Studies

The results described above strongly suggest that a binary phase containing CO,
and CyH, is thermodynamically less stable than the pure phases. Because of this
the complex may not be formed under equilibrium conditions, but under kinetically
favoured conditions; such as the process of non-equilibrium nucleation. In order to
make the binary phase, a method had to be formulated which used non-equilibrium
nucleation in a quantitative way in order that the stoichiometry could be determined

directly without making any assumptions about absolute absorption intensities.

The experimental apparatus was discussed in Chapter 2 and shown in Figure 2.2.
The nozzle and low pressure in the sample chamber provide a free jet expansion
(see Section 2.3.1), and thus, the possibility of non-equilibrium nucleation of the
binary phase. Subsequent deposition of the product onto a cold window provides the
quantitative aspect of the present approach, assuming the concentration in the spray

remains the same in the cryofilm after deposition. This assumption is based upon a
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high sticking coefficient of both CO, and C,H, onto the ZnSe surface and a very low

vapour pressure of both solids at 90 K (10~° and 10~* Torr [5]).

In order to determine the stoichiometry, (CO2)m*(C2Hz)n, of the new binary phase,
a concentration dependent series of infrared spectra of mixed carbon dioxide - acetyl-
ene cryofilms was constructed. The concentration corresponding to the correct pro-
portion of CO; molecules to CoH,y molecules should yield the largest absorbance of
the binary phase and the smallest absorbance due to pure phases. The equilibrium
solution approach to this method of stoichiometry determination is known as the

method of continuous variation or Job’s method [18].

Unless otherwise specified, all cryofilms were condensed onto a ZnSe window cooled
to 90 K using a single 500 ms pulse from the mixing board; the temperature was then
held constant at 90 K while each FTIR spectrum was recorded at a resolution of
0.50 cm™" with 64 co-added scans. The spectral range is 550 to 4000 cm~!. Each
spectrum was recorded on a separate day to ensure a minimum amount of atmospheric
water contamination on the cold window and to ensure the previous gas mixture had

been removed from the system.

Table 3.1 gives the experimental conditions used in the preparation of each CO,-
CoH; cryofilm. Each mass flow controller was calibrated in order to convert the
applied voltage to a flow rate for the corresponding gas. Concentration, given in mole
fraction of carbon dioxide (Xc¢o,), was varied across the entire range from pure CO,

to pure CyH,. The mole fraction was calculated from the flow rates
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F
KXoy = g0 (3.1)

Although all observable carbon dioxide and acetylene absorptions show frequency
shifts, attention will be focused particularly on the acetylene 15 fundamental (asym-
metric stretch) absorption and the carbon dioxide v + v3 absorption (combination of
the symmetric and asymmetric stretch). These transitions are sufficiently weak that
they do not show morphological effects. For instance, spectra of more intense absorp-
tions such as the CO, v3 fundamental tend to be more complex. Spurious reflection
peaks due to rapid changes in the refractive index occur on the high frequency side of
the transition. Also contributing to the complexity is the occurrence of multi-phonon
absorptions [19]. The result of these processes is a highly asymmetric band shape

and peak positions which vary with film thickness.

In these experiments, the bands in the C;H; v3 and the CO3 v1 +v3 regions behave
in a consistent and characteristic manner. The newly created binary phase peaks are
near Lorentzian in shape and are sufficiently separated from the pure phase peaks;
Le. the C3H; v3 frequency shift is twenty times larger than the FWHM and the CO,

V1 + vs frequency shift is five times larger than the FWHM.

Figures 3.3 to 3.5 show FTIR spectra of the v;+vs absorption of carbon dioxide
for various CO,-C3H, mixtures. Figures 3.6 to 3.8 show FTIR spectra of the v
absorption of acetylene for various CO,-CyH, mixtures. The spectra are labelled

with gas mixture composition given in terms of CO, mole fraction.
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Figure 3.3: Spectra of the v;+v3 combination band of
CO;, for various CO,-CyHy mixtures rich in CO4. The spec-
tra are labelled with gaseous mixture composition given

in mole fraction of CO;. The experimental conditions for
recording these spectra are listed in Table 3.1.
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Figure 3.4: Spectra of the v;+v3; combination band of
CO; for various CO,-CyH, mixtures containing roughly
equal amounts of CO, and C,H,. The spectra are labelled
with gaseous mixture composition given in mole fraction
of CO,. The experimental conditions for recording these
spectra are listed in Table 3.1.
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Figure 3.5: Spectra of the vy4v3 combination band of
CO; for various CO,-C,H, mixtures rich in CyHjy. The
spectra are labelled with gaseous mixture composition
given in mole fraction of CO;. The experimental condi-
tions for recording these spectra are listed in Table 3.1.
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Figure 3.6: Spectra of the v3 fundamental band of C;H,
for various CQO,-CyHy mixtures rich in CO,. The spec-
tra are labelled with gaseous mixture composition given
in mole fraction of CO;. The experimental conditions for
recording these spectra are listed in Table 3.1.
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Figure 3.7: Spectra of the v3 fundamental band of C,H,
for various CO,-Cy,H; mixtures containing roughly equal
amounts of CO, and CyH,. The spectra are labelled with
gaseous mixture composition given in mole fraction of COs.
The experimental conditions for recording these spectra are

listed in Table 3.1.
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Figure 3.8: Spectra of the v3 fundamental band of C,H,
for various CO,-CyH, mixtures rich in C2H;. The spec-
tra are labelled with gaseous mixture composition given
in mole fraction of CO,. The experimental conditions for
recording these spectra are listed in Table 3.1.
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Mole Fraction Vco2 Fc()2 VCsz FC2H2
CO, (mV) | (SCCM) | (mV) | (SCCM)
0.0 0.0 0.0 | 3.100 5.98
0.099 0.263 0.655 | 3.100 5.98
0.250 0.127 0.366 | 0.591 1.098
0.333 0.214 0.549 | 0.591 1.098
0.372 0.261 0.651 | 0.591 1.098
0.396 0.292 0.718 | 0.591 1.098
0.419 0.326 0.792 | 0.591 1.098
0.442 0.362 0.871 | 0.591 1.098
0.465 0.401 0.956 | 0.591 1.098
0.489 0.444 1.049 | 0.591 1.098
0.501 0.468 1.101 | 0.591 1.098
0.511 0.488 1.145 | 0.591 1.098
0.532 0.536 1.249 | 0.591 1.098
0.555 0.590 1.367 | 0.591 1.098
0.576 0.648 1.493 | 0.591 1.098
0.598 0.712 1.632 | 0.591 1.098
0.750 1.475 3.292 | 0.591 1.098
0.888 4.35 8.67 | 0.591 1.098
1.00 4.35 8.67 | 0.0 0.0

Table 3.1: Experimental conditions used for the recording
of spectra in the carbon dioxide - acetylene series. Vco,
and Vc,u, are the voltages applied to the corresponding
mass flow controllers. Flow rates are given in standard cu-
bic centimetres per minute (SCCM). The pressure in the
gas mixing chamber was 60 Torr at the time of deposition.
The temperature of the ZnSe window was held constant
at 90 K during deposition and recording of spectra. One
500 ms pulse of gas was delivered for each film. Each spec-
trum was recorded at 0.50 cm™! resolution and consists of
64 co-added scans. The spectral range is 550 to 4000 cm ™.
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CyH; Infrared Frequencies
Gas Crystal® Pure Solid® | Binary Phase® | Frequency Assignment
at 63 K at 90 K at 90 K Shifte
3296.87 | 3331 3307.5 3314.2 6.7 votvatus
3288.67 | 3226.3 3227 3256.5 29.5 V3
3220.5 3223 3252 29 13C vs
2703¢ 2726 2736,2718 | 2712,2704 -24,-14 votus
1973.87% (1958)¢ 1963.2 5.3 v
1327% 1422,1390 | 1389.5 1361.2 -28.3 vatus
1377
729.3 768.8,760.6 | 768,760 752,740.4 -12 Us
747.5 747.4
CO; Infrared Frequencies
Gas/ | Crystalline’ | Pure Solid® Binary Phase’ | Frequency Assignment
at 77 K at 90 K at 90 K Shift
3716 | 3707.8 3707.8 3698.2 -9.6 v+
3609 | 3599.7 3599.6 3588.5 -11.1 2uy+v3
2383 2382.5 reflection peak
2349.3 | 2345.3 2343.6 2337 -6.6 V3
2327.1 2327.1 2325.2 -1.9 50 s
2284.5 | 2282.5 2282.5 2277.1 -5.4 B3C vs
667.3 | 660.3,655.1 | 659.7,654.7 | 648.9,657.6 -8.3 128

¢ Reference [17]

b Sprayed cryofilm, this work.

¢ Frequency shift is the binary phase value minus the pure solid value.
¢ Reference [20)

¢ Reference [21]

/ Reference [22]

9 Calculated from vr combination modes. See Figure 3.2.

" Reference [23]

* Reference [24]

7 Reference [25]

k Raman active

Table 3.2: Absorption frequencies (cm™!) of C3H, and COs,.
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Results

In Figure 3.3, the spectrum labelled X¢o,=1.000 shows the v; + v3 combination
band absorption of crystalline carbon dioxide with its peak maximum occuring at
3707.8 cm™'. This agrees with the value given by Falk for pure crystalline carbon
dioxide 14 + v3 at 77 K [25]. At the higher acetylene concentration of X¢o,=0.598,
a new peak appears red shifted to 3698.2 cm~! indicating a new environment for
carbon dioxide. The peak due to pure CO, diminishes as the CO, concentration is
decreased. Simultaneously, the peak due to the shifted environment grows until it

alone is present at Xco,=0.501. The pure phase peak reappears at Xco,=0.333.

The acetylene series in Figure 3.8 is similar to the carbon dioxide series. The pure
acetylene spectrum labelled Xco,=0 shows a large, slightly asymmetric, absorption

! and a much smaller peak at 3220 cm™!. These

with a peak maximum at 3227 cm~
peaks were assigned as crystalline CoH, v3 and v3(*3C) by Bottger and Eggers [17].
As carbon dioxide is introduced, a new peak emerges (at Xco,=0.250) blue shifted to
3256.5 cm™! indicating a new environment for acetylene. With increasing CO, mole

fraction the new peak continues to grow, as its pure counterpart diminishes, until it

alone is present at Xco,=0.501. The pure acetylene reappears in significant amounts

at X002=0.576.

All other observable CO; and C,H, absorptions in the 550 to 4000 cm™! region
show a similar behaviour. Table 3.2 shows the frequency shift for each observable

absorption of acetylene and carbon dioxide. One spectroscopic feature of note is
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the existence of a weak absorption at 1963.2 cm~! in spectra of roughly equimolar
mixtures of carbon dioxide and acetylene. This feature is not present in either the
pure carbon dioxide or the pure acetylene spectra (see Figure 3.9), but was present in
the mixed spectra recorded by Gough and Wang [1]. This reaffirms the notion that

the same binary complex is being formed from the two approaches.

The greatest difference between the spectra using the present approach and the
spectra using the diffusive trapping technique is found in the region of the COj
vy bend absorption. This is understandable since bending mode absorptions are
usually the most prone to changes in appearance due to differences in crystallinity
and morphology of crystal particles. The carbon dioxide molecular group is D, and
the gas-phase v, fundamental bending mode is doubly degenerate (II,). The crystal
structure is face-centered-cubic, T¢, with 4 molecules per unit cell, all on equivalent
sites of symmetry Cs;. The II, mode is split through the Cj; into three components
in the T factor group, only two of which are infrared active. The degeneracy of
these modes is broken due to correlation field splitting [62]. The effects of crystal
field splitting are due to interactions with the internal vibrations (i.e. vibrations
analogous with gas-phase vibrations) of other molecules in the same unit cell of the
crystal. Due to this intermolecular coupling, the potential energy will differ as the
internal vibrations are in phase or partly out of phase in the unit cell. A single
fundamental vibration can be split into up to m bands where m is the number of

molecules in the unit cell.
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The spectrum of pure carbon dioxide film prepared in this work exhibits a doublet
with peak maxima at 654.7 and 659.7 cm™'. These peaks are narrow with the FWHM
equal to 0.7 and 0.8 cm™, respectively, suggesting the sample is very crystalline. The

1

splitting is 5 cm™, in agreement with the crystal spectra obtained by Falk [25].

The absorption spectrum of pure carbon dioxide microcrystallites produced in
the diffusive trapping cell [2] appears quite different, than that of the bulk crystalline
solid, in the v, region of CO,. These microcrystallites are typically less than 1 ym in
diameter and contain roughly 10° molecules. Two major bands are observed at 656.3
and 667.3 cm™! with relative integrated intensity 0.1:1. Note that although the v, is
split into two sharp components, implying crystallinity, the splitting, 10 cm™!, and
intensity ratio are considerably different than the corresponding values of 5 cm™! and
0.8:1 in the bulk crystalline solid. These positions and intensities were reproduced
from Mie theory [2,28] using bulk optical constants. It was thus concluded that the
particles of CO, produced in the diffusive trapping cell were highly crystalline. The
difference in appearance between spectra in the vy region of the crystalline film and
crystalline particles is a size effect, ultimately traceable to the discontinuity in the
optical constants between those of the particle and those of the buffer gas: In the
diffusive trapping cell a 1:50 mixture of carbon dioxide in helium buffer gas was used.
An additional feature of the v, bands is the presence of 4 side bands at the high
frequency side of the main absorption. An electrostatic model [2,27] was used to

explain this feature in terms of the morphology of the microcrystallites.
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In the spectrum of binary crystalline CO,-CyH,, however, only a singlet at 648.9
cm™! is observed, suggesting that the carbon dioxide molecules are all arranged par-
allel to one another in identical environments. A second, much broader band with
1/5 the intensity of the previous band is observed at 648.9 cm™!. This is likely due

to very small clusters of pure CO; isolated within the binary crystal.

3.3 Discussion

The series of spectra in this work show remarkable similarities with the series of
mixed CO2-CyH; cluster spectra published by Gough and Wang [1]. Both methods
show: the simultaneous appearance of shifted acetylene and shifted carbon dioxide
absorption bands, the presence of a peak at 1962 cm™ only when the shifted bands
are present, similar peak shapes and similar peak frequencies. Small variations in
frequency and shape of the peaks may easily be attributed to the differences between

the spectra of suspended microcrystallites and bulk crystal.

Another means of comparing the two methods is the ratio of the intensity of
the shifted 15 absorption of acetylene divided by the intensity of the shifted v; + v
absorption of carbon dioxide. Gough and Wang [1] found this ratio to be independent
of initial flow concentrations, suggesting a distinct phase exists containing CO, and
C2H; in specific stoichiometry. This is true for the present method as well. Figure 3.10

shows the ratio of intensities to be constant over the entire range that the binary
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Figure 3.9: Selected spectra of the v, fundamental band
of C2H; in the binary phase. The spectra are labelled with
gaseous mixture composition given in mole fraction of CO,.
The experimental conditions for recording these spectra are

listed in Table 3.1.
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phase is present. The intensity ratio is plotted as a function of mole fraction of carbon
dioxide in the gas supply mixture. Intensity is expressed as the area under a particular
absorption band as determined by curve fitting to a mixed Gaussian and Lorentzian
profile. Asymmetric lineshapes were reproduced by adding extra Gaussian/Lorentian
curves to the fitting equation. No physical significance was given to the number of
curves used. The error bars were generated from the error of the fit and from replicate
fits. A weighted average value of this constant is 13.940.5 compared with the average

value of 15.3£1.0 from the data given by Gough and Wang [1].

The good agreement between intensity ratios from this present method and the
method described by Gough and Wang [1] as well as the similarity between peak
shapes, peak frequencies, and the presence of new peaks at 1962 cm™! has led to the
conclusion that the same crystalline binary phase (with the same stoichiometry) is
being produced by both methods. The slight difference between the intensity ratios
may due to the different methods of measuring the area under the curves. Previously,
integration was used to determine the areas under each curve. The accuracy was thus

limited by the uncertainty in the baseline.

The purpose of this work was to produce the same binary phase produced by
Gough and Wang and to determine the stoichiometry. The series shows clearly that
the new binary phase is most dominant at Xco0,=0.501, indicating that a 1:1 stoi-

chiometry for CO,-C,Hs,.

The previously suggested stoichiometry was 1:2 (CO;.(C3Hz),). This was deter-
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mined by comparing the ratio of the intensities of the acetylene v3 and carbon dioxide
v1+vs absorptions in the gas phase (7.1 £ 0.8) to the ratio obtained in the binary solid
phase (1511). However, this assumes that the intensity in the gas phase is the same
as the intensity in the solid phase as well as the solid binary phase. In light of the dis-
crepancy between the stoichiometry determined from both methods, this assumption
would seem questionable. It would thus be beneficial to know the relative absorption
intensity between pure chromophore and its binary complexed counterpart. Since the
stoichiometry of the binary phase, and the relative intensity between the absorption
due to the binary acetylene v3 and the binary carbon dioxide v + v3 are known,
the relative intensity of the other two absorptions may be determined based on the

following assumption: The concentration in the pulse of gas is conserved in the solid

film.

In the range X¢0,=0.372 to Xco,=0.555, the major component is the binary
complex. Three, at most, of the four bands shown in Figures 3.3 to 3.8 are present
in appreciable amounts within this range. The curve fitted areas under these bands
are thus used to calculate the intensities of the pure CO; and CyH, absorptions
relative to the complexed counterpart. This was calculated in the following manner:
If Xco,=0.400 and only bands due to pure CyH,, complexed C;H, and complexed
CO; are present, then 20% of the molecules are pure C,H;, 40% are complexed
C2H; and 40% are complexed CO,. Once the ratio of the areas under the acetylene

bands (A,/Ap) and the ratio of each type of molecule (N,/Np) has been established,
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determination of the intensity ratio between complexed CoH, and pure CoH, (1,/1p)

is trivial, since

I, NpAd

e Rl i 3.2
Ip N, Ap (32)

The resulting values are averaged and shown in Table 3.3 as the absorption inten-

sity relative to the v3 absorption of acetylene in the pure crystalline environment.

Intensity relative to
Absorption pure solid CyHy(v3)
CO; | a-complex 0.059
[ pure 0.042
CeH; | a-complex 0.83
V3 pure 1.0
CeH; | a-complex 8.6 E-4
vy pure infrared inactive

Table 3.3: Relative intensities for acetylene 13 and carbon
dioxide vy + vs.

Using these relative intensity values, the area under each peak may be converted
to the relative number of moles. The mole fraction of each component present in the
cryofilm may then be calculated and plotted as a function of CO; mole fraction in
the cryofilm. The resulting plot (Figure 3.11) is similar to a Job plot with the binary
phase components reaching a maximum at Xco0,=0.501. Figure 3.11 shows that the
values given in Table 3.3 are appropriate over the entire range of mole fractions. This

supports the redetermined 1:1 stoichiometry of the binary phase.
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Note in Figure 3.11 that the cryofilms with a slight excess of C3H, (Xco,=0.489 to
Xc0,=0.372) contain pure CoH, as well as binary CO,-CyH,. A pure CO; phase, how-
ever, is absent. Note also that the cryofilms with a slight excess of CO; (Xco,=0.511
to Xco,=0.532) contain pure CO,, binary CO,-C;H, and only trace amounts of pure
CqH,. This is similar to a Job plot in which the equilibrium constant for formation
of the complex is very large. Since only the complex and the component in excess are
in solution in appreciable amounts, the amount of complex in the system decreases
linearly as the mole fraction of either component is increased. The CO,-CyH; system
exhibits this linear behaviour in the region Xco,=0.372 to Xc0,=0.532. Outside
this region, the amount of binary phase in the solid does not decrease linearly from
the maximum in Figure 3.11. This deviation from linearity suggests that CO,-CO,
and C;H,-CyHj; interactions compete with CO5-CyHy in the formation of the cryofilm
solid. This will be examined in more detail in Chapter 5. Deviation from linearity is
much greater on the CO; rich side (binary phase is almost absent in the Xco,=0.598
cryofilm). This is due to CO,-CO, interactions being stronger than C,H,-C,H, in-

teractions and therefore more effectively inhibit CO4-CyH, formation.

3.4 Conclusion

Spectroscopic evidence has been presented for the existence of a bulk crystalline mixed

phase containing carbon dioxide and acetylene in a specific stoichiometry amount.
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With the assumption that the gas mixture concentration is preserved in the deposited
solid, due to a high sticking coefficient, the stoichiometry of the novel binary complex
formed from CO; and Cy;H, has been shown to be 1:1. The previous assumptions
concerning the absorption intensities have been shown to be unjustified. For instance,
the intensity ratio between pure CO; 14 413 and pure CoHj v3 has tripled from 7.1 [26]

in the gas phase to 23.7 in the solid phase.

It appears that only through non-equilibrium pathways is CO2-C;H; formed. This
apparent behaviour leads to questions about the nucleation mechanism and stability
of CO,-CyH, with respect to the pure phases. Experiments were carried out in order
to characterize the stability of the binary phase; the results of which are covered in

Chapter 5.
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Figure 3.10: The intensity ratio of the shifted v fun-
damental absorption of acetylene to the shifted v4 + v
combination band absorption of carbon dioxide plotted as
a function of CO; mole fraction. Aco, and Ac,n, are the
curve fitted areas corresponding to the absorptions in Fig-

ures 3.3 through 3.8.
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Chapter 4

Nitrous Oxide - Acetylene

Cryofilm

4.1 Introduction

In Chapter 3, a novel binary crystalline phase containing carbon dioxide and acetylene
was shown to have a stoichiometry of 1:1. The success in producing bulk CO,-C,H; on
a cooled window leads to the prospect of expanding the study to include other species.
For this purpose we recently investigated the mixtures of nitrous oxide and acetylene

using the same cold window/supersonic nozzle assembly as described previously.

The existence of CO,-C;H, is due to several key CO, properties. It has a similar

magnitude quadrupole moment as C,H; but an opposite sign. Carbon dioxide is
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linear and similar in length to acetylene. The two pure substances have similar

crystal structures, both being face centered cubic.

With regard to these properties, N;O is very similar to CO,. It is because of
these similarities that NoO and CO, are mutually miscible [2] with N;O molecules
most likely substituting CO; molecules in the crystal lattice. It is conceivable that a
mixed binary phase of N,O (in place of CO,) and C;H, may be formed by the same

procedure outlined in Chapter 3.

Unlike carbon dioxide, however, nitrous oxide is not symmetric, thus having a
permanent electric dipole moment. It also has a higher vapour pressure, closer to
that of acetylene. As mentioned, the symmetry of the N,O molecule is lower than
the CO; molecule. As a result, the N;O crystal structure (T* — P,3) is lower in
symmetry than the structure of the CO, crystal (TF — P3) [29]. The consequence is
that the solid nitrous oxide infrared spectrum exhibits many more transitions than
carbon dioxide. This means that more information on the structure of the binary

solid may be extracted.

Frequency shifted absorption bands were, in fact, observed in spectra of cryofilm
consisting of a mixture of nitrous oxide and acetylene. The spectra obtained are
very similar to the ones shown for the CO,-CyH, system. The shifted absorption
of the v3 fundamental stretch of CyH,, for instance, was almost identical in shape
and position to its CO2-C;H, counterpart. A major difference is the presence of a

second distinct binary phase in the N;O-CyH; system. This new binary phase will be
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referred to as the 8-phase while the binary phase similar to CO,-CyH, will be referred
to as the a-phase. In the same manner as discussed in Chapter 3, a concentration
dependent series of nitrous oxide and acetylene mixed cryofilms was used to determine

the specific stoichiometry of the binary phase produced.

4.2 Experimental Conditions

The apparatus and technique used in this study are the same as those described in
Chapters 2 and 3 . Unless otherwise specified, all cryofilms were condensed onto a
ZnSe window cooled to 90 K using a single 500 ms pulse from the mixing board; the
temperature was then held constant at 90 K while each FTIR spectrum was recorded
at a resolution of 0.50 cm™" with 64 co-added scans. The spectral range is 550 to

4000 cm™!,

Table 4.1 gives the experimental conditions used in the preparation of each N3O
and CyH; containing cryofilm. The mass flow controller used previously for CO, was
re-calibrated for N,O. Concentration, given in mole fraction of nitrous oxide (Xn,0),

was varied across the entire range from pure N;O to pure CoH,.

As with the carbon dioxide - acetylene system, attention will be focused on the
v3 fundamental absorption of acetylene and the vy + v3 absorption of nitrous oxide.
Assigned frequencies for these bands are given in Table 4.2. The features due to

acetylene are very similar to the CO,-C,H, system. Peak shapes are indistinguishable
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from one binary system to the other, and frequency shifts are similar. For instance,
the absorption due to the v3 fundamental band of acetylene in the binary phase occurs
at 3256.5 cm™! for CO,-CyH,, at 3256.0 cm™! for the N, O-C,H, binary o phase. A
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