
 

 

ABSTRACT 

Solubility and Spectroscopy of Unsaturated Hydrocarbons in Cryogenic Solvents 

Maria Helena Diez y Riega Vera, Ph.D. 

Mentor:  Carlos E. Manzanares, Ph.D. 

 
The exploration of Saturn’s moon, Titan has revealed an atmosphere rich in nitrogen 

as in Earth, and has established the presence of gaseous methane.  Data from the Cassi-

ni-Huygens mission have shown the existence of liquid bodies of methane and ethane, 

such as lakes and rivers with geological structures similar to Earth, with bays, islands, 

and channels. Moreover, the Cassini-Huygens mission has shown strong evidence that 

Titan’s surface and atmosphere have an active hydrological cycle alike, with condensed 

hydrocarbons instead.  Although identification of chemical species is hard, many organ-

ic molecules have been detected in the atmosphere, and in icy form on the surface.  

Spectroscopic properties and solubility of many unsaturated hydrocarbons dissolved in 

liquid methane and ethane is unknown. Thus, in this work, vibrational spectroscopy in 

the IR-NIR-Vis of small organic molecules such as benzene, ethene, 2-methyl-1,3-

butadiene (isoprene), and formaldehyde dissolved in liquid ethane, rare gases, and ni-

trogen under Titan’s conditions (low temperatures, and concentrations in the order of 

10-4 mole fraction) are presented.  Our studies indicate that the presence of the solvent 

interacting with the solute produces frequency shift and change in the linewidth from 



 

 

that of the gas phase.  Additionally, solubilities of unsaturated hydrocarbons in liquid 

ethane and liquid argon have been meassured. 

In order to study the weak fifth CH vibrational overtone of the selected molecules, 

Fourier Transform spectroscopy is not sensible enough. Thermal Lens spectroscopy has 

been found to be a very sensitive technique, good for detecting samples of low concen-

tration in transparent solutions.  In addition to the traditional double-beam configura-

tion, whose absorption process is carried out with one photon absorption, we have also 

developed a new triple-beam thermal lens apparatus in a collinear configuration, in or-

der to enhance the thermal lens signal upon two photon absorption. 
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CHAPTER ONE 

Introduction 

In many respects Saturn's largest moon, Titan is one of the most Earth-like worlds 

have being found to date. With its thick atmosphere and organic-rich chemistry, Titan 

resembles a frozen version of Earth, several billion years ago, before life began pump-

ing oxygen into our atmosphere.  The exploration of Titan has revealed an atmosphere 

rich in nitrogen and methane. Titan is thought to harbor organic compounds that may be 

important in the chain of chemistry that led to life on Earth 1,2. Observations by the 

Voyager spacecraft revealed that nitrogen is the major constituent of the atmosphere 

(95%), as on Earth (78%), and established the presence of gaseous methane (5%). Ti-

tan’s surface pressure is about 1.5 bars, or 50 percent higher than sea-level pressure on 

Earth. Titan’s atmosphere extends to an altitude 10 times higher than Earth's, nearly 600 

kilometers (370 miles) into space.  Temperatures in the atmosphere are in a range be-

tween 70 and 160 K, around 94 K at the surface, which is much colder then Earth’s.  

Different than our planet, Titan contains no free oxygen.  High in the atmosphere, me-

thane and nitrogen molecules are split apart by the sun's ultraviolet light and high-

energy particles accelerated by Saturn's magnetic field, and the products of this splitting 

recombine to form a variety of organic molecules, containing carbon and hydrogen, and 

often include nitrogen, oxygen and other elements important to life on Earth.  The tro-

posphere also analogous to Earth’s extends from Titan’s surface to an altitude of 42 Km 

(26 miles), where a minimum temperature of 71 K is reached. 
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In December 25, 2004, the Huygens probe was released from the Cassini spacecraft 

and flew in a ballistic trajectory to Titan. After a 20 day flight, the probe on January 14, 

2005 entered Titan's atmosphere and successfully landed, becoming the first spacecraft 

to land on Titan.  The probe carried with it six instruments that gathered information 

about Titan's atmosphere and surface, measuring the chemical composition and temper-

ature of the atmosphere and the size and composition of the atmospheric aerosols, mak-

ing images of the clouds to determine the visibility of the atmosphere, and measuring 

the reflectance of Titan's surface. After the landing, the probe's instruments determined 

the composition and properties of Titan's surface. All data from the probe was relayed 

to Earth by the Cassini spacecraft, concluding that Titan has a substantial, active atmos-

phere and complex, Earth-like processes that shape its surface3.  Dropping through the 

methane haze at an altitude of 30 km, Huygens began photographing Titan's surface, 

reveling a network of river channels (shown in Figure 1), cut by liquid methane, 

winding through the highlands, and dumping onto a flat, dry basin. One series of photo-

graphs that cover 360° along the horizon is shown in Figure 2, a light-colored highland 

rising out of a dark plain. Across the plain run streaks of white, which are thought to be 

a methane and ethane fog.  The winds towards the surface were weak. 

Water ice was positively found when the Huygens probe landed on Titan’s surface. 

Huygens landed in a dry basin of loose soil and round, 10 cm pebbles.  Those pebbles 

resulted been iced water.  The surface resembles the bed of a dry river, with indications 

that fluid methane at times has flowed over the pebbles. 

While Titan superficially bears a resemblance to Earth in appearance, the composi-

tion of Titan's surface is quite different: Titan has on its surface water ice, frozen by Ti-
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tan's below 100 K temperatures. The action of liquid methane on the water ice soil and 

pebbles is similar to the action of water on earth's silicate rocks. The process of liquid 

methane flowing over the plain and then evaporating has broken down the surface to 

fine granules that are similar to sand. Dark organic compounds appear to have precipi-

tated from the atmosphere and to have been deposited by flowing methane at the bot-

toms of the river channels and collection basins4. Confirming that Titan has a weather 

cycle based on gas and liquid methane5-7.The presence of dry fluvial river channels and 

the intense cloud activity in the south pole of Titan over the past few years 4, 8, 9 suggest 

the presence of methane rain. The nitrogen atmosphere of Titan therefore appears to 

support a methane meteorological cycle that sculptures the surface and controls its 

properties10.  Titan and Earth are the only worlds in the Solar System where rain reaches 

the surface, although the atmospheric cycles of water and methane are expected to be 

very different11.  Cassini's visual and infrared mapping spectrometer has detected what 

appears to be a massive ethane cloud surrounding Titan's North Pole. The cloud might 

be precipitation of ethane snowflakes into methane lakes5. 

Layered methane clouds in Titan's troposphere with an upper methane ice cloud, a 

lower liquid methane-nitrogen cloud, and a gap in between were suggested from in situ 

measurements and ground-based observations. Laboratory investigations providing a 

detailed picture of the cloud layers reported a solid methane cloud with a nitrogen con-

tent of less than 14% and a liquid methane-nitrogen cloud with a nitrogen content 

around 30% from above 19 Km and below 16 Km altitude, respectively. Additionally 

demonstrated that supercooled liquid methane-nitrogen droplets can be sustained in the 
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region in between, and cloud gaps could only been form in the presence of high 

amounts of other traces species (ethane nuclei, tholin particles, etc.).12, 13 

 

 

Figure 1.  An image of Titan's surface taken by the Huygens probe as it descends to the 
surface. River channels are clearly visible, as it is a coast line of a dry basin. The fluid 
responsible for these features is liquid methane, which precipitates from methane clouds 
in Titan's atmosphere 

 

Figure 2.  A 360° panorama of Titan's surface as seen by the Huygens probe at 8 km 
altitude as it drifts to the right at 6 to 7 meters per second. The probe's landing spot is 
the dark region to the right in the image. The white wisps on the plain are thought to be 
an ethane and methane fog 

Two of Titan's key unknowns are the origin of the molecular nitrogen and methane 

in the atmosphere, and the mechanisms by which methane is maintained in the face of 

rapid destruction by photochemistry (chemical processes that are accompanied by or 
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catalyzed by the emission or absorption of visible or ultraviolet light).  From isotopic 

ratio measurements, the Huygens scientists obtained two key findings. The carbon iso-

tope ratio (12C/13C) measured in methane suggests a continuous or periodic replenish-

ment of methane in the atmosphere, but no evidence was found of active biological sys-

tems.  The nitrogen isotope ratio (14N/15N) suggests to the scientists that the early at-

mosphere of Titan was five times denser than it is now and hence lost nitrogen to space.  

36Ar was detected for the first time from in situ measurements, but not xenon or kryp-

ton. However, the argon was found in low abundance, which is especially interesting 

because of the huge, nitrogen-dominated atmosphere and because about 50% of the 

mass of Titan is water ice, known to be a potentially efficient carrier of noble gases.14 

Observations by Huygens suggest that Titan is geologically active. It had been 

thought that Titan has a core of liquid water and ammonia. The detection by Huygens of 

the isotope 40Ar in Titan's atmosphere suggests that volcanic activity is taking place on 

Titan. These cryovolcanoes would spew water and ammonia from Titan's interior.15, 16 

The chemical composition of the lakes of Titan is still not well determined. Good 

quality spectral data of the Ontario Lacus have been obtained by the Visual and Infrared 

Mapping Spectrometer (VIMS) aboard Cassini but the only species that seems firmly 

identified is C2H6
17; the atmosphere contains so much CH4 that it is very difficult to 

detect the surface liquid phase of this molecule even if it is dominant in the lakes. Be-

cause the detection of other compounds in the lakes of Titan remains challenging in the 

absence of in situ measurements, the only way to get a good estimate of the chemical 

composition of these lakes is to built thermodynamic models based on theoretical calcu-

lations and laboratory data.18 
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Several models that investigate the influence of photochemistry and the atmospheric 

composition on the chemical composition of liquids formed on the surface of Titan have 

been elaborated in the pre-Cassini years19-22.  Based on atmospheric observations, these 

models assumed surface bodies of liquid on Titan to contain a mixture of C2H6, CH4, 

and N2 and a large number of dissolved minor species. 

Hundreds of radar-dark patches interpreted as lakes have been discovered in the 

north and south Polar Regions of Titan. Estimation the composition of these lakes has 

been done by using the direct abundance measurements from the Gas Chromatograph 

Mass Spectrometer aboard the Huygens probe and recent photochemical models based 

on the vertical temperature profile derived by the Huygens Atmospheric Structure In-

strument. Thermodynamic equilibrium is assumed between the atmosphere and the 

lakes, which are also considered nonideal solutions. The calculated composition of the 

lakes is then substantially different from what has been expected from the models prior 

to the exploration of Titan by the Cassini-Huygens spacecraft.  The main compounds in 

the lakes formed on the surface of Titan have a composition dominated by C2H6 (~76%-

79), C3H8 (~7%-8%), CH4 (~5%-10%), HCN(~2%-3%), C4H8 ) (~1%), C4H10) (~1%), 

and C2H2 (~1%).  On the other hand, with mole fractions much lower than 1%, N2, 

C6H6, CH=CN, CO2, Ar, CO, and H2 are found to be minor compounds in the lakes.18 

The exploration of this amazing place is just beginning. Frigid and alien, yet also 

remarkably similar to our own planet, Titan is a new world revealed before our very 

eyes by the Cassini and Huygens spacecraft. 

Very little is known about the solubility, spectroscopy, and chemical reactions of 

organic molecules dissolved in liquid methane or ethane. It appears that there is little or 
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no polymeric organic material dissolved in the hydrocarbon lakes but they should be 

rich in dissolved small organics component contains aliphatic Cl-C7 hydrocarbons, 

alkenes, alkynes, aromatics, and nitriles23, 24.  Thus, the main purpose on this work is the 

simulation in the laboratory of the environmental conditions of Titan’s lakes, such as 

low temperature and very low concentration to measure the solubility and study the 

spectroscopic properties of small organic compounds, in their icy form, dissolved in 

liquid rare gases, nitrogen, or ethane.  Molecules studied in this work were chosen on 

the basis of their ability to absorb radiation and in some cases to form new compounds 

upon photon absorption.  This work is focused in vibrational spectroscopy; thus, to in-

troduce it to the reader, a background on the theoretical basis and instrumentation is 

presented in the following sections. 

Vibrational Spectroscopy 

In this section, vibrational motion is presented.  To describe the motion of the nuclei 

in a polyatomic molecule by choosing the ordinary Cartesian coordinates xk, yk, zk of 

each nucleus k referred to a fixed coordinate system; 3N coordinates are needed to de-

scribed their motion:  there are 3N degrees of freedom.  The problem of motion of a 

molecule can be split into three parts, namely, translation, rotation and vibration.  The 

translational motion of the system as a whole is described completely by three coordi-

nates of the center of mass (the three translational degrees of freedom).  The rotation 

alone, that is, the orientation of the system (considered as rigid) in space, may be de-

scribed in general by three coordinates.  Thus, 3N-6 coordinates are left for describing 

the relative motion of the nuclei with fixed orientation of the system as a whole; in other 

words, there are 3N-6 vibrational degrees of freedom.  However, for linear molecules 
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two coordinates are sufficient to fix the orientation, and therefore there are 3N-5 vibra-

tional degrees of freedom for linear molecules. 

Under the assumptions that no rotation of the whole molecule takes place and that 

the molecule is in a fixed electronic state which does not change during the motion, the 

Schrödinger equation of a system with N-particles of coordinates xi, yi, zi and masses mi 

is: 

 ℏ∑ ∇ ψ + (E−V)ψ = 0 , (1)  

Where ∇  denotes the Laplacian operator and its defined by ∇ =  + + , h 

is the Plank’s constant,  is the wave function, E is the total energy, and V the potential 

energy. 

The potential energy of the nuclei in the molecule referred to the equilibrium posi-

tion (as V=0) is given in first approximation (the displacements are small compared to 

the intermolecular distances) by  

 
V =

1
2

 k x x + k y y + k z z  + k x y + k x z + k y z  

 

(2)  

Introducing the normal coordinates set {i25, equation (1) could be written as 

 
∂ ψ
∂ξ

−
8π
h

E−
1
2

(λ ξ ) ψ = 0 (3)  

where i are root of the secular equation Det||kij-bij||=0, with kij, the elements of the 

force constant, related to ki=422mi , and bij are the coefficients of the elements of the 

kinetics energy operator, and bij=ij.  It is now possible to separate the variables in equa-

tion (3) by means of the substitution  
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 ψ = ψ (ξ ) (4)  

The resulting equation of dividing equation (3) by  may be resolved into a sum of 

3N equations 

 
1
ψ
∂ ψ
∂ξ

−
1
2

E − (λ ξ ) = 0, (5)  

with 

 E = E + E + ⋯+ E  (6)  

Equation (5) is the wave equation of a simple harmonic oscillator of potential ener-

gy − (λ ξ ) and mass 1, and the coordinate is the normal coordinate i. Thus, in wave 

mechanics as in classical mechanics the vibrational motion of the molecule may be con-

sidered, in a first good approximation, as a superposition of 3N simple harmonic mo-

tions in the 3N normal coordinates26. 

The eigenvalues solution to the equation (5), that is, the energy values of the har-

monic oscillator i, are given by 

 E = hν (v + 1 2⁄ ), (7)  

with vi = 0,1,2,…, where  휈 = 1 2휋 ⋅⁄ √휆  is the classical frequency of the normal vi-

bration 푖, and vi is the vibrational quantum number.  Therefore, the total vibration ener-

gy is the sum of the 3N harmonic oscillators 

 E = hν (v + 1 2⁄ ) (8)  
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or written in the term values, 

 
G(v , v , v , … ) =

E(v , v , v , … )
hc

= ω (v + 1 2⁄ ) + ω (v + 1 2⁄ ) + ω (v + 1 2⁄ ) + ⋯ 

(9)  

where, ωi =  휈푖/푐 is the (classical) vibrational frequency measured in cm-1 units and c is 

the speed of light in cm/s. 

Equations (6) and (8) include the non-genuine vibrations (translations and rota-

tions).  However, since for them  = 0, and they do not contribute to the vibrational 

energy.  Thus, the summation in (8) is over 3N-6 (or 3N-5 for linear molecules) 27, 28. 

The eigenfunctions ψi(ξi) of equation (5) are the ordinary harmonic oscillator eigen-

functions, with mathematical form: 

 ψ ξ = N e (α ⁄ )ξ H α ξ , (10)  

where N  is a normalization constant, α = 4π ν h⁄ , and H (√α ξ ) is the so-called 

Hermite polynomial of the v -th degree. 

If a molecule has a doubly degenerate vibration, means the two of the ’s are the 

same in equation (9), say a = b, and equation (9) may also written: 

G(v , v , v , … ) = ω (v + 1 2⁄ ) + ω (v + 1 2⁄ ) + ⋯+ ω (v + 1) + ⋯ 

where i = a = b and vi = va + vb; of course, each one of the mutually degenerate 

pair of vibrations gives its contribution ½i to the zero-point energy.  The correspond-

ing total vibration eigenfunction may be written as 

ψ (ξ ) = N e ( ⁄ )( )H α ξ H α ξ , 

where, α = 4π ν h⁄ = 4π ν h⁄ .  If the degenerated vibration is excited by one quan-

tum there are two possibilities, either va = 1, vb = 0 or va = 0, vb = 1; that is, there are 
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two eigenfunctions for the state with vi = va + vb.  The most general case of various 

degeneracies of the normal vibrations, the vibrational term values may be written as 

 G(v , v , v , … ) = ω (v + d 2⁄ ) (11)  

where di is the degree of degeneracy of the vibration i (di =1 for non-degenerate vibra-

tion). 

A normal mode of vibration is one in which all the atoms move in phase and with 

the same frequency; thus, each atom reaches its position of maximum displacement at 

the same time, and each atom also passes through its equilibrium position at the same 

time.29, 30  Overlapping, and interaction of states in polyatomic molecules, with N>2, 

even assuming harmonic oscillations is much more complicated than diatomic mole-

cules. 

Under the harmonic oscillator approximation, only transitions with v= ±1 are al-

low; that is, transitions that absorb or emit light may occur between neighboring energy 

levels only.  A typical feature of the harmonic oscillator is the constant difference be-

tween neighboring energy levels.  Since the energy difference between all neighboring 

energy levels is identical, the spectrum of a harmonic oscillator would contain only a 

single line for each vibrational mode.  In general, the harmonic oscillator approximation 

is a useful tool, leading to simple relations for vibrational energy levels and transitions 

frequencies, symmetry factorization of the matrices into independent blocks, spectra 

without the complications of overtone, combination, or difference bands, no-Fermi inte-

ractions, etc.  In real molecules, the observed spectra contain many significantly fea-

tures that cannot be explained by the harmonic oscillator model.31  The potential energy 
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of a chemical bond is very different of this ideal spring description.  The major failure 

of the harmonic oscillator approximation consists of that the dissociation of the chemi-

cal bond is not allowed. 

The potential energy surface of a real molecule is not harmonic, namely anharmon-

ic.  For a bond that stretches, a better description of the potential energy surface is given 

by the Morse potential energy 

 E = D 1 − e ( )  (12)  

where De is the depth of the potential well, and  is an adjustable constant related to the 

curvature of the right-hand side of the well, and (r-r0) is the change in the bond distance 

around the equilibrium bond distance r0.  A comparison of both, harmonic oscillator and 

Morse potential energy curves are shown in Figure 3.  Morse potential, predicts correct-

ly the bond dissociation at long distances.  In the regiment of short distances, Morse os-

cillators predicts the spectroscopic behavior of molecules, allowing overtone transitions 

(vi > 1), and combination bands (vi = 1, 2, …; vj = 1, 2, …), appearing in the mid-

dle infrared spectrum of organic compounds along with fundamental transitions (vi = 

1) in agreement with experimental observations32.  

For an anharmonic oscillator, the vibrational energy states can be described by: 

 E = hν (v + 1 2⁄ )− hν x (v + 1 2⁄ )  (13)  

where xi is the anharmonicity constant, defined as xi = hi/4De for the Morse os-

cillator. The quadratic term in the equation (13) leads to the energy levels to move clos-

er together as v increases, until the dissociation limit is reached.28, 30  

Fundamental and overtone frequencies can be measured spectroscopically, 

calculated by ab initio methods, or by first measuring the frequency and anharmonicity 
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of the ground state. The frequency and anharmonicity terms can be calculated by 

obtaining an absorption spectrum for the molecule of interest and generating a plot of 

the change in vibrational energy (in wavenumber, taken from the wavelength of the 

peak) vs. the (v + 1) quanta.  This plot is called the Birge-Sponer plot  and the 

harmonicity and anharmonicity parameters could be obtained from the intercep and 

slope, respectively.  In general, the intensity of overtone transitions is such that Iv=1 is 

much stronger than Iv=2, and Iv=2 stronger than Iv=3
27, 28.  Higher overtones will be 

relatively weak and have a greater anharmonic contribution (usually only the CH or 

other stretches). Therefore high overtone spectroscopy requires a very sensitive method. 

 

 

Figure 3.  Approximate harmonic and Morse potential energy functions for a diatomic 
oscillator 
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The spectroscopic techniques employed in this work depend on the spectral range of 

the electromagnetic spectrum where the transitions occur and depending on their inten-

sity, the sensitivity required for that goal.  Transitions in the range of the 200-1100 nm, 

were recorded using an Ultraviolet-Visible (UV-Vis) spectrometer.  Transitions in be-

tween 400 and 15600 cm-1 were recorded in a Fourier Transform Infrared (FT-IR) and 

Near-Infrared spectrometer.  Since the high vibrational overtone transitions are ex-

tremely weak for being detected with a manufactured spectrometer, other technique has 

to be employed.  Thermal lens spectroscopy has been found to be a very sensitive tech-

nique, good for detecting samples with weak absorption in transparent solutions. Thus 

in the range of 15900-17000 cm-1 (588-630 nm) high thermal lens spectroscopy was 

employed.  Because thermal lens is no so commonly known technique, next section is 

going to focus on thermal lens spectroscopy principles. 

A Kind of Photothermal Spectroscopy: Thermal Lens Spectroscopy 

Photothermal spectroscopy includes a group of high sensitivity methods to measure 

the optical absorption and the thermal characteristics of the sample.  Photothermal spec-

troscopy is based in a photo-induced change in the thermal state of the sample.  When 

light energy is absorbed, and it is not lost by subsequent emission, it results in heating 

of the sample, changing both, the temperature and the thermodynamic parameters re-

lated with temperature.  Measurements of the temperature, pressure, or density changes 

that occur due to optical absorption are ultimately the basis for the photothermal spec-

troscopic methods.  Concentration limits of detection measurements can be impressive, 

i.e., electronic transitions of strongly absorbing chromophores have molar absorptivities 

exceeding 104 M-1cm-1; using standard cuvettes, concentrations lower than 10-10M could 
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be measured. These detection limits are slightly higher than those obtained using laser-

excited fluorescence spectroscopy, and two or three orders of magnitude better than us-

ing conventional transmission spectroscopy.  The low molar absorption detection limits, 

coupled to the fact that the volume being detected can be very small, results in extreme-

ly small number of molecules being detected.  For all of this, photothermal spectrosco-

py makes it a perfect method to study high vibrational overtone spectroscopy. 

Photothermal spectroscopy is usually performed using laser light sources.  There are 

two main reasons for this. The first one is the high spectral purity and power because 

the temperature change is proportional to the optical power (cw) or the energy (pulsed), 

and lasers can deliver light over very narrow optical linewidth, in this way photohermal 

signals are enhanced.  The second one is the special coherence because the temperature 

change is inversely proportional to the volume over which the light is absorbed, since 

heat capacity depends on the amount of substance.  Spatial coherent properties of laser 

sources allow the light to be focused to small diffraction limited volumes, enhancing the 

photothermal signal. 

Depending on the thermodynamic parameter that is changing, and the property 

measured, different kind of photothermal spectroscopy could be performed.  The detec-

tion technique based on these properties are shown in Table 1. 

Thermal Lens Spectroscopy 

Thermal lens spectroscopy was the first photothermal spectroscopic method applied 

for sensitive chemical analysis.  Discovered by Gordon et al.33 who also suggested its 

use for applied to detect very weak absorptions.34-38  Since then the thermal lens spec-

troscopy has been used in a wide variety of applications, primarily for trace chemical 
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analysis3940, 41, but also for the measurement of absolute fluorescence quantum yields42, 

43, measurement of thermal diffusivities44, thermal characterization of materials ( even 

of those usually not considered as good heat conductors) 45, and the measurement of 

two photon absorption spectra44, 46.  Snook et al. published a comprehensive review 

covering many other useful applications of the technique47.  Besides the detection of 

weak absorptions, however, this method has a great advantage in investigating the dy-

namics of a excited state by monitoring the time dependence of the signal after pulsed 

laser excitation48-53. 

Table 1.  Common detection used in photothermal spectroscopy 

Thermodynamic Parameter Measured Property Detection Technique 
   
Temperature Temperature Calorimetry 
 Infrared emission Infrared emission 
  Photothermal radiometry 
Pressure Acoustic wave Photoacoustic spectroscopy 
Density Refractive index Photothermal lens 
  Photothermal interferometry 
  Photothermal deflection 
  Photothermal refraction 
  Photothermal diffraction 
 Surface deformation Surface deflection 

 
 
The thermal lens technique is a photothermal method relying upon the absorption of 

optical radiation and the subsequent non-radiative decay of excited states within a sam-

ple54.  After photoexcitation of a molecule to an excited state, the excited molecule re-

leases the energy to return to the ground state.  The heat produced through the non-

radiative relaxation processes increases the temperature inducing the decreasing of the 

refractive index of the medium. If the excitation light has a spatially localized non-

uniform shape (e.g., Gaussian shape), a localized non-uniform distribution of the refrac-
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tive index is created and acts like a concave lens; namely, it disperses a light beam 

(probe beam) which passes through that region. Therefore, by detecting the decrease of 

the probe beam intensity, the absorption process or the deactivation process can be stu-

died. The lens created in the medium is called the thermal lens (TL) because it is 

created thermally.39, 55  This effect is shown in Figure 4. 

 

 

Figure 4.  Thermal lens effect:  when a laser beam irradiates a sample, a small amount 
of the incident energy is locally absorbed by the sample along the laser beam.  When 
this local heating occurs, the refractive index of the medium also changes locally along 
the beam, and the entire medium acts as a lens.  For most liquids, 휕휂 휕푇⁄ < 0 , which 
results in a divergent lens 

On the first TL apparatus, used by Gordon et al.34, the sample was placed in the cav-

ity of the laser.  Irises were used to restrict the laser to single TEM00-mode operation.  

Detectors were used to measure the laser power and the laser output, both with and 
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without external pinhole.  The transients observed were difficult to interpret because the 

interaction with the intracavity beam propagation altering character of the photothermal 

lens element and the intracavity apertures.  First extracavity sample TL apparatus was 

used by Grabiner et al. to measure vibrational relaxation rate constants.56 Hu and Whin-

nery recognized that the extracavity sample configuration would be more flexible, and 

also could result in more sensitive absorbance measurements57.  The transient signal 

produced extracavity are less complicated than those produced on the intracavity confi-

guration, and the theory behind it is simpler.39 

The essential components of the TL apparatus are:  (i) the coherent, laser excitation 

source, which is able to deliver high optical powers over a small cross section area of 

the sample, (ii) a low absorbance sample, (iii) a special filter or pinhole placed in the far 

field, and (iv) a photodetector to measure the power past the pinhole.  Optical system 

for the thermal lens apparatus is shown in Figure 5. 

The TL instrumentation could be classified in two categories, single- and double-

beam.39  The single-beam setup has the advantage of being much simpler than the 

double-beam, but the latter has shown more flexibility and suitability in the analysis of 

wider spectral region58. The single-beam spectrometers are unique among thermal lens 

instruments because the same laser is used in both excitation and signal detection.  This 

configuration was commonly used in early stages of the technique to evaluate signal 

dependence on laser power, optical pathlength, beam divergence, sample concentration, 

and flow dynamics.58, 59, 59  The main advantage of single-beam instruments is the sim-

plicity and ease of operation compared to other setups.  The first one records both the 

initial and final intensities, while the second captures multiple points along the transient 
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increase of the thermal lens signal. Faster and more accurate determinations are pro-

vided in the second case.58, 59  In both configurations, the probe laser is cw beam, and 

the excitation beam could be cw or pulsed laser.  

 

 

Figure 5.  Optical system for thermal lens apparatus 

The double-beam TL spectrometer has separate use of lasers for the pump and probe 

beams can provide significant benefits in the performance of thermal lens detection35.  

Nowadays signal averaging devices allow precise monitoring of the modulation im-

posed on a stable probe laser by a thermal lens.  Also, optimized optic elements are 

available for specific wavelengths, helping to avoid interference and spurious light in 

what might be difficult spectral windows.  Double-beam TL spectrometers could be set-

up in two configurations, collinear and transverse.  In the collinear configuration, both 

beams are precisely aligned collinearly for the whole optical path.  On the transverse 

configuration, the excitation beam, and the probe beam are aligned perpendicular in the 

center of the sample. 
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The thermal lens effect has been described theoretically for a variety of experimen-

tal conditions.60-63  Whether the laser excitation is pulsed or continuous, the pump-probe 

geometry is collinear or transverse, and the sample is stationary or flowing, theoretical 

models have been developed to account for the experimental observations.  Even 

though these models are restricted to specific experimental conditions, they have helped 

in the understanding of the factors governing the intensity of the thermal lens, making 

possible its optimization and subsequent utilization as an ultrasensitive spectroscopic 

technique. 

The extracavity photothermal lens spectroscopy signal (TLS) can be described in 

terms of the focal length of the TL formed within the sample.  The simplest description 

is for a thin lens, under the assumption that l << 1, and unit quantum efficiency for 

heat production.  A sample excited by a laser beam with an irradiance of 

 E(r) =
2Φ
πw  e ⁄  (14)  

where E(r) is the radial dependent irradiance in Watts per square meter (Wm-2), and Φ0 

is the incident radiant power in Watt, will produce a time dependent TL with focal 

length, f(t), 

 f(t) = f(∞) 1 +
t
2t

 (15)  

With f(∞) being the steady state focal length formed at infinite time (in meters), 

 f(∞) =
η πκw

Φ αl dη
dT  

 (16)  

and tc is the characteristic thermal time constant expressed in seconds 

 t =
w ρC

4κ 
 (17)  
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where w (m) is the radius of the excitation beam,  is the thermal conductivity (in J cm-1 

s K-1), 0 the refractive index of the medium where detection takes place,  the refrac-

tive index of the sample, T the temperature in Kelvin,  the density in Kg/m3, and CP 

the specific heat capacity (J Kg K-1). 

Because the temperature gradient in the neighborhoods of the excitation point, 

thermal diffusion process is consequence of the tendency to try to reach the thermody-

namics equilibrium.  Thermal diffusion is define by nature of the solvent 

Solving appropriate non-steady thermal diffusion equations is the first step in for-

mulating a theoretical model for the thermal lens effect.   The general equation of ener-

gy conservation for an irradiated sample can be expressed as follows: 

 
∂T(r, t)
∂t

= D ∇ T(r, t) − v
∂T(r, t)
∂x

+
1
ρC

Q(r, t) (18)  

where T(r,t) is the temperature as a function of radial position and time, Dth is thermal 

diffusivity (m2/s),  is density, Cp is the heat capacity of the medium with a uniform ve-

locity vx in the x direction, and Q(r,t) represents the heating source59.  The first term on 

the right side of equation (18) is the thermal diffusion expression, the second term de-

notes the heat flow due to convection, and the third term is the energy gained by the 

sample due to laser absorption.  This last quantity depends on the excitation mode and 

other experimental conditions.  Under the thin lens approximation, Q(r,t) for cw and 

pulsed sources are: 

 Q(r, t) =
2αP
πw t

exp
−2(x +  y )

w
(1 + cosωt) (19)  

 Q(r, t) =
2αE
πw

exp
−2(x +  y )

w
 (20)  
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where t0 is the duration of a laser pulse with energy Eo propagating in the z direction 

perpendicular to the x and y coordinates,  is the absorption of the medium per unit 

length, w is the 1/e2 radius of the pump beam, and Pv is the average power of a cw 

beam, which is modulated at a frequency F = /2. 

Solving the temperature for equation (18), the non-uniform radial distribution of the 

refractive index could be calculated by62 

 η(x, y, t) = η +  
∂η
∂T

 T(x, y, t) (21)  

The TL effect has been used to study the spectroscopy of weak molecular vibration-

al overtones in cryogenic solutions.64-67  Liquid cryogenic solvents with high transpa-

rency, such as rare gases, offer optical homogeneity and minimal perturbation of de-

grees of freedom, making them the kind of desirable solvents for being used in vibra-

tional spectroscopy 64. 
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CHAPTER TWO 

Experimental Development 

This chapter offers a detailed description of the experimental set-up used during the 

course of this research work, as well the experimental procedure.  Each of the tech-

niques employed here are described separately.  First, a delineation of the thermal lens 

spectrometer and cryostat experimental set-up and procedure are presented, followed by 

details of the Fourier transform infrared and ultraviolet-visible spectroscopic tech-

niques.  Finally, an outline of the preparation of the sample solutions and condensation 

process at cryogenic temperatures is described. 

Thermal Lens at Cryogenic Temperatures  

The thermal lens (TL) experimental set-up is a two64 (or three) collinear laser beam 

configuration.  The first one, the excitation beam is a modulated frequency, continuous 

wave dye laser pumped by an argon ion laser.  Wavelength scanning of the dye laser is 

carried out with a stepper motor, remotely controlled by a computer using LabView 

software.  A second argon ion laser emitting at 488 nm is used as a probe beam.  The 

excitation and probe beams are overlapped with a blue dichroic filter and propagated 

collinearly through an iris and then through the sample cell, which is inside a cryostat.  

After emerging from the cryostat chamber, the probe beam is larger than the excitation 

beam due to the diverging thermal lens effect.  Both beams pass through another iris in 

order to spatially select the center of the probe beam.  In order to monitor the excitation 

beam, a beam splitter is placed before the last iris, carrying only the excitation laser 
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beam to a detector for subsequent processing through a lock-in amplifier.  The probe 

beam then passes through an interference filter that blocks the residual excitation beam 

and only transmits the probe beam.  To eliminate any residual transmission of the exci-

tation beam, a blue glass filter is used after the interference filter.  Now, the intensity of 

the probe beam is also detected.  The three signal are measured:  (1) the thermal lens’s 

direct signal, (2) the output signal from the excitation laser beam, and (3) the norma-

lized thermal lens’s signal, which is the ratio of the first two signals.  All of them are 

recorded as a function of the laser wavenumber. 

Optionally, a third laser (nitrogen pulsed laser at 377 nm) could be also used.  This 

laser beam is configured collinear with the excitation and the probe beams before enter-

ing into the sample cell.  Its purpose is to enhance the thermal lens' signal of the very 

diluted sample solutions.  If the excitation laser promotes the CH bond from the ground 

state to the fifth vibrational overtone, the nitrogen laser will provide an extra photon 

absorption promoting the CH bond from the vibrational excited state to an excited elec-

tronic state.  The characteristic time of the process absorption-relaxation (non radiative) 

of the electronic transitions is well known to be fast.  In this case the magnitude of the 

thermal lens signal is larger compared with the signal from vibrational relaxation, be-

cause more energy is converted to translation motion.  Figure 6 shows this process.  

Experimental Set-up 

The thermal lens configuration used in this work is collinear.  Figure 7 shows the 

instrumental set-up.  The excitation beam is a tunable continuous-wave (cw) dye laser 

by Coherent, model CR-599, which is pumped by an argon ion laser Spectra Physics, 

model Stabilite 2017, with a wavelenth of 514 nm.  The dye laser is scanned in the 
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range of the Rhodamine-6G dye, from 15800 to 17400 cm-1, with the use of a stepper 

motor.  The stepper motor is a Miniangle Stepper Astrosyn, type 23pm-C002 with 1.8 

degrees per step.  The stepper motor is controlled remotely by a computer with 

LabView software.  A small fraction of the excitation beam is selected, modulated at 

250 Hz (Stanford Research Systems (SRS) chopper model SR 540), detected with a 

photo-sensor (Newport, model 882), and sent to a lock in amplifier (Ithaco 3962A). 

Before entering into the vacuum chamber, the main excitation beam is modulated by 

a low frequency optical shutter (Electro-Optical CH-60) operated with a function 

generator (BK Precision, model 3011A) usually having a modulation frequency 

between 5 and 1 Hz.  The modulated excitation beam is focused at the sample cell.  The 

spot radius and confocal distance at that position are 0.030 and 51 cm.  

The cw probe beam is a single wavelength (488 nm) Spectra Physics argon ion la-

ser, model 161B-13.  Excitation and probe beams are overlapped with a blue dichroic 

filter and propagate collinearly through the sample cell.  Expansion of the probe is ac-

complished by a diverging lens to obtain a spot size larger than the excitation beam's.  

At the cell, its spot radius is 0.091 cm and its confocal distance 0.87 cm. 

After emerging from the cryostat chamber, an iris is placed in the path of the beam 

to select spatially the probe center.  Then, an interference filter blocks the excitation 

beam while just transmitting the probe beam.  Any residual transmission of this beam is 

eliminated by placing a blue glass filter after the interference separation. 

The probe beam intensity is recorded with a photomultiplier tube from GCA 

McPherson, model EU-701-93.  A 20 m diameter pinhole installed on a xyz stage al-

lows precise location of the signal and intensity maximization.  The signal is pre-
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amplified with a SRS low noise pre-amplifier, model SR 560; and finally sent to anoth-

er Ithaco 3962A single-phase lock-in amplifier. 

 

Figure 6.  Absorption and emission process in the three lasers configuration of the TL 
spectrometer.  The excitation laser promotes the CH bond from the ground to the sixth 
vibrational state; then, a nitrogen laser promotes to an electronic excited state.  Subse-
quent non-radiative relaxation to the ground state results in enhancement of the thermal 
lens signal 
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Figure 7.  Thermal lens spectrometer used to record the fifth overtone of solutes in 
cryogenic solutions.  The set up shows three lasers in a collinear configuration 
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Normalization of the thermal lens signal is obtained by dividing the probe signal 

output by the excitation beam signal.  Data acquisition processes and plotting in real 

time of the probe, excitation, and normalized signals are made by LabView interface 

software.  It results in a normalized thermal lens signal as a function of the wave-

number.   

Optionally, a third pulsed nitrogen laser, Laser Science, Inc., model VS-337ND, is 

used.  This laser emits 4 ns pulses in the UV at 337 nm.  The pulse repetition rate may 

be varied from 1 to 20 Hz.  This beam is also concentrically aligned with the excitation 

and the probe beam for the entire optical path by using a second dichroic lens. 

In order to reach low temperatures the sample cell is connected to a cryostat and iso-

lated from the environment by placing it in high vacuum chamber. 

Cryostat Vacuum Chamber 

The sample cell is connected to a cryostat (International Cryogenics, Inc., model 31-

4000).  This device features a 12 L Dewar isolated by a 10 L shield to minimize cryo-

gen boil-off.  Figure 8 shows a detailed diagram of the cryostat and the vacuum system.  

The refrigerant used is liquid nitrogen (LN2).  A copper block is attached to the base of 

the Dewar, and capillary tubes drive the cryogen from the bottom of the Dewar to the 

head of the block, named cold-head of the cryostat.  The cryogen flows through the 

cold-head, and its flow is controlled by a metering valve with a vernier handle.  There 

are four ports at the base of the cryostat.  One of them is used for vacuum measurement 

of the cryostat chamber, using a MKS cold cathode ionization gauge for high vacuum 

and a Varian E c0531 vacuum gauge for the initial rough vacuum.  Another is used for 
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Figure 8.  Cryostat and vacuum chamber in the thermal lens spectrometer set up 
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 the electrical feed.  The other two ports are used for sample admission.  Accurate con-

trol of the cold-head temperature is executed by a filament heater with a maximum 

power output of 50 W.  Two Silicon diode thermometers, with an excitation current of 

10 A, are connected to both the cold head and the cell permitting reading and control 

of the temperature.  Accurate temperature control and reading is finally accomplished 

with the SI-9700 temperature controller, which offers a digital display, and can be oper-

ated directly on the device or by the computer through a LabView graphical interface 

provided by the manufacturer. 

The vacuum chamber is an aluminium unit of 7.1" in length and 8.7" in external di-

ameter.  With four windows symmetrically placed.  Each window is 2" in diameter.  

One of the window ports is connected to a cryopump CTI-Cryogenics Helix Cryo Torr 

8F to achieve thermal isolation with high vacuum (below 10-7 Torr).  A flexible hose 

between the cryopump and the chamber is used to minimize transference of mechanical 

vibrations. The other three windows ports are sapphire windows of 3 mm thick.  All the 

sapphire windows are sealed with rubber O-rings and secured with flat aluminium 

flanges.  Operation of the cryopump requires pressures lowers than 100 mTorr; there-

fore, initial evacuation with a mechanical pump is necessary as first stage.  For this, a 

vacuum port at the top of the cryostat is available.  

Thermal Lens Sample cell 

Figure 9 shows the sample cell details and dimension.  The cell is a copper (OFHC) 

device with a cylindrical internal cavity of 1/2" in diameter and 10 cm in length.  Three 

sapphire windows of 3/4" in diameter and 2 mm thick are placed on each end of the cell, 

and the other in the symmetry center of one of the sides.  The birefringence of the sap-
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phire windows was tested by passing a laser beam through them at different orientations 

with respect of each other, resulting no significant change in the power emerging of the 

cell, nor polarization of the beam.  The windows are sealed to the sample cell with in-

dium O-rings, and fastened with squared flanges as shown in Figure 9.  

Sample admittance into the cell is achieved by two set of Swagelok to NPT adap-

ters.  A 1/8" brass connector is placed on the top of the cell for major admission of the 

gases that condensate as solvent.  A 1/4" brass connector is in the nearest side of the cell 

to the vacuum line, close to the pressure meter, to permit accurate measurement of sam-

ple admission, as discussed later at the end of this chapter, in preparation of the sample 

section.  This inlet is very convenient also when bubbling action is necessary to guaran-

tee complete mixing. 

Connection of the sample cell to the cold-head is achieved with a customized copper 

plate.  Interface between them is made with a temperature transmittable copper paste.  

This element is designed in that way so that the sample cell and the vacuum chamber 

windows are aligned. 

Cryostat Operation 

In a first stage, high vacuum of the cryostat chamber should be achieved. For this, 

rough vacuum is done first with a mechanical pump, requiring a pressure lower than 

100 mTorr.  By closing the vacuum port at the top of the cryostat and opening the ball 

valve, the cryopump pumps-out until a pressure lower to 10-7 Torr is reached.  Once 

high vacuum is obtained in the chamber, the next step is filling the cryostat Dewar.  

This action is carried out by manually pouring the cryogen into the inner and outer De-

war using a funnel.  A 10 cm copper tube supports the funnel and allows boiled-off ni-
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trogen to escape through several vent holes.  It is important to assure full filling of the 

nitrogen shield (outer shell of the Dewar) and the inner Dewar with the cryogen before 

every experiment. 

Cooling down of the cryostat head requires opening of the metering valve at the top 

of the cryostat.  At this point, the SI-9700 temperature controller should be turned on.  

Cooling operations could be followed by using the TempV9700-LabView software pro-

vided by the temperature controller manufacturer.  The control and monitoring of the 

temperature during the whole experiment was accomplished in like manner.  It is highly 

recommended to let the coldest (77 K) temperature stabilize before attempting to con-

trol a new temperature point. 

Upon stabilization of the coldest temperature, the cryogen flux valve must be closed 

almost completely, leaving only 2 or 3 turns of the vernier handle.  Then, a new temper-

ature point can be settled.  For this, choose the main control sensor either A (head) or B 

(sample cell), and set the temperature on the software interface.  Notice that the maxi-

mum heater power recommended by the manufacturer is 80 %, but by experience, no 

more than 50 % is needed; avoiding fast warming leads to faster stabilization of the 

temperature set point.  Accurate control of the temperature is required by a variation of 

±0.01 K after and before the sample condensation and filling of the sample cell process.  

Therefore, waiting time is essential in order to get a homogeneous sample and a high 

quality spectrum. 
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Figure 9.  Sample cell used in the thermal lens spectrometer.  The top and the middle 
diagrams show both side views.  The bottom of this figure shows the view of each of 
the ends. The windows are drawn in clear grey to indicate the way they are placed on 
the cell. 
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Sample Condensation. 

Once the temperature set point is stabilized, admittance of the cryogenic solvent is 

carried out by opening the Swagelok valve to the 1/8" cell port.  When the sample cell is 

about 3/4th full, admittance of the solvent is made through the 1/4" inlet port, which is 

located on one side of the cell.  In this way, agitation of the solution is carried out to 

accelerate the solvating process.  The final bubbles are eliminated by returning to admit 

the solvent through the top cell inlet.  Rising of the temperature during the condensation 

process is observed because the phase change process.  Increasing of about 2 or 4 K 

means that the condensation rate is high; then the time for filling of the sample cell is 

short, around 60 minutes for non-viscous solvents.  Lower increases of the temperature 

during the condensation, between 0.5 and 1 K, will require longer time (up to 4 hours), 

but upon reaching the temperature set point, stabilization time is short.  Thus, after con-

densation of the sample a waiting time for accurate temperature control is required.  Af-

ter that, no bubbles should be observed.  If this is not the case, then allow more gas in 

until the cell is full of the cryogenic solution, followed by temperature stabilization 

waiting time.  This last step is repeated as needed. 

Thermal Lens Spectra Record and Acquisition 

Before attempting to obtain any thermal lens signal (TLS), verification of highly ac-

curate concentric alignment of the excitation, probe, and nitrogen lasers should be veri-

fied.  At this time, the lasers should be turned on for time enough to give a stable beam.  

If misalignment is present, a fraction of the signal intensity, or no signal at all, could be 

observed.  That is, alignment is critical when running the experiment.  For this task, the 

mirrors directing the beams to the cell, as well the dichroic lens, are mounted on transla-
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tional stages making possible the displacement in the x, y and z directions.  Fairfield 

alignment is monitored by observing the beam spots three meters from the sample cell.  

In our set-up, the probe beam is made larger than excitation's and nitrogen's by the use 

of a 10 cm focal-lens concave lens.  Because of this, it is necessary to map the center of 

the probe beam to locate the thermal TLS. 

The oscillatory nature of the TLS is a direct consequence of the excitation beam 

modulation.  A low-frequency shutter controlled for a wave function generator executes 

this task.  The shutter receives 4 V square signal with frequencies between 0.5 to 10.0 

Hz.  For very diluted solutions, the lower the concentration, the lower the modulation 

frequency.  The output of the signal generator serves as reference of the excitation DAQ 

in the lock-in amplifier.  The power of the excitation beam changes during the scanning, 

and then the TLS should be normalized as described before.  The output of the lock-in 

amplifier is feeding the computer for data storage and the second lock-in amplifier to 

normalize the TLS. 

Normal operation of the photomultiplier tube that monitors the probe beam intensity 

requires 1000 V.  The PMT is mounted on a translational stage that permits movement 

in the x, y and z directions.  Precise location of the signal maximum can be achieved 

with the help of the 20 µm pin hole.  Complete filtration of the excitation beam before it 

reaches the PMT is critical to avoid spurious light, which would obscure the TLS.  This 

can be done by using an interference filter and a blue glass.  The output signal of the 

PMT is fed to a low-noise amplifier.  A 50  cap is connected to the feeding terminal to 

avoid high voltages that may leak from the detector.  Cut-off filters on the amplifier re-

duce the signal noise; typical settings are 0.03 and 30 Hz for the lower and upper limits, 
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respectively.  The coupling is in AC current and the gain is 2.  The output of the pre-

amplifier feeds the other lock-in amplifier.  Suitable parameters are optimized automati-

cally by pressing AUTOSET button on the main panel.  Then phase, sensitivity, dynam-

ic range and time constant could be modified if desired. 

To optimize all the experimental conditions for each spectrum, after proper align-

ment of the beams is done, first, only use the excitation and the probe beam.  Tune the 

wavelength of the excitation beam for the maximum intensity expected for a given 

sample.  Then, find the center of the probe signal by adjusting the position of the PMT 

detector.  Every time a maximum intensity is founded, pushing of the AUTOSET button 

helps to optimize the parameters.  Iterative processes of these two last steps are required 

until reaching the maximum intensity of the normalized TLS.  If needed, instrumental 

parameters of the lock-in amplifier could be changed for an optimized TLS intensity.  

Very diluted solutions require intensities above the 300 µV.  The value of the time-

constant, τ, depends on the noise levels.  Typical values of τ are 1 and 3 seconds.  A low 

concentration solution, in the order of the 10-3 mole fraction, has a typical τ of 1 or 3 

seconds.  A higher value of τ reflects a noisy signal.  In general mapping times depends 

on the concentration of the sample.  High concentrations produce high signal intensity, 

which is easily mapped, while diluted solutions produce weak signals, requiring more 

time to maximize.  Once the TLS has been optimized, the spectra are obtained by the 

use of a LabView interface developed in our lab.  This software can control the stepper 

motor and acquire all the data coming from the lock-in amplifier outputs in real time; 

plus, it converts the rough data into a final spectrum of the intensity as a function of the 
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wavelength by using a calibration equation.  A detailed description and documentation 

of this library program is made in appendix A. 

Selection of the initial and wavelength to be scanned is made on the software.  Cor-

respondence between micrometer position of the birefringent filter and wavelength is 

founded by a calibration chart previously accomplished.  The stepper motor should be 

turned on.  Then, moving the micrometer screw on the dye laser to the initial position, 

selecting the OFFSET key on the main panel of the lock-in amplifier (to allow linear or 

exponential averaging) and declaring the parameters on the LabView interface, the 

spectrometer is ready to scan.  Clicking on the start button of the software leads to the 

DAQ in real time on the computer screen.  When the scan is finished, for a better cali-

bration, the final micrometer position may be typed on the final spectrum graph.  The 

spectrum data can be saved in ASCII format for later analysis.  With the data saved, just 

stopping the program re-sets the system for a new acquisition.  At least three spectra of 

each sample under the same conditions are carried out for averaging. 

Optionally, the nitrogen laser beam can be used to accomplish enhancement of the 

signal.  The procedure is exactly the same.  In this work, most of the spectra were taken 

with two and three laser set-up configurations.  Placing the second dichroic lens before 

the cryochamber and turning on the nitrogen laser is the extra step in this case.  Notice 

that rigorous alignment of the three lasers is critical.  A focusing mirror and the dichroic 

are placed on translating stages for this purpose. 
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Experiment Shutdown 

The shutdown procedure is the reverse of the start-up procedure.  First, close the 

shutter of the PMT, and turn off electronics in the following order:  lock-in amplifiers, 

pre-amplifier, PMT power source, and stepper motor.  Turn off the lasers according to 

their manufacturer manual procedures.  Turn off the shutter, the function generator, and 

the chopper.  Turn off the chiller.  The remaining steps are pumping-out of the sample 

cell and heating up the cryostat to room temperature.  It is highly recommended to va-

cuum the cell slowly to avoid violent boiling of the sample.  Also, for warming-up the 

cryostat system, first close the valve at the top of the cryostat and set the temperature at 

290 K, and heater at 40 % of its power. 

Fourier Transform Spectroscopy at Cryogenic Temperatures 

In this section is presented a description of the experimental set up of Fourier trans-

form (FT) cryogenic spectroscopy in the infrared (IR) and mid-infrared (Mid-IR) range 

of the electromagnetic radiation, followed by a detailed description of the entire expe-

rimental procedure, from the cryogenic course to the spectral data acquisition. 

Experimental Set-up 

For the Fourier transformed visible, mid- and near-infrared spectroscopy, a Thermo 

Nicolet spectrometer, model Nexus 670, was employed.  Depending on the spectral fea-

tures desired to record, combinations of source, beam splitter, and detector had to be set.  

This spectrometer permits high resolution spectra until a minimum spacing of 0.06 cm-1.  

Control and data acquisition on this spectrometer is done with the Nicolet's OMNIC 

software; its interface is easy to operate and permits optimization of the spectrometer 
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performance and data analysis.  When deconvolution of the bands was needed, the 

software Peak Resolve was employed under the OMNIC environment. 

Table 2 shows the combination of the parameters used in different spectral regions, 

which have been chosen based in the manufacturer recommendations and the experi-

mental testing for each window material used in the different experiments.  The hard-

ware options available include Ever-Glow and Tungsten-halogen light sources, which 

correspond to IR and white light, respectively; CaF2, XT-KBr, and quartz beamsplitters, 

and DTGS-KBr and Si detectors. 

Table 2.  Compatible instrumental parameters for the Nexus 670 

Spectral Range (cm-1) Beamsplitter Detector Source 
350-7000 XT-KBr DTGS-KBr Ever-Glow 
6500-9500 XT-KBr DTGS-KBr White 
8300-15200 Quartz Si White 

 

FT Cryogenic Set-up 

In order to record the spectra in the IR-Vis region at low temperature, using the 

nexus 670 spectrometer, the cell is place into a vacuum chamber and connected to a 

cryostat.  Figure 10 shows a diagram of the cryostat and the vacuum chamber used with 

the FT spectrometer.  This system is placed into the spectrometer chamber in order to 

record vibrational spectra from 350 to 15200 cm-1.  The cryostat is the APD Cryogenic 

model LT-3-110.  Here, the cryogen is transferred from a pressurized supply Dewar 

(Messer Griessheim Juno) to the head of the cryostat through a transfer line.  The flow 

of the cryogen is regulated by a valve at the top of the cryostat, and for two flow-

meters, one connected to the cryostat, and one connected to the transfer line on the top 
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of the refrigerant Dewar.  The cryostat and the transfer line have been design to use liq-

uid nitrogen or helium as cryogen.  The lowest temperature used in this work is 78 K, so 

only liquid nitrogen was employed as refrigerant.  The cryostat has five ports:  coolant 

exhaust, vacuum pump-out, electric feed through, BNC terminal, and a vacuum meter-

ing point.  Ultra-Torr fittings connect both, the coolant exhaust and the vacuum pump-

out to hoses.  Remaining ports are sealed with flanges and rubber O-rings. 

To vacuum the system, first rough vacuum is made by a mechanical pump.  Then, 

high vacuum is achieved with a diffusion pump (lower than 10-4 Torr).  A vent gas hea-

ter within the cryostat head must be operated when the cryogen is flowing to avoid 

freezing of the electrical component.  Temperature control and reading is carried out by 

a SI-9650 controller, using silicon diode sensors in the cryostat head and the cell and a 

combination of the tip flow control and heater power.  The SI-9650 has an accuracy of ± 

0.5 K, resolution of 0.01 K, and controllability of ± 0.02 K. 

The vacuum chamber is an aluminium cylinder 7 1/4" in length and 4" in the inter-

nal diameter.  Four windows are symmetrically placed on every side.  The windows 

used are 1" in diameter, but their material depended on the test.  In this work KBr, 

quartz, Fused Si or sapphire windows were employed.  The windows on the chamber 

were sealed with rubber O-rings and fastened with flat circular flanges. 

Sample Cells 

Two different cells were employed in this research.  Their use depended on the de-

sired features of the spectra.  One of the cells has been designed for the use of Si win-

dows with small pathlength; the other one allowed different material windows, mainly 

sapphire, quartz, and KBr, and has a longer pathlength. 
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Figure 10.  Cryostat and vacuum chamber employed in the FT-IR spectrometer 
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The Si windows cell is a brass piece of 1" in length, 1 1/4" in height and width, and 

a cylindrical cavity of 3/8" in internal diameter.  A threaded piece attaches the cell to 

the head of the cryostat.  Two silicon (Si) windows are placed on a brass device on each 

end of the cell.  A third window, made of quartz with 3/8" in diameter and 1/16" in 

thickness, is symmetrically placed one side of the cell to allow visual inspection of the 

condensation sample.  The detail of the dimensions and assemblage of this cell is shown 

in Figure 11.  Each window is sealed with indium O-rings, and fastened with squared 

flanges.  Admittance of the sample is carried out through a 1/8" brass connection placed 

on the other side of the cell.  Stainless steel tubing connects the cell with a gas-handling 

system through a Swagelok valve. 

The use of Si windows allows the recording in the 8400-660 and 350-70 cm-1 ranges 

of the EM spectrum.  Signals appearing between 350 and 660 could be also recorded 

but with some interference.  Compared to traditional IR windows as KBr or NaCl, Si 

windows are not hygroscopic and are chemically resistant, resist thermal and mechani-

cal shocks, scratching, and fogging.  However, silicon exhibits relatively high refractive 

index and the light transmittance is around 50%.  

The second cell employed in this research is a copper (OFHC) cylinder 1.7" in 

length and 1/2" in internal diameter.  The sample is admitted by a 1/8" stainless steel 

connection placed on the top of the cell.  As described before, stainless steel tubing 

connects the cell with a gas-handling system through a Swagelok valve.  The windows 

are placed on each end of the cell end fastened with interchangeable circular flanges 

designed depending on the window's material and dimensions.  Quartz, sapphire, and 
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KBr are the different windows employed with this cell.  A detailed scheme of the 

second cell is shown in Figure 12. 

 

 

Figure 11.  FT-IR Si cell 
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Figure 12.  FTIR 5 cm copper cell for several types of windows 

Cryostat Operation 

To begin to lower the temperature, the SI-9650 controller must be turned on, provid-

ing a voltage no higher than 30 V.  Usually a 25 V has been set for the heater output 

voltage.  The 50-L Dewar is filled with liquid nitrogen using a transfer hose.  The trans-

fer line bayonet is placed into the Dewar and sealed with a rubber sleeve and a hose 

clamp.  To push the refrigerant through the transfer line, pressurization is needed.  For 

this, a continuous flux of nitrogen gas is provided at a pressure around 5 psi.  The 

needle valve on the cryostat head (knob) and both flow meter should be open to allow 

the cryogen flow through the transfer line.  Around 30 minutes are required before the 

cryogen starts to flow.  When the refrigerant starts to flow, or when the temperature on 

the cryostat head is 250 K, the vent gas heater has to be plugged to avoid freezing of the 
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electronic components and further damage.  It is highly recommended to let the temper-

ature stabilize in the coldest value possible (77 K if LN2 is the cryogen) before pro-

gramming the set point.  Upon the stabilization of the cryogen point of temperature, ad-

justment of the knob could be done for both, save refrigerant, and avoid excess of heat-

ing when controlling the temperature at the set point.  Control of the cryogen is accom-

plished with the flow meter.  Setting it at 20 mm is enough for efficient operation at all 

the temperatures.  The steps required to set the temperature on the SI-9650 are as fol-

low:  press TEMP/EDIT to choose the sensor 1 (head of the cryostat) or 2 (cell) for con-

trol, press ENTER to save the value; press SET/EDIT and use the numeric to change the 

set point; then press ENTER; finally press MANUAL to let the instrument to achieve 

the temperature desired automatically.  Once the temperature set point is reached, wait-

ing for stabilization of the temperature is mandatory.  Control of the temperature should 

be on ± 0.3 K. 

Background Acquisition 

The windows of the cryostat and the cell must be aligned with light path inside the 

chamber of the FT-IR spectrometer.  Optimized alignment is easily accomplished by 

using the Thermo Nicolet OMNIC software (Omnic).  Background data of the empty 

cell and cryostat chamber are recorded before every experiment.  Omnic software also 

allows for configuration of all the parameters desired for the collection of spectra; for 

this, choose experimental set-up and then set up the parameters like spectral region, res-

olution, number of scans (to average), window kind, etc.  The background parameters 

should be equal to the set for the spectra.  Backgrounds with different configura-

tion/parameters should be saved to be used later when the actual spectra are recorded. 
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After the background is recorded, the cryostat chamber must not be moved from its 

place to avoid baseline distortion.  Due to the procedure of the preparation of the sample 

preparation (detailed later), backgrounds of the empty cell and cryostat chamber were 

acquired at room temperature before every experiment.  Not only backgrounds of the 

empty cell were recorded at room temperature, but also at low temperature, and with the 

pure solvent were obtained as reference. 

Sample Condensation 

Once the temperature set point is achieved, waiting time is mandatory to obtain an 

accurate control of the temperature.  Then, opening the Swagelok valve permits the sol-

vent to enter into the cell until it is filled.  There is a rising of around 3-5 K in the tem-

perature during condensation of the solvent gas due to phase change process.  Once the 

cell is full of the liquid solution, the temperature goes back to the set point.  No bubbles 

should be observed.  If bubbles persist, then allow more gas in until the cell is totally 

full of the cryogenic solution.  Finally, a waiting time of at least 30 minutes is needed to 

obtain an accurate stabilization of the temperature set point. 

Spectra Acquisition 

Once more, with the use of the OMNIC software, the appropriate background and 

their corresponding parameters should be chosen.  Under the command:  COLLECT 

SAMPLE, the spectrum starts to be recorded.  By saving the data as spectral data (or 

filename.spa), all the parameter information is saved.  Data could be also saved in ANSI 

format as comma separated for later analysis with other software if it is required.  Table 

2 shows the parameters combinations for the different spectral ranges.  Different win-
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dow materials could restrict the spectral range.  Typical resolutions were 2, 1, and 0.5 

cm-1 spacing.  The number of the scans to average was:  200, 250, and even 500 in some 

cases.  No improvement on the ratio signal/noise was observed for more than 500 scans. 

Shut-down Procedure 

When all the spectra were recorded, the sample was carefully evaporated at the set 

point temperature by partial opening of the Swagelok valve to the vacuum line.  Due to 

evaporation process the temperature decreases around 3-5 K, and violent evaporation 

can cause a greater decreasing of the temperature, resulting in solidification of the sam-

ple and further blocking of the solution from the outlet.  Once the cell is totally empty, 

stopping of the refrigerant flux is accomplished by closing the knob at the cryostat head 

and flux meter, and the regulator of the nitrogen pushing gas.  Using the temperature 

controller set the temperature at 250 K; when this set point is reached, unplug the vent 

air heater.  Finally, set the SI-9650 at room temperature (290 K).  The cryogen reservoir 

is big enough to be used several times.  Therefore, the bayonet of the transfer line could 

remain inside the Dewar. 

The spectrometer usually is turned-on all the time, but the light source should be 

turned off close the software. 

Ultraviolet-Visible Spectroscopy at Cryogenic Temperatures 

The experimental set up and the spectroscopy in the ultraviolet-visible (UV-Vis) 

region of the EM spectrum of cryogenic solutions is presented in this section. 
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Experimental Set-up 

For the UV-Vis spectroscopy, a Varian Cary 50 Bio spectrophotometer was 

employed.  This spectrometer can scan in the range of 190-1100 nm by incorporating a 

Xenon flash lamp.  The maximum scan rate is 24000 nm per minute.  The Xenon lamp 

flashes only when acquiring a data point, unlike a diode array which exposes the sample 

to the whole wavelength range with each reading, causing degradation of photosensitive 

samples.  As the Xenon lamp is very intense, the beam splitter allows simultaneous 

reference beam correction, so peaks will not shift as the scan speed changes.  The Cary 

50 has a narrow beam, making it ideal for fiber optic work.  Also, this 

spectrophotometer has room-light immunity, that means that shielding of a fiber optic 

probe is unnecessary. 

Control and DAQ is made trough the Cary WinUV software, which is a modular 

design, permitting several tasks in a friendly way.  The one used in this work is the 

scanning of a wavelength range.  Maximum resolution is 0.5 nm. 

UV-Vis Cryogenic Set-up 

As described before for the FT-IR cryogenic set-up, the cell is place in a vacuum 

chamber and connected to a cryostat.  The set-up is the same, but minor variations.  The 

cryogenic chamber does not fit into the UV-Vis compartment, thus a little modification 

is done.  The vacuum chamber with the sample cell is secure placed on a optical table.  

Using a fiber optic dip device by Varian, the optical path through the cell is achieved by 

a couple of fiber optic cables by Ocean Optics (of 2 meters length each) connected to 

this device in the light source and in the detector ports by one of the ends, and attached 

to the vacuum chamber using a 74-UV collimating lens by Ocean Optics on the other 
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end.  The fiber optic cables used are UV/SR type, with a core diameter of 400 휇m, the 

connector type are SMA-905 and the fiber is jacked into a RoHS Zip tube.  The fiber 

relative transmission is 80% in the Vis region, decaying from 80 to 60% from 400 to 

200 nm.  The collimating lens are 5 mm in diameter and 10 mm on focal length; it is 

made of f/2 fused silica dynasil and has a 200-2000 nm wavelength range.  Its connector 

is SMA 905, with a 6.35 mm ferrule and is attached to the flat flanges of the cryogenic 

chamber with a external threaded nut. 

UV-Vis Sample Cell 

The sample cell is the copper cell shown in Figure 12.  This time, sapphire windows 

were employed exclusively.  The windows were 5/8" in diameter and 2 mm of 

thickness.  To avoid interference, sapphire windows were matched on the vacuum 

chamber that contains the sample cell. 

UV-Vis Experimental Proceeding 

In general, the experimental procedure is the same described in last section, FT-IR 

spectroscopy.  The spectrometer is controlled by the Cary WinUV software.  It is 

possible to choose the parameters (resolution, velocity, etc.) and the spectral window of 

each record.  Background acquisition is not needed but rather a blank of the empty cell 

in the cryostat chamber. 

Sample Preparation.  

All the samples were prepared in-situ.  That is, using  the set-up as shown in Figure 

13; a measured amount of pressure of the sample in gas phase was admitted into the cell 
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at room temperature.  By closing the Swagelok valve, a waiting time of around 5 

minutes was needed to achieve pressure equilibrium; thus an accurate reading of the 

actual sample pressure in the cell was obtained.  Next, a quantity of 1 atmosphere or 

higher of the solvent gas at room temperature was quickly introduced into the cell by 

opening and closing the valve.  Then the cell was cooled until the desired temperature 

was reached (around the boiling point of the solvent).  Finally, the solvent gas was is 

condensed into the cell using a backing pressure greater than to the vapour pressure at 

the cryogenic temperature (greater than 1 atm).  Since the filling of the cell procedure 

caused turbulence in the solution, no additional mixing was required.  During the 

condensation process of the solvent gas, the temperature of the cell increased.  A 

waiting time was once more needed to accomplish thermal equibrium.  It could happen 

that after equilibrium is achieved again, some bubble could form. Further filling of the 

cell, repeating last step was considered necessary to obtain a homogeneous, solution 

during the recording of the spectra set. 

Technical specifification of the chemical substances and gases used in the sample 

preparation are provided in Table 3.  To obtain optically transparent liquids and 

solutions high purity of the chemicals was mandatory.  Even though, purity of 99 % is 

acceptable to obtain clear solutions, it was possible to observe coloured impurities 

resulting in high noisy signals.  In this case further purification procedures were 

necessary.  

Concentrations of each solution were calculated as mole fraction, 

푋 =
푛
푛 =

푛
(푛 + 푛 ) 
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For very diluted solutions, 푛 ≈ 푛 .  Matrix isolation minimized the 

interactions of the sample molecules making valid the ideal gas approximation.  Then, 

the mole fraction is calculated as:   

푋 =
푃

(푅푇 휌 (푇)) 

where, 푃  is the pressure of the sample in atm, 푅 is the ideal gases constant in L atm K-1 

mol-1, 푇  is the temperature of admitance of the solute (room temperature), and 휌  is 

the density of the solvent in mol/L at the temperature of the cryogenic solution. 

Concentration of the solute in solution could be also expressed in part per million or 

ppm multiplying the mole fraction times 106 factor. 

Table 3.  Technical specification of chemical substances 

Substance Chemical 
Formula 

Molar mass 
(g/mol) Manufacturer Purity 

(%) 
Argon Ar 39.95 Matheson 99.9995 
Krypton Kr 83.80 Advanced Specialty gases 99.999 
Xenon Xe 131.29 Advanced Specialty gases 99.999 
Nitrogen N2 28.01 Praxair Pure 
Ethane C2H6 30.07 Aldrich 99.99+ 
Ethylene C2H4 28.05 Aldrich 99 
Ethanol C2H6O 46.07 Aldrich 99.99 
Benzene C6H6 78.11 Aldrich 99.99 
Isoprene C5H8 62.12 Aldrich 99 
Paraformaldehyde HO(CH2O)nH 30.031 Aldrich 95+ 

 

                                                
1 As monomer 
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Figure 13.  Experimental set-up for sample preparation 
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CHAPTER THREE 

The v = 6 overtone of Benzene by Thermal Lensing Spectroscopy 

The evidence for the existence of lakes on Titan has been building since 2004, when 

the Cassini spacecraft, and its Titan-landing probe Huygens, arrived in the Saturn 

system and began collecting data.  Before Cassini, scientists thought Titan would have 

global oceans of methane, ethane, and other light hydrocarbons.  More than 40 close 

flybys of Titan by Cassini showed no such global oceans exist, although hundreds of 

dark, lake-like features were present.  In January 2007, scientists reported stronger 

evidence of the presence of lakes filled with liquid methane in the northern-

hemisphere5.  But it was not until Cassini's flyby in December 2007 over Titan’s south 

pole that the presence of liquid on the surface of Titan's southern hemisphere (not in the 

north) was observed.  In July 2008, based on these observations, Brown et al.17, 68 

confirmed the presence of liquid on the surface where the lake-like shapes were 

numerous. 

Not only was the presence of liquid on the surface was proven, Brown also 

announced that one of the large lakes observed, Ontario Lacus, in the south pole 

contained liquid hydrocarbons, and positively identified the presence of ethane 69.  The 

identification was made based on the way the infrared light was absorbed and reflected.  

“This is the first observation that really pins down that Titan has a surface lake filled 

with liquid”, said Brown on NASA news 68.  Since then, ethane and several other simple 

hydrocarbons have been identified in Titan’s atmosphere. 
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Ethane and other hydrocarbons are products from atmospheric chemistry caused by 

the breakdown of methane by sunlight.  The ethane is in a liquid solution with methane, 

other hydrocarbons and nitrogen.  At Titan’s surface temperatures, these substances can 

exist as both liquid and gas.  Thus, Titan has a hydrologic cycle similar to Earth’s, 

though Titan’s cycle depends methane-ethane rather than water. 

The chemical composition of the lakes of Titan is not well determined yet.  The 

atmosphere is rich in methane, which makes the detection of other compounds in the 

lakes of Titan difficult since in situ measurements are not possible yet.  Thus, the best 

way to get a good estimate of the chemical composition of these lakes is to elaborate a 

thermodynamic model based on theoretical calculations and laboratory data.  Cordier et 

al. 18 have estimated values for the mole fraction in the atmosphere of several chemical 

compounds.  The mole fractions are shown in Table 4. 

The CH overtone spectrum of benzene has been measured in the liquid phase all 

from the fundamental up v = 8 by Ellis.70  Assuming that the six local CH stretching 

modes are weakly coupled, Henry and Siebrand 71 employed the transformation from 

local to normal coordinates and obtained the values for the C-H stretching 

anharmonicity constants expressed in the normal mode basis.  Thus, they calculated the 

energies of all of the components of the overtone bands expressed in terms of normal 

modes.  For benzene at v = 6 there are 462 such components of which 150 are 

allowed.  These are the 75 doubly degenerate 퐸  states. 

The local mode model is a zero order description of the spectroscopic allowed states 

in the overtone spectrum of benzene 72.  Thus, in benzene at v = 6 the only state that 

absorbs light is:  |휓〉 = ℵ(c1|600000〉 + c2|060000〉 + c3|006000〉 + c4|000600〉 +
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c5|000060〉 + c6|000006〉); where the components can be described as products of one-

dimensional vibrational wave functions |600000〉 = |6〉|0〉|0〉|0〉|0〉|0〉.  The individual 

basis functions |푣〉 are anharmonic (i.e.  Morse oscillator wave functions).  Such 

description predicts only a single transition at v = 6 in agreement with experiment.

Table 4.  Chemical composition of Titan's atmosphere and lakes at the poles and the 
equator, in mole fraction.  Data determined by Cordier et al.18 

Atmosphere 퐻  9.8 x 10-4 
at ground level 푁  0.95 

 퐶퐻  0.0492 
 퐶푂 4.70 x 10-5 
 40Ar 4.32 x 10-5 
 퐶 퐻  1.49 x 10-5 

Lakes Equator Poles 
N  2.95 x 10-3 4.90 x 10-3 

CH  5.55 x 10-2 9.69 x 10-2 
Ar 2.88 x 10-6 5.01 x 10-6 
CO 2.05 x 10-7 4.21 x 10-7 

C H  7.95 x 10-1 7.64 x 10-1 
C H  7.71 x10-2 7.42 x 10-2 
C H  1.45 x10-2 1.39 x 10-2 

H  5.09 x 10-11 3.99 x 10-11 
HCN 2.89 x 10-2 2.09 x 10-2 

C H  1.26 x 10-2 1.21 x 10-2 
C H  1.19 x 10-2 1.15 x 10-2 
C H  2.34 x 10-4 2.25 x 10-4 

CH CN 1.03 x 10-3 9.89 x 10-4 
CO  3.04 x 10-4 2.92 x 10-4 

 

In this chapter the C-H fifth vibrational overtone of benzene in diluted solutions at 

low temperatures is presented.  Spectra were obtained using thermal lens spectroscopy 

(as described in chapter two).  Pure benzene (for reference and calibration of the 

spectrometer) and solutions of benzene in liquefied ethane, argon and krypton were 
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recorded with double-beam configuration thermal lens technique.  Solutions of benzene 

in liquid ethane were recorded using both:  the double- and triple-beam configuration. 

The fifth C-H overtone of neat liquid benzene at room temperature, shown in Figure 

14, was obtained using a quartz cuvette of 1 cm pathlength.  The power of the excitation 

beam, Φ0, was 25 mW, and the chopper frequency was 5 Hz.  The maximum signal is 

localized at 16480 cm-1 with a band width (FWHM) of 54 cm-1.  Both parameters are in 

agreement with the literature, 70, 73 values reported previously. 

In order to estimate the limit of detection of benzene with the thermal lens 

spectrometer, trial solutions of benzene in carbon tetrachloride were studied at room 

temperature in a glass cell (10 cm) for concentrations ranging from 0.1 to 1 x 10-4 mole 

fraction (10-0.1%).  When compared to the neat liquid benzene, no difference in the 

transition frequency was found in concentrated solutions, but a shift to lower 

wavenumbers (5 cm-1) was found for the solution of lowest concentration.  Red shift 

from gas phase to solution in CCl4 was found to have a value of 75 cm-1 for the 108 

ppm solution and 70 cm-1 for higher concentrations.  Widening due to the presence of 

the solvent is also observed as shown in Table 5. 

The fifth CH overtone spectrum of diluted solutions of benzene dissolved in hexane 

or in CCl4 were also recorded.  In hexane solutions, the v = 6 benzene band shows a 

red shift of 116 cm-1.  This band is also wide.  A difference of 46 cm-1 towards lower 

wavenumber when compared with pure liquid spectrum was observed.  Figure 15 shows 

the fifth CH overtone spectrum (TLS) of benzene in carbon tetrachloride solutions in 

the range from 0.1 to 1 x 10-4 mole fraction and in hexane 1 x 10-3 mole fraction.  

Spectral features are reported in Table 5 
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Figure 14.  v = 6 thermal lense signal of liquid benzene at 295 K.  Excitation beam 
power was 25 mW with a modulation frequency of 5 Hz 
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Table 5.  Spectral features of the v = 6 CH overtone of benzene solutions in carbon 
tetrachloride and hexane 

Solvent Concentration 휈 FHWM Intensity Integrated Intensity 
 (mole fraction) cm-1 cm-1 (a.u.) (a.u./cm-1) 
  16480 58 0.441 26.1 

CCl4 1 x 10-1 16480 196 0.955 194.9 
CCl4 1 x 10-2 16479 241 0.611 162.2 
CCl4 1 x 10-3 16480 201 0.520 122.8 
CCl4 1 x 10-4 16475 155 0.421 70.9 
C6H14 1 x 10-3 16434 187 0.214 34.0 

 
 
 

 

Figure 15.  v = 6 C-H vibrational overtone thermal lens signal of benzene solutions in 
carbon tetrachloride and hexane at 295 K 
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Solubility of Benzene in Liquid Ethane 

Simulation of the features of Titan's lakes in the laboratory includes conditions such 

as low temperature (between 90 and 150 K) and low concentration of unsaturated 

hydrocarbons in solution.  Saturated hydrocarbons such as ethane and methane are  

good solvents for olefinic compounds at low temperature because the solubility of 

unsaturated hydrocarbons is higher than it is in rare gases.  Both liquid ethane and 

methane are clear, with high transparency around the 600 nm.  The CH absorption 

bands of high overtones of unsaturated hydrocarbons do not overlap with solvent 

absorptions, thus the solvent interferences are not expected.  However, ethane is liquid 

in a wider range of temperature (89-184 K) than methane (91-112 K) at 1 atmosphere of 

pressure.  Because of this, ethane has been chosen as solvent for the study of the fifth 

overtone of solutions of benzene in liquid saturated hydrocarbons.  For our studies, it is 

necessary to know the solubility of benzene in liquid ethane at different temperatures. 

The solubility of benzene in liquid ethane has been measured using UV 

spectroscopy (experimental set up was described previously in chapter two).  Spectra 

were recorded in the 195-1100 nm range, with an average time of 0.1 s, data interval of 

0.50 nm, and scan rate of 300.00 nm/s.  The sample was placed in a 5 cm copper cell 

with sapphire windows. The samples were prepared allowing benzene in gas phase with 

pressures ranging from 3.6 to 44.8 Torr at room temperature.  Condensation of the 

sample was carried out at 103 K.  Spectra of homogeneous solutions (with no 

concentration gradient) were recorded at 103, 111, 132, and 162 K.  It took around 4 

hours to dissolve the sample entirely. 
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Benzene exhibits a secondary absorption band around 254 nm (휀 = 240).  This 

absorption corresponds to the  퐴 퐵 ← 푋 퐴  vibronic transition.  This absorption is 

not a narrow band but is generally broad with structure because the electronic transition 

is superimposed on the other molecular energy states.  The vibronic band of benzene 

1퐵  in the region 230-260 nm is known as the benzoic band, or B-band74.  Maxima 

absorbance of the vibrational structure has been recorded at 237, 242, 248, 254, 260 and 

264 nm (42194, 41152, 40323, 39370, 38462, and 37879 cm-1, respectively).  

Assignation of the vibronic progression is described in Figure 16. 

Ethane does not absorb in the UV region (but in the VUV shows a 휎 → 휎∗ transition 

at 135 nm).  In the visible region over the 400 nm, ethane shows high vibrational 

overtone transitions of the CH bond.  Using the UV-Vis spectrometer, they could only 

be observed in liquid phase as shown in Figure 17 at 634 nm (15773 cm-1), 745 nm 

(13422 cm-1), and 908 nm (11013 cm-1) for v = 6, 5, and 4, respectively.  A manifold 

combination band of v = 4 overtone is observed at 1013 nm (9891 cm-1).  

The electronic transitions of molecules in solution usually depend strongly on the 

type of solvent with additional bathochromic shifts or hypsochromic shifts.  Moreover, 

change in fluid density could also result in a significant spectral shift.  Here, the 

samples are very diluted, and the density of ethane changes so little with the 

temperature that this is not the case.  No shifting was found when comparing spectra in 

liquid solution with gas phase ones.  Figure 17 demonstrates it.  In summary, matrix 

isolation of benzene in solution is achieved.  

Figure 18 to Figure 21 show the collection of spectra of benzene in liquid ethane at 

temperatures ranging 103 through 163 K.  Their spectral features, such as intensity of 
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the absorbance at 254 nm, and the integrated absorbance of the vibronic band in the 

240-263 nm region are reported in Table 6. 

 

 

Figure 16.  Vibronic transition 퐴 퐵 ← 푋 퐴  of benzene in gas phase (35.2 Torr) 
spectrum and diagram.  The vibronic transition is specified by the electronic transition 
and the vibrational quantum numbers for each of the states, thus the notation is denoted 
as 퐴 ← 푋(푣 ) .  The 0 ← 0 origin band is not observed, but Δv = 1 has a noticeable 
absorption.  Furthermore, a progression in the breathing mode, v1 coupled to Δv = 1 is 
observed 
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Figure 17.  UV-Vis spectra of benzene (3.6 Torr) in (a) gas phase, (b) gas mixed with 
ethane 0.4 %, (c) cryogenic solution in liquid ethane at 103 K, (d)111 K, (e) 132 K, and 
(f) 162 K.  The spectral range shown in the figure is going from 210 to 1060 nm.  The 
fifth, fourth, and third C-H vibrational overtone of the ethane could be observed in the 
visible region of spectra (c) to (f) 

Each solubility point was determined by plotting the integrated absorbance in the 

240-263 nm region versus the concentration of the benzene solution, in ppm.  Data were 

fitted with MatLab 7.7.0 to a curve type 1/IA = a/C + b, where this time IA is the 

integrated absorbance of the bands at 242, 248, 254, and 260 nm; C is the concentration 

in ppm, and a and 푏 are the fitting parameters.  Boundary condition on the solubility 

model imposes b = 0.  By regression analysis, the actual value of b is pretty close to 

zero.  The plot of IA versus C is shown in Figure 22. 
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Figure 18.  Collection of the B-band spectra around 254 nm of benzene dissolved in liq-
uid ethane at 103 K .  The spectra collection is in increasing order of benzene concen-
tration (detailed in Table 6).  The spectral range shown in the figure is going from 230 
to 500 nm 
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Figure 19.  Collection of the B-band spectra around 254 nm of benzene dissolved in liq-
uid ethane at 111 K .  The spectra collection is in increasing order of benzene concen-
tration (detailed in Table 6).  The spectral range shown in the figure is going from 230 
to 500 nm 
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Figure 20.  Collection of the B-band spectra around 254 nm of benzene dissolved in liq-
uid ethane at 132 K .  The spectra collection is in increasing order of benzene concen-
tration (detailed in Table 6).  The spectral range shown in the figure is going from 230 
to 500 nm 
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Figure 21.  Collection of the B-band spectra around 254 nm of benzene dissolved in liq-
uid ethane at 162 K .  The spectra collection is in increasing order of benzene concen-
tration (detailed in Table 6).  The spectral range shown in the figure is going from 230 
to 500 nm 
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Table 6.  Absorbance and integrated absorbance of the UV spectra of the solution of 
benzene in liquid ethane at different temperatures 

T C Absorbance at 252 nm IA 
(K) (ppm) (a.u.) (a.u./nm) 
103 9 0.082 0.580 

 20 0.142 0.899 
 38 0.148 1.026 
 51 0.233 1.228 
 69 0.200 1.235 
 90 0.225 1.396 
 110 0.129 0.864 
 115 0.370 2.202 
    

111 9 0.134 0.946 
 13 0.244 1.487 
 20 0.271 1.497 
 21 0.275 1.507 
 28 0.372 2.097 
 39 0.287 1.766 
 52 0.287 1.362 
 71 0.282 1.517 
 92 0.407 2.577 
 117 0.500 3.460 
    

132 10 0.160 1.111 
 14 0.259 1.564 
 20 0.379 2.367 
 21 0.215 2.187 
 29 0.507 3.372 
 40 0.572 4.210 
 54 0.821 5.944 
 73 0.919 7.343 
 94 0.981 7.144 
 120 1.100 9.338 
    

162 10 0.076 1.048 
 14 0.239 1.639 
 21 0.366 2.508 
 22 0.353 2.382 
 31 0.503 3.446 
 42 0.565 4.839 
 57 0.772 6.491 
 77 1.081 8.382 
 100 1.012 7.571 
 127 1.123 10.062 
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Figure 22.  Integrated absorbance of the vibronic B-band of benzene versus the concen-
tration of benzene dissolved in liquid ethane, in ppm at different temperatures:  103 (∆), 
111 (□), 132 (○), and 162 K (◊) and their corresponding curve fitting (dashed line:  103 
K, dotted line:  111 K, dashed-dotted line:  132 K, and solid line:  162 K) 

The solubility values of benzene dissolved in liquid ethane at different temperatures 

obtained from Figure 22 were used to obtain the thermodynamic values such as enthal-

py and entropy of solution as follows. 

Thermodynamics of solution 

In a real solution, the solute activity, 푎 , at a given temperature, 푇, is  

 ln푎 =
ΔH

R
1
T
−

1
T

−
ΔC
RT

T − T + Tln
T
T

 (22)  
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where, ΔH  is the heat of fusion of the solute at its freezing temperature, T0.  R is the 

ideal gas constant (1.958775 cal K-1 mol-1 or 8.314472 J K-1 mol-1).  ΔC = C − C , is 

the difference between the heat capacities of the liquid and the solid solute; ΔC  is 

assumed to be independent of the temperature.  The heat capacity of a body depends on 

the amount of substance it contains and its structure.  In particular depend on the 

number of degrees of freedom that are available to store thermal energy.  Each 

translational and each rotational degree of freedom contributes to the heat capacity with 

R/2 and each vibrational degree of freedom contributes with R.  In a solid, these degrees 

of freedom are restricted by the structure of that solid.  The kinetic energy stored 

internally in the molecule contributes to that substance’s specific heat capacity and not 

to its temperature. That is, the translational modes are partially frozen out in the solid, 

while as a liquid, a chemical substance has more directions to move and to absorb the 

heat applied on it, in consequence Cp ≤ 3R/2 ≈ 3 cal mol-1 K-1 (12 J mol-1K-1).  The 

freezing point of benzene is 278.74 K, thus the term (T - T0 + T ln(T0/T)) ≈ 1 K.  

Therefore, the second term of the right hand side in equation (17) could be neglected. 

The activity coefficient, a2/X2, in the regular solution theory is given by the 

Scatchard equation75  

 RTln
푎
X

= v ϕ [(δ − δ ) + 2푙 δ δ ] (23)  

Here, in equation (23)  

 ϕ =
X V

X V + X V
 (24)  

If i = 1 represent the solvent, and i = 2 the solute; Vi are the molar volumes of the 

solvent (i = 1) and the supercooled solute (i = 2).  X  is the respective mole fraction.  훿  
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is the respectively Hildebrand solubility parameter, and it can be estimated from the 

square root of the cohesive force density  

 δ =
ΔH − RT

V

/

 (25)  

with Δ퐻 , the molar heat of vaporization.  푙  is a number which is characteristic of the 

pair solvent-solute; it is not well known but it is predicted to be in the order of 10-2, and 

nearly independent of the temperature and composition76.  When 푙 = 0, equation (23) 

reduces to the Schatcahrd-Hildebrand equation. 

The variation of the activity of a crystalline solid, 푎  with the temperature at 

constant pressure is 

 
∂ln푎
∂T

=
∂ G − G

RT
∂T

= −
H − H

RT
= −

ΔH
RT

 (26)  

where the heat of solution, ΔH , for very diluted solution at constant pressure is given 

by  

 dlnX
dT

= −
ΔH
RT

 (27)  

or in its integrated form  

 lnX = −
ΔH
RT

+ K (28)  

where K is the integration constant, and its physical interpretation could be obtained by 

combining equations (22), (23), and (28).  By defining the effective heat of solution  

 ΔH = ΔH + V ϕ [(δ − δ ) + 2푙 δ δ ] (29)  
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Then, 

 
K =

ΔH
RT

 
(30)  

Plot of lnX2 versus 1/T is shown in Figure 23.  The calculated parameters are the 

slope, with value ΔH /R = (-438 ± 31) K, and the integration constant K = (-5.998 ± 

0.6).  This regression analysis fits to an SSE = 0.005363, R2 = 0.9953, and RMSE = 

0.07325. 

 

 

Figure 23.  Plot of ln X2 versus 1/T, where X2 is the value of the solubility of benzene in 
liquid ethane at a given temperature, in mole fraction.  Data () is fitted to the enthalpy 
of solution equation  lnX = −ΔH /RT + ΔH /RT  

The linear relationship between the natural logarithm of the solubility of a non 

electrolyte solid and the natural logarithm of the absolute temperature, makes possible a 
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rather accurate calculation of the partial molar entropy77, 78.  In equilibrium, the change 

of Gibbs free energy, ΔG = ΔH − TΔS is zero.  Then, from equation (27) 

 dlnX
dT

= −
ΔS
RT

 (31)  

or its integrate form,  

 lnX = −
ΔS

R
lnT + K′ (32)  

where 훥푆  is the entropy of solution.  By analogy with K, it is easy to demonstrate that 

K = ΔS /RlnT .  A plot of lnX  versus lnT is shown in Figure 24.  Regression analysis 

gives a slope value of (3.125 ± 0.5) , and the intercept value of (-24.76 ± 3).  The 

goodness of fit have values of SSE=0.003429, 푅 =0.9971, and RMSE = 0.04141. 

 

 

Figure 24.  Solubility curve of benzene dissolved in liquid ethane.  Data () is fitted to 
the entropy of solution equation lnX = −(ΔS )/R lnT + ΔS /R lnT  
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A summary of the measured solubility of benzene in liquid ethane at different 

temperatures, and experimental thermodynamic properties are shown in Table 7.  The 

heat of fusion is overestimated when compared with the one reported in the literature, 

which average value value 9.706 KJ/mol.79-85  The experimental value of the entropy of 

fusion, Δ푆  = 26 J K-1 mol-1, is in agreement when it is compared to the reported values 

in the literature which are between 32 and 16 J K-1 mol-1.79-85 

Table 7.  Solubility and fitting parameters in the solubility model.  Heat and entropy of 
solution of benzene dissolved in liquid ethane at cryogenic temperatures. Heat and en-

tropy of fusion of benzene 

Temperature Solubility 푎 푏 SSE RMSE 
(K) (ppm) (ppm)    
103 35 15±7 0.52±0.02 0.922 0.3921 
111 42 7±2 0.3±0.1 2.374 0.5448 
132 78 7±2 0.04±0.01 1.538 0.4385 
162 140 7±2 0.05±0.02 3.051 0.6175 
Δ퐻  (3641 ± 257) J mo-1l 
Δ푆  (-29 ± 4) J K-1mol-1 
Δ퐻  (13894 ± 834) KJ mol-1 

Δ푆  (26 ±3 ) J K-1mol-1 
 
 

Solubility of benzene in liquid ethane (10-4 – 10-5) is greater than in liquid argon 

(10-8 – 10-9) and liquid methane (10-5 – 10-6).86  Even though benzene and ethane are 

nonpolar compounds, the solubility of benzene in liquid ethane is not so high.  Their 

respective Hildebrand parameters (benzene = 18.7, and ethane = 13.5MPa1/2) are in 

agreement with the actual solubility obtained.  In a quantum scale, it is explainable by 

weak intermolecular attractions with no dipole moment.  Electromagnetic interactions 

are function of random movement of the electronic cloud of the molecules.  This 
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random movements changes the electronic distribution producing instant polar 

fluctuations that shift about the molecular surface.  Although no permanent polar 

configuration is formed, numerous temporary dipoles are created constantly, which 

move about, and then disappear.  The degree of these temporary dipoles conferred on a 

molecule is related to its surface area:  the larger the molecule, the greater the number 

of temporary dipoles.  Molecules with straight chains have more surface area, and thus 

greater dispersion forces, than branched-chain or symmetric cyclic molecules of the 

same molecular weight.  This dependence on surface area explains why Hildebrand 

values must include calculations for molecular size.  In both, ethane and benzene, the 

only attractions between neighboring molecules are completely due to dispersion forces, 

and are therefore size and shape dependant. 

Fifth Vibrational Overtone of Benzene in Liquid Ethane.  

The weak fifth overtone thermal lens spectra of benzene dissolved in condensed 

ethane at temperatures of 100, 120 and 150 K, and concentrations between 2 and 6 x10-5 

mole fraction, have been recorded for first time. 

The spectra were recorded between 16200 and 17000 cm-1 by using double- and 

triple- beam thermal lens spectroscopy as described in chapter two.  Condensation of 

the sample was carried out at 100 K.  Because of the low concentration of the solutions 

presented here, power of the excitation beam of hundred's of milliwatts was required in 

order to obtain the thermal lens signal.  Average of at least five replicas showed 

improvement of the quality on the spectra. 

Even though ethane's fifth and sixth vibrational overtone are out of the spectral 

range scanned; the baseline is not flat.  This effect was corrected by subtracting the 
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background from the averaged TLS of the actual benzene solution under the exactly the 

same experimental conditions and same setting parameters of the experiment. 

Spectra of the CH vibrational overtone v = 6 of benzene dissolved in liquid ethane 

are shown in Figure 25 to Figure 28.  For all of them, the modulation frequency of the 

excitation beam was 1 Hz.  To increase the signal to noise ratio, the time constant in the 

lock-in amplifier was set at 3 seconds.  Table 8 summarizes the spectral features of the 

cryosolutions of benzene's TLS. 

Table 8. Observed spectral features of the thermal lens spectra of cryosolutions of ben-
zene2 

photons Solvent C Φ  T 휐 TLS FWHH Area 
absorbed 

 
(ppm) (mW) (K) (cm-1) (a.u.) (cm-1) (a.u./cm-1) 

1 LAr 17 550 87 16445 0.104 69 7.682 
1 LKr 32 100 120 16389 0.311 231 76.371 
1 LEtH 49 500 100 16500 0.605 254 141.581 
2 LEtH 49 500 100 16461 2.174 238 504.117 
1 LEtH 50 500 120 16496 0.617 149 97.883 
2 LEtH 50 500 120 16498 0.729 178 137.815 
1 LEtH 53 500 150 16548 0.108 118 13.624 
2 LEtH 53 500 150 16507 0.293 149 46.475 
1 LEtH 56 300 100 16461 0.075 122 9.745 
2 LEtH 56 300 100 16497 0.735 178 139.093 
1 LEtH 58 300 120 16497 1.096 230 275.243 

 

 
Upon second photon absorption in the excitation process (Figure 6), the TLS is 

enhanced.  Once the first photon is absorbed, the CH vibrational mode |600000〉 is 

reached.  Then from this vibrationally excited stated, a second photon promotes from 

the fifth vibrational mode to an electronically excited state.  The population of the 

                                                
2 TL spectra of benzene in liquid argon and krypton are shown in next section 
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|600000〉 increases with respect to one photon absorption.  Finally, relaxation to 

ground state results in enhancement of the TLS. 

 

Figure 25.  Fifth vibrational CH overtone of benzene, 56 ppm dissolved in liquid ethane 
at 100 K.  Upper trace corresponds to the absorption of two photons (triple-beam confi-
guration), lower trace to the absorption of one photon (double-beam configuration).  
Excitation beam power was 300 mW and frequency of modulation was 1 Hz 
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Figure 26.  Fifth vibrational CH overtone of benzene, 49 ppm dissolved in liquid ethane 
at 100 K.  Upper trace corresponds to the absorption of two photons (triple-beam confi-
guration), lower trace to the absorption of one photon (double-beam configuration).  
Excitation beam power was 500 mW and a frequency of modulation of 1 Hz 
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Figure 27.  Fifth vibrational CH overtone of benzene dissolved in liquid ethane at 120 
K.  Upper trace corresponds to the solution 50 ppm concentration upon absorption of 
one photon (double-beam configuration) with power of the excitation beam of 500 mW.  
Middle and lower traces correspond to the solution with concentration of 56 ppm.  Exci-
tation beam power was 300 mW.  Middle trace was recorded by using the triple-beam 
configuration, and the lower trace, using the double-beam configuration 
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Figure 28.  Fifth vibrational CH overtone of benzene, 53 ppm dissolved in liquid ethane 
at 150 K.  Upper trace corresponds to the absorption of two photons (triple-beam confi-
guration), lower trace to the absorption of one photon (double-beam configuration).  
Excitation beam power was 500 mW and modulated with a frequency of 1 Hz 
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Typically, the theoretical enhancement factor is defined as the ratio of the signal 

produced by photothermal lens spectroscopy to that produced by absorption 

spectrophotometry.  Measurements obtained using photothermal spectroscopy can be 

compared to absorption spectrophotometry through the enhancement factor. 

Two ways to calculate the enhancement factor, one based in refractive theory of 

optics or  alternatively on diffraction optics. Both, result in close description for most 

experimental conditions.  The diffraction description of a single beam (cw) thermal lens 

signal yields a theoretical photothermal lens enhancement factor for cw of39 

 E =
dη
dT

πΦ Y
6λκ

 (33)  

where, the temperature gradient of the refractive index 푑휂/푑푡, known as thermooptical 

parameter, and the thermal conductivity parameter, 휅, depend strictly on the solvent in 

trace analysis.  The power of the excitation laser, Φ (W), is an experimentally 

controllable parameter.  If the heat yield, 푌 , is less than the unit, then the molecule 

could be either trapped in some excited state or there is loss of energy due to 

luminescence, but excited states could be quenched, and this effect could be eliminated.  

In some way, 푌  is an experimentally controlled parameter. 

Diffraction results for pulsed laser-excitated photothermal lens spectroscopy yields 

a time-dependent signal that exhibits an effect due to the probe laser beam waist radius.  

The enhancement factor of the time dependent TLS is maximum at zero time.  If the 

probe laser beam radius is too large, the enhancement factor is proportional only to the 

pulse energy, 푄(퐽).  By restraining the optics to have the excitation and probe laser 

beam waist equal to their respective focuses, the enhancement of the pulsed excitation 

laser is  
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 E =
dη
dT

4Y Q
3λ w ρC

 (34)  

where w  is the minimum radius of the excitation beam, 휆  is the wavelength of the 

probe laser, and 퐶  is the specific heat of the sample. 

Although diffraction theory does not predict an optimum probe laser focus geometry 

for the cw-excitation of the two laser photothermal lens apparatus, enhancement could 

be obtained by averaging over the time the pulsed excitation laser result.  That is, by 

integration of the optimum time-dependent TLS resulting from far-field placement of 

the pinhole  

 TLS , (t) = ∓
dη
dT

αlΦ Y
λ κ

tan 1 +
2w

w + 2w ,

t
t

−
π
4

 (35)  

The signal will be maximum when the argument of the tan  is at its maximum 

value.  This implies minimum excitation and excitation times much greater than 푡 .  At 

finite irradiation time the excitation laser has to be focused into the sample cell 푤 = 푤 .  

Then, dividing equation (30) by 훼푙, the enhancement for the double beam using cw-

excitation is given by:   

 E =
dη
dT

πΦ Y
4λκ

 (36)  

In the double-beam configuration used in this work, the theoretical enhancement is 

given by equation (36).  The triple-beam configuration has to take in account that an 

extra pulsed laser is hitting the sample.  The excitation to the fifth CH vibrational mode 

is done with the cw beam, and the pulsed laser is only used to increased the population 

on this state.  Then the theoretical enhancement could be approximated to the sum of 

equations (29) and (31).  In order to estimate the enhancement due to the change of the 
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configuration, the ratio of the theoretical enhancement of the triple- to double- beam 

configuration is:   

 
E( )

E( ) = 1 +
4Q
πΦ

4λκ
3λ w ρC

 (37)  

where 퐸( ) represents the theoretical enhancement of the thermal lens signal due to 푖 (1 

or 2) photons absorbed.  The pulsed energy is 300 µJ at 337 nm.  The minimum radius 

of the cw excitation beam was measured to be 0.03 cm.  The heat capacity of benzene is 

reported to be 1.710 KJ Kg-1K-1.54  The density and thermal conductivity of liquid 

ethane depends on the temperature and the values were obtained from the NIST data 

base.87  Since there is not any absorption technique data available for the fifth CH 

vibrational overtone of benzene dissolved in liquid ethane in the literature to compare 

to, making the ratio of the TLS of the cryosolution of benzene upon 2 photons absorbed 

by the corresponding one photon (under exactly same experimental conditions) gives 

the experimental 퐸( )/퐸( ).  Comparison of theoretical and experimental enhancement 

factor ratio and some other photothermal properties are shown in Table 9. 

Table 9. Theoretical and experimental enhancement factors ratio 퐸( )/퐸( )  of the ther-
mal lens triple- to double- configuration for the cryosolutions of benzene dissolved in 

liquid ethane. 

Concentration Temperature    E(2)/E(1) E(2)/E(1) 
(ppm) (K) (Kg/m3) (nm) (W/mK) theo. exp. 

49 100 641 606 0.24791 1.0003 3.6 
50 120 619 606 0.23002 1.0003 1.2 
53 150 585 604 0.20071 1.0003 2.7 
56 100 641 607 0.24791 1.0003 9.8 
58 120 619 606 0.23002 1.0003  
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Predicted enhancement does not show any significative enhancement of the thermal 

lens signal, in contradiction with the experimental enhancement result.  To assume that 

the enhancement factor of the triple beam configuration is additive does not describe the 

the fact that once the sample is excited by the cw beam, the pulse beam enhances the 

population in the vibrational excited state which finally thermally relax to the ground 

state with a higher sensitivity. Experimental enhancement is expected because, in 

general, nonpolar solvents such as hydrocarbons are good thermooptical solvents; they 

have high |푑휂/푑푇| and low 휅 values.88  Ethane fulfils both photothermal properties; in 

gas phase 푑휂/푑푇 is reported to be -2.35 K-1, and 휅 is 0.0218 W m-1 K-1.54  It is 

important to clarify that the theoretical ratio 퐸( )/퐸( ) has been constructed under 

several assumptions that do not correspond entirely to the description of the thermal 

lens spectrometer used and a model has to be constructed to describe the physical 

process.  However, by only using the pulsed laser no signal at all could be obtained, 

once more, the vibrational excitation is given only by the cw-laser. 

Fifth Vibrational Overtone of Benzene in Liquid Argon and Krypton. 

For comparison with the previous results of benzene in liquid ethane, cryosolutions 

of benzene in liquid krypton and argon with comparable concentration are presented in 

this section.  Spectral range goes from 16000 through 17000 cm-1.  Dual-beam 

procedure of the experiment was the same as before.  Condensation of the samples was 

done at their corresponding boiling point.  Average of three spectra and long time 

constant of 3 seconds was required to increase the signal/noise ratio.  Because rare 

noble gases are totally transparent and minimum scattering in the spectral zone, the 
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excitation power required to acquire the thermal lens signal is lower than the ones used 

in the cryosolutions in liquid ethane. 

The v = 6 overtone spectrum of benzene dissolved in liquid argon at 87 K is 

presented in Figure 29.  The concentration of the sample is estimated to be 1.67 x 10-5 

mole fraction.  Excitation power beam was 550 mW, modulated at 1 Hz. 

CH v = 6 overtone spectrum of benzene dissolved in liquid krypton at 120 K is 

shown in Figure 30.  Concentration of this cryogenic solution is 3.18 x 10-5 mole 

fraction.  For this excitation power beam was 100 mW, modulated at 1 Hz. 

Spectral features of spectra showed in Figure 29 and Figure 30 are detailed in Table 

8.  Analysis of this data shows a red shift compared to the frequency value of the  = 6 

in gas phase of 16550 cm-1.  Solution in argon shows a shifting value of 105 cm-1, and 

161 cm-1for the solution in krypton.  Solutions in benzene show an averaged red shift 

around 54 cm-1. 

When short-range intermolecular interactions are negligible, oscillator strengths 

measured in the liquid phase may be corrected for the bulk medium dielectric 

properties.89  The occurrence of band shift due to the solvent is a fact in spectroscopy.  

However, a quantitative interpretation of some underlying interactions is still lacking. .  

Reaction field theory90 describes the mean electric field acting on a molecule due to 

polarization induced by the surrounding (first and second neibourghs) molecules by its 

own charge distribution.  This concept of mean field theory works good with ions, 

dipoles and zwitterions.  In liquid and solutions, inclusion of anharmonic effects has 

been done by the Kirkwood-Bauer-Magat (KBM) equation  



 

85 
 

 

Figure 29.  TL spectrum  of the fifth CH vibrational overtone, v = 6 of benzene, 17 
ppm in liquid argon at 87 K.  Excitation beam power was 550 mW, and frequency mod-
ulation was 1 Hz 
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Figure 30.  TL spectrum  of the fifth CH vibrational overtone, v = 6 of benzene, 32 
ppm in liquid krypton at 120 K.  Excitation beam power was 550 mW, and frequency 
modulation was 1 Hz. 
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Δν
v

= C
ε − 1

2ε + 1
 (38)  

which relates the variation of the vibration band frequency of a solute on passing from 

the vapour to a macroscopic medium with dielectric constant 휀.  퐶 is a constant 

depending only on the properties of the vibrating molecule.  KBM equation is highly 

satisfactory with polar media, but is roughly appropriate for nonpolar substances90.  

Extension of the KBM equation to nonpolar solvents by applying Onsager molecular 

model (power series expansion of equation (38)) leads to 

 
Δν
v

= C +
1
2

(C + C )
ε − 1

2ε + 1
 (39)  

where the coefficients C and (C + C ) are found empirically by observation of the 

experimental data.  C  and C  are the coefficients associated to the dielectric constant 

and the refractive index of the solvent, respectively.  Inspection of the experimental 

shift due to the solvent in the cryogenic solutions of benzene in liquid argon, krypton, 

and ethane is presented in Figure 31.  Dielectric constant values for each solvent at the 

actual temperature was found by fitting the data reported for liquid rare gases 91, and for 

liquid ethane.  Our data does not fit with KBM description for nonpolar solvents.  A 

mean field theory does not describe nonpolar molecules in nonpolar media for highly 

excited overtones.  Nonpolar solvents such as rare gases or small saturated 

hydrocarbons have small dielectric constant values, thus average of the field will not 

described all the instant polarizations and deformation of the electronic cloud due to the 

weak interactions such as London forces and 휋-interactions.  A quantum mechanical 

description has to be taken into account to obtain a better explanation.  Effects of the 

instant dipoles, high order polarization and anharmonic effects play an important role, 

but, unfortunately, there is not a complete theory for nonpolar liquids that includes these 
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contributions to explain these phenomenon.  In the next chapter, anharmonic effects will 

be explored to explain the importance in a more accurate description on the effect of the 

solvent in vibrational spectroscopy. 

 

 

Figure 31.  Plot of (ε-1)/(2ε+1) versus Δν ̃/v, with v = 6 for cryosolutions of benzene in 
liquid argon, krypton, and ethane.  Δν /̃v in the double-beam configuration is 
represented by squared marks, triple-beam configuration is represented by circles 

Research Perspective.  A Look at the Fluorescence Spectroscopy 

Fluorescence and thermooptical measurements, i.e.  thermal lensing, are often used 

in trace chemical analysis.  The fluorescence technique is based on the measurement of 

emitted photons of an excited analyte.  It is appropriate for the detection of substances 

that have high fluorescence quantum yields.  On the other hand, the thermal lens 

technique is based on the measurement of the heat generated by the non-radiative 

relaxation of an excited analyte; making it a technique suitable for trace detection of 
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non-fluorescent substances.  Thus, the two techniques are complementary and have 

been used to determine fluorescent as well as non fluorescent substances at 

concentrations as low as 1 ppm. 

Luminescent (fluorescent and phosphorescent) probe molecules can supply 

information on the local structure and microdynamics of chemical systems in liquid 

solution.  At low concentrations (in the order of just a few ppm), absorption and 

emission spectra are intense enough to be detected.  On the other hand, cryogenic 

liquids reduce the spectral congestion, and moreover, solvent effects could induce 

forbidden transition by lowering the symmetry.  Lee and Bernstein92 studied the 

temperature dependence of the fluorescence life time of benzene in cryogenic solutions 

of small hydrocarbons.  For the vibronic 1B2u state of benzene, in cryogenic solutions all 

the emission comes from the zero-point state of 1B2u and, the life time is similar to the 

longest 1B2u state in gas phase (around 150 ns).  Then, the life time of the electronic 

state 1B2u is close for both gas and diluted cryogenic solutions of benzene.  Even 

though, it has been demonstrated that viscosity is not a rate limiting factor in thermal 

quenching93, for temperatures  below 175 , the formation of excimers are inhibited by th 

hight viscosity of the solvent because this is a diffusion controlled reaction. 

Enhancement of the fluorescence signal is achieved by increasing the radiative 

processes of a molecule.  Specifically, isolation of the fluorescence molecule from 

quenching impurities and/or solvent molecules.  Figure 32 shows a comparison of 

benzene fluorescence spectrum dissolved in water and n-hexane.  The fluorescence was 

recorded in a spectrofluoremeter, Instruments S.A. Inc. model Fluoromax-II, using a 1 

cm pathlength quartz cuvette.  Excitation was set at 233 nm, because this is the resultant 
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wavelength after adding the cw and pulsed laser excitation in the TL triple-beam 

experimental set up.  It is clear the enhancement of the signal when nonpolar solvent is 

used.  The fluorescence enhancement by using a non-polar solvent such a hydrocarbon 

is because the solvent isolate and protect the analyte from other benzene quencher 

molecules (excimer formation).  It is thus possible to enhance the fluorescence as well 

as thermal lens signals of an analyte by improving its radiative relaxation process and 

performing the measurement in a solvent which has a high 푑휂/푑푇 and low 휅 values, 

respectively.  The fluorescence yield of benzene has been reported to be 0.05 in n-

hexane, and 0.07 in cyclohexane at room temperature. 

Future work should be focused on obtaining both thermal lens and fluorescence 

spectra of the same sample with the same equipment at the same time.  By using 

samples that relax radiative and non radiative, enhancement of both could be achieved 

by choosing the appropriate solvent94.  Time dependent and spectroscopic properties of 

samples could be obtained by simpler measurement.  And by extracting more 

information, better characterization of cryosolutions could give us the clue of how the 

reactions in Titan's are occurring.  Today, the spectrometer is ready (after minimun 

modifications) to achieve this purpose.  The cryochamber has been modified to allow 

fluorescence detection perpendicular (at 90 degrees) from the excitation and probe 

beams pathway.  For this, a device was placed in one of the ports of the cryochamber; 

this device has an interchangeable lens (or filter) and it is attached to a 1 meter optical 

fiber which is directed to a detector on the other end of the optical fiber.  It is needed to 

control accurately the frequency of the pulse of the pulsed laser.  Modification in the 

data acquisition software has to be done after the fluorescence signal detector is 
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attached.  The actual 10-cm copper cell has been designed with three windows as shown 

in figure 4.  Fluorescence is though to occur on the focal point of the TL by accurate 

alignment of the three laser beams. 

 

Figure 32.  Enhancement of fluorescence signal of benzene due to its interaction with 
the solvent.  Fluorescence spectra of benzene solutions at room temperature (excitation 
wavelength, 223 nm) 21.9 ppm in n-hexane (solid line) and 32.8 ppm in water (dotted 
line) 
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CHAPTER FOUR 

Ethylene:  A Simple Molecule with a Complicated Spectrum 

Ethylene, C2H4 is the simplest alkene, which has a planar asymmetric top conforma-

tion.  Ethylene has been observed in the terrestrial atmosphere as a tropospheric pollu-

tant.  Its photochemical reactions with molecular oxygen, the hydroxyl radical, and 

ozone produce formaldehyde, nitrous oxide, and formic acid.95  Ethylene is also de-

tected in the atmospheres of the solar system bodies including Jupiter96, Saturn97, and 

Neptune and Titan98-100.  In these atmospheres it is a by-product of methane photoche-

mistry, it has been used as a probe of atmospheric convection on Titan101 and as a probe 

of short time variations (time scales on the order of days) in thermal infrared auroral 

emission on Jupiter102. 

The formation of small molecules in Titan has been modelled by Krasnopolky103 in 

2009 after the descendant of the Cassini probe in 2005.  Ethylene production in Titan is 

mostly due to methane reacting as CH4 + CH → C2H4 + H.  This reaction gives 75% of 

the total of production of ethylene.  Around 6% of the production of ethylene is given 

by the photolysis of C4H3, and other 4% in CH3 + CH2 → C2H4 + H.  The reactions of 

ionic species add 9% to the production of ethylene.  On the other hand, loss of ethylene 

is dominated by photolysis of C2H4 for73 %.  Other significant loss processes are the 

reactions with C2H for 6%, CN for 9%, and with H, CH, C2, and C4H for around 6%. 

Seasonal variation of atmospheric ethylene in Titan was observed for first time in 

2004104, showing a significant accumulation in the south polar stratosphere. 
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When ethylene, or any other solute, is in solution, spectroscopic changes are ob-

served.  Vibrational transition frequency shifting,  and bandwidth change, 1/2 va-

ries with the nature of the solvent, its density, and temperature.  In this chapter, funda-

mental and overtone CH transitions of ethylene spectroscopic changes due to the pres-

ence of the solvent are explored.  The high vibrational overtone, v = 6 of solid ethy-

lene dissolved in liquid argon, krypton, nitrogen, and ethane were recorded using ther-

mal lens spectroscopy.  Fundamental transitions, as well as first and second overtone of 

ethylene dissolved in liquid argon, krypton, xenon, and nitrogen were recorded using 

FT spectroscopy.  Ab initio and density functional theory calculations support the re-

search presented here. 

The v=6 CH Vibrational Overtone of Cryosolutions of Ethylene by Thermal Lensing 
Spectroscopy 

Fifth CH vibrational overtone of ethylene had been recorded by using several spec-

troscopic techniques such as thermal lensing, photoacoustic and cavity ring down. Ma-

jor contributions to the visible spectroscopy of ethylene have been done by Manzanares’ 

and Patel’ groups.67, 105-110  

The band of v = 6in gas phase at 293 K has been determined to be at 16550 cm-1 

by Wong and Mooreb111 using intracavity laser photoacoustic spectroscopy. Duncan 

and Ferguson112 found that for a more accurate local mode description of the perturba-

tions arising from Fermi resonances have to involve the coupling of both C=C stret-

ching and CH2 scissoring vibrations. Their calculations resulted in a doubly degenerate 

[6,0,0,0] local mode placed at 16551 cm-1 with symmetries B3u and B2u, which are in a 

good agreement with the experimental value .  Lewis et al.110 have measured the CH 
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fifth vibrational overtone absorption in gas phase at room temperature of the ethylene 

by using phase shift cavity ring down.  They found the band maximum to be at 16551 

cm-1 with dimensionless oscillator strength of 0.55 x 10-10 and a full width at half max-

imum of 132 cm-1. 

Liquid ethylene (at 108 K) fifth vibrational CH overtone was recorded for first time 

(even before gas phase) by Nelson and Patel 107 by using optoacoustic spectroscopy 

technique.  They found that the assignation of the pure local overtone 6v1 local mode 

band is placed at 16475 cm-1 (or in the normal mode picture, corresponding to the (5v5 

+ v9). Brock et al.105 calculated the pure local mode [6,0,0,0] of liquid ethylene under 

the HCAO model to obtain a value of 16480 cm-1, which is in good agreement with the 

experimental one. In this work, absorptions of v= 1-3 of ethylene in liquid argon so-

lutions were recorded for first time using a FT spectrophotometer. 

Only Manzanares’ group has recorded the CH fifth vibrational overtone of ethylene 

in cryosolutions of both, liquid argon and krypton (with Lopez-Calvo et al.) 67using 

dual-beam thermal lens spectrometry.  The band maximum has been reported 16461 

cm-1 for the solution in liquid krypton at 120 K and 16463 cm-1 in liquid argon at 88 K.  

In this work, a close look of the spectrum of the solution in liquid krypton, deconvolu-

tion band of the v = 6 band resulted in identification of the local modes 6vCH and 

(5vCH + v2 + v4) at 16461 and 16662 cm-1 respectively.  

Second photon absorption of the ethylene entails to its electronic excitation, which 

is in many ways the most important pi-electron molecule, and the basis for understand-

ing of larger molecules containing pi bonds.  Electronic spectrum of ethylene has a very 

complex structure, resulting from the overlapping of several electronic transitions 
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whose assignments are still subject of controversy113.  The electronic transitions are in 

fact closely spaced, and most of the involved excited states have equilibrium geometries 

different from that of the ground state.  The energy absorption of ethylene corresponds 

to the 휋 → 휋∗ transition, taking place between 48000 and 56000 cm-1 (208-178 nm), 

which exhibits a vibrational progression with a very weak onset, almost unanimously114 

is attributed to the transition between the ground state 1A1g electronic state (denoted as 

N) and the excited singlet 1B1u state (V).  In the ground state (N), ethylene has planar 

configuration D2h symmetry. In the first excited electronic singlet state (V), the two me-

thylenic groups are perpendicular to each other and the molecule belongs to the D2d 

point group.  Because of this large structural change, the absorption spectrum of ethy-

lene exhibits an unusual broad vibrational progression.  The absorption intensity, initial-

ly vanishingly small, increases by about five orders of magnitude before reaching the 

maximum at 162 nm.  Merer and Mulliken115 described the 휋 → 휋∗ (N→V) transition 

origin to be near 265 nm.  On the other hand, the electronic transition 휋 → 휋∗of ethy-

lene could occur also from the ground electronic state 1A1g to the excited triplet state 

3B1u, designated as T.  The N→T transition of ethylene is very weak and has not pro-

duced a resolved optical spectrum116.  The N→T transition was first observed as a dif-

fuse vibrational band in photoabsorption studies using long absorption path of liquid 

ethene at 120K, containing dissolved oxygen117.  This absorption spectrum shows a vi-

brational progression whose bands have an average spacing of 995 cm-1, and similar to 

the N→V transition, show no appreciable convergence.  The bands are centered at 

29802, 30758, 31729, 32710, 33698, 34686, 35610, 36583, 37540, and 38476 cm-1 

(335.5 nm – 260 nm ).  In the banded region, the absorption coefficient is in the order of 
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10-4, which means that the transition is highly forbidden.  This transition is not only for-

bidden by the non-intercombination selection rule but is also Franck-Condon forbidden 

in the region that was observed.  Therefore, application of the Franck-Condon principle 

predicts that the CC stretch vibrational mode (v2) and the CH2 torsional mode (v4) 

should both excited as long progression in the electronic spectrum of the triplet state116-

118, which has been experimentally observed by Wilder and Cormer119.  As conse-

quence, the triplet state must have a non-planar geometry (perpendicular form).  It is 

interesting when comparing with the corresponding singlet stated where only the tor-

sional mode has been identified with certainty.115 

In this section, the fifth CH vibrational overtone of cryosolutions of ethylene in liq-

uid nitrogen, argon, krypton and ethane are presented.  These spectra were recorded us-

ing thermal lensing with both double- and triple-beam configuration.  Band deconvolu-

tion (using Gaussian-Lorentzian contributions) allowed isolation of individual transi-

tions.  The major contribution to the fifth overtone signal is the pure overtone [6,0,0,0], 

as expected; and differing to the other combination bands with a total v = 6, the band 

corresponding to the [6,0,0,0] resulted in a pure Gaussian component.  

Even though thermal lens spectra of ethylene cryosolutions in liquid krypton and ar-

gon have been reported recently as pointed out before67, 67, the concentration, in mole 

fraction, of the solutions presented here are one order of magnitude lower.  Besides, re-

cording of these signals upon two photons absorption using thermal lens signal 

represent an original contribution to the area.  Additionally, visible spectra of ethylene 

dissolved in liquid nitrogen and ethane have been recorded for the first time. 
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Maximum TLS, prior to band deconvolution of the fifth overtone spectra of ethy-

lene dissolved in liquid argon, 휈, is found to be 16464 ± 5 cm-1.  The maximum TLS of 

[6,0,0,0] after band deconvolution analysis, 휈 bd, resulted in 16462 ± 6 cm-1 . Table 10 

shows the maximum TLS frequency of the rough, 휈, and band deconvolution result, 휈 bd. 

Additionally the FWHM, intensity and integrated intensity of the pure [6,0,0,0] band.  

Figure 33 to Figure 36 show the actual spectra and band deconvolution results of these 

solutions of ethylene.  Concentrations of the solutions in liquid argon presented here are 

in the order of 10-4 mole fraction. 

Enhancement of the signal when using triple-beam configuration was observed to be 

1.18 times if compared with the double-beam configuration.  Dissimilar to benzene, the 

fifth overtone of ethylene has two known states with different symmetry B3u and B2u, 

which are degenerate.  Moreover, ethylene has a complicated visible spectrum, and oth-

er combination bands could contribute to the main signal centered at 16462 cm-1.  Thus, 

absorption of two photons could favor the population of these other states resulting in 

competing with the relaxation process.  By observing deconvolution results in Figure 33 

to Figure 36, a small band appears consistently at 16343 ± 7 cm-1 

Table 10. Maximum TLS, 휈, of the v = 6 CH overtone of ethylene dissolved in liquid 
argon at 92 K, and its [6,0,0,0] band features resulted from band deconvolution 

C  
(ppm) 

휈  
(cm-1) 

휈 bd 
(cm-1) 

FWHM 
(cm-1) 

TLS int. 
(a.u.) 

Integrated 
Int. 

G/L 
 

358 16466 16469 126 0.5953 79.9 1 
372 16458 16458 156 0.5711 94.5 1 
474 16463 16463 142 0.8642 130.7 1 
4743 16470 16457 166 1.0229 181.4 1 

 
                                                
3 This spectrum was recorded by using the triple-beam configuration (two photon absorption) 
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Figure 33.  Fifth CH vibrational overtone of ethylene; 358 ppm dissolved in liquid ar-
gon at 92 K (solid black line). The TLS was obtained with an excitation beam power of 
400mW modulated with a frequency of 5 Hz. Deconvolved bands are shown in solid 
grey lines, and composited result is a dash grey line 
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Figure 34.  Fifth CH vibrational overtone of ethylene; 372 ppm dissolved in liquid ar-
gon at 90 K(solid black line). The TLS was obtained with an excitation beam power of 
400mW modulated with a frequency of 1 Hz. Deconvolved bands are shown in solid 
grey lines, and composited result is a dash grey line 
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Figure 35.  Fifth CH vibrational overtone of ethylene; 474 ppm dissolved in liquid ar-
gon at 92 K (solid black line). The TLS was obtained with an excitation beam power of 
380mW modulated with a frequency of 5 Hz. Deconvolved bands are shown in solid 
grey lines, and composited result is a dash grey line 

0.0

0.2

0.4

0.6

0.8

1.0

1600016200164001660016800

TL
S 

(a
.u

.)

wavenumber (cm-1)



 

101 
 

 

Figure 36.  Fifth CH vibrational overtone of ethylene; 474 ppm dissolved in liquid ar-
gon at 92 K (solid black line). The TLS was obtained upon absorption of two photons 
(triple-beam TL configuration) with an excitation beam power of 380 mW modulated 
with a frequency of 5 Hz. Deconvolved bands are shown in solid grey lines, and com-
posited result is a dash grey line 
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Thermal lens spectrum of the solution 3.5 x 10-4 mole fraction of ethylene dissolved 

in liquid krypton at 121 K is shown in Figure 37 and Figure 38.  Maximum TLS, 휈, is 

16456 cm-1, and 휈bd, is 16458 ± 3 cm-1. Resulting features of the main band [6,0,0,0] are 

shown in Table 11.  The excitation beam has power of 280 mW, and a modulation fre-

quency of 3 and 5 Hz for the double-beam configuration, and 3 Hz for the triple-beam 

configuration.  

 

 

Figure 37.  Fifth CH vibrational overtone of ethylene, 354 ppm dissolved in liquid kryp-
ton at 121 K (solid black line). The TLS was obtained with an excitation beam power of 
280mW modulated with a frequency of 5 Hz. Deconvolved bands are shown in solid 
grey lines, and composited result is a dash grey line 
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Thermal lens spectra of the solid ethylene dissolved in liquid nitrogen at 88 K, with 

concentration in the range of 1 to 4 x 10-4 mole fraction are shown in Figure 39 to Fig-

ure 42. Maximum TLS, 휈, is 16476 ± 5 cm-1, and 휈bd, is 16474 ± 2 cm-1. Resulting fea-

tures of the main band [6,0,0,0] are shown in  

Table 12.  The excitation beam was modulated with a frequency of 5 Hz for both, 

double- and triple-beam configurations.  The spectrum shown in Figure 39, corresponds 

to the lowest concentration, estimated to be 1 x 10-4 mole fraction of ethylene in liquid 

nitrogen, did not show the shoulder characteristic right over 16600 cm-1.  

Table 11.  Maximum TLS of the v = 6 CH overtone of ethylene, 354 ppm dissolved in 
liquid krypton at 121 K, and its [6,0,0,0] band features resulted from band de-

convolution 

Excitation 
photon 

휈 
(cm-1) 

휈 bd 
(cm-1) 

FWHM 
(cm-1) 

TLS int.  
(a.u.) 

Integrated 
 Int. 

G/L 
 

1 16456 16460 140 0.4890 72.9 1 
2 16456 16456 117 0.8469 106.4 0.98 

 

Table 12.  Maximum TLS, of the v = 6 CH overtone of ethylene dissolved in liquid 
nitrogen at 80 K, and its [6,0,0,0] band features resulted from band deconvolution 

C 
(ppm) 

휈 
(cm-1) 

휈 bd 
(cm-1) 

FWHM 
(cm-1) 

TLS int. 
(a.u.) 

Integrated 
Intensity G/L 

105 16470 16474 85 0.1013 9.2 1.0 
200 16476 16474 180 0.9592 218.2 0.6 
2004 16481 16477 138 1.2589 184.7 1.0 
410 16476 16471 131 0.5968 83.4 1.0 

 

                                                
4 After two photon absorption (triple-beam TL configuration) 
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Figure 38.  Fifth CH vibrational overtone of ethylene, 354 ppm dissolved in liquid kryp-
ton at 121 K (solid black line). The TLS was obtained was obtained upon absorption of 
two photons (triple-beam TL configuration)  with an excitation beam power of 280mW, 
and modulated with a frequency of 3 Hz. Deconvolved bands are shown in solid grey 
lines, and composited result is a dash grey line 
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Figure 39.  Fifth CH vibrational overtone of ethylene, 105 ppm dissolved in liquid ni-
trogen at 88 K (solid black line). The TLS was obtained with an excitation beam power 
of 390 mW modulated with a frequency of 3 Hz.  Deconvolved bands are shown in sol-
id grey lines 
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Figure 40.  Fifth CH vibrational overtone of ethylene, 200 ppm dissolved in liquid ni-
trogen at 88 K (solid black line). The TLS was obtained with an excitation beam power 
of 430 mW modulated with a frequency of 5 Hz. Deconvolved bands are shown in solid 
grey lines, and composited result is a dash grey line 
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Figure 41.  Fifth CH vibrational overtone of ethylene, 200 ppm dissolved in liquid ni-
trogen at 80 K (solid black line). The TLS was obtained was obtained upon absorption 
of two photons (triple-beam TL configuration)  with an excitation beam power of 430 
mW, and modulated with a frequency of 5 Hz. Deconvolved bands are shown in solid 
grey lines, and composited result is a dash grey line 
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Figure 42.  Fifth CH vibrational overtone of ethylene, 410 ppm dissolved in liquid ni-
trogen at 88 K (solid black line). The TLS was obtained with an excitation beam power 
of 220 mW modulated with a frequency of 5 Hz. Deconvolved bands are shown in solid 
grey 
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The CH vibrational overtone, v = 6, spectra of ethylene dissolved in condensed 

ethane at temperatures of 101 and 121 K, and with concentrations around 1 x 10-3 mole 

fraction, have been recorded for first time, and they are shown in Figure 43 through 

Figure 48.  The spectra were recorded between 16000 and 16900 cm-1 by using double- 

and triple-beam thermal lens spectroscopy, with a 10 cm optical long path.  

Condensation of the sample was carried out at 100 K.  Average of at least five replicates 

showed improvement in the quality on the spectra.  Substraction of the liquid ethane 

spectrum (background), recorded under the same experimental conditions for each 

ethylene thermal lens spectrum was required to correct the baseline.  Band isolation was 

carried out by deconvolution of the signal.  Table 13 recapitulates the spectral features 

of the cryosolutions of ethylene's TLS.  Apparent maximum TLS, 휈, is 16407 ± 8 cm-1, 

and band deconvolution maximum result, 휈bd, is 16392 ± 30 cm-1. 

Red shift of the CH fifth vibrational overtone of ethylene  was observed for all the 

solvents tested in this work.  Ethylene solution in liquid nitrogen recorded the lowest 

shift on 74 wavenumber lower than gas phase, wich is statitistically the same value as 

pure ethylene in liquid phase , with a  = 75 cm-1.  Liquid argon and kryton were 

shifted by 86 and 94 cm-1, respectively.  The presence of the solvent had a major 

perturbation for liquid ethane, whose shift was 143 cm-1.  In Figure 49 was ploted the 

dependence of the frequecy shift of the fifth CH overtone of ethylene on the density of 

the solvent.  Fitting of the data correponds to a quadratic equation  = 0.26 2 - 

19.063  + 427.71, with an R² of 0.9787.  Pure liquid ethylene deviates from this non 

linear behaviour, thus it has been excluded from the fitting data, but it has been 

represented by an empty circle on the plot. 
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Figure 43.  Fifth CH vibrational overtone thermal lens spectrum of ethylene, 1022 ppm 
dissolved in liquid ethane at 101 K, in a double-beam configuration (solid black line).  
Excitation beam was modulated with a frequency of 3 Hz, and powered at 120 mW. 
Deconvolved bands are shown in grey solid lines and their resulting composition in 
dashed grey line 
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Figure 44.  Fifth CH vibrational overtone thermal lens spectrum of ethylene, 1022 ppm 
dissolved in liquid ethane at 101 K, in a double-beam configuration (solid black line).  
Excitation beam was modulated with a frequency of 1 Hz, and powered at 120 mW. 
Deconvolved bands are shown in grey solid lines and their resulting composition in 
dashed grey line 
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Figure 45.  Fifth CH vibrational overtone thermal lens spectrum of ethylene, 1022 ppm 
dissolved in liquid ethane at 101 K, in a triple-beam configuration (solid black line).  
Excitation beam was modulated with frequency of 1 Hz, and powered at 120 mW. De-
convolved bands are shown in grey solid lines and their resulting composition in dashed 
grey line 

0.00

0.05

0.10

0.15

0.20

0.25

1600016200164001660016800

TL
S 

(a
.u

.)

wavenumber (cm-1)



 

113 
 

 

Figure 46.  Fifth CH vibrational overtone thermal lens spectrum of ethylene, 1752 ppm 
dissolved in liquid ethane at 101 K, in a double-beam configuration (solid black line).  
Excitation beam was modulated with a frequency of 1 Hz, and powered at 204 mW. 
Deconvolved bands are shown in grey solid lines and their resulting composition in 
dashed grey line 
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Figure 47.  Fifth CH vibrational overtone thermal lens spectrum of ethylene, 1816 ppm 
dissolved in liquid ethane at 121 K, in a double-beam configuration (solid black line).  
Excitation beam was modulated with frequency of 1 Hz, and powered at 204 mW. De-
convolved bands are shown in grey solid lines and their resulting composition in dashed 
grey 
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Figure 48.  Fifth CH vibrational overtone thermal lens spectrum of ethylene, 1816 ppm 
dissolved in liquid ethane at 121 K, in a triple-beam configuration (solid black line).  
Excitation beam was modulated with a frequency of 1 Hz, and powered at 204 mW. 
Deconvolved bands are shown in grey solid lines and their resulting composition in 
dashed grey line 
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Table 13.  Maximum TLS, of the v = 6 CH overtone of ethylene dissolved in liquid 
ethane and its [6,0,0,0] band features resulted from band deconvolution 

Exc. 
photon 

C 
(ppm) 

휈 
(cm-1) 

휈 bd 
(cm-1) 

FWHM 
(cm-1) 

TLS int. 
(a.u.) 

Integrated 
Intensity G/L 

        
1 1022 16400 16316 111 0.1642 19.4 1.0 

 (101 K)  16411 150 0.2889 46.2 1.0 

   16538 143 0.1766 31.7 0.6 
1 1022 16396 16263 84 0.0577 5.5 0.8 

 (101 K)  16355 144 0.1563 23.9 1.0 

   16465 141 0.1279 20.5 0.9 
2 1022 16412 16397 71 0.1411 10.7 1.0 

 (101 K)  16436 91 0.1500 14.6 1.0 

   16527 79 0.0889 8.0 0.9 
1 1752 16418 16296 82 0.3638 38.9 0.5 

 (101 K)  16368 130 0.8602 143.5 0.6 

   16476 143 0.8426 153.4 0.6 

        
1 1816 16413 16296 101 0.1210 14.9 0.7 

 (121 K)  16379 151 0.2636 45.8 0.8 

   16470 141 0.2147 32.4 1.0 
2 1816 16404 16305 132 0.1736 34.4 0.1 

 (121 K)  16406 150 0.3401 54.2 1.0 

   16492 91 0.1302 13.8 0.8 
 
 
 

Full bandwidth at half maximum, 1/2, is related to the vibrational relaxation time 

of the excited state, through the index of refraction of the solvent.  In a liquid solution, 

the local field at the site of the molecule is different from the gas phase field due to the 

dielectric properties of the solvent. There should be an increase in the bandwidth (de-

crease in the relaxation time)120. The equation describing this process is given by:   

(Δ휔 / )
(Δ휔 / ) =  

푛(푛 + 2)
9  

where the bandwidths in solution and in the gas phase are related through the index of 

refraction of the solvent, n.  This model proposes that the widening of the band due to 
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the presence of the solvent is constant for a given solvent, which has been demonstrated 

no to be true, as the bandwidth of ethylene in liquid krypton changes as a function of the 

excited level67.  The widening of the fifth overtone main band, calculated by deconvolu-

tion of ethylene in the cryogenic solutions presented here changes from 89 cm-1 in gas 

phase to 149, 140, 121, and 144 cm-1 in liquid argon, krypton, nitrogen, and ethane, re-

spectively.  Effect over 1/2 in presence of argon, krypton and ethane are similar, 

while in the presence of nitrogen, the widening was half of the other solvents.  

 

 

Figure 49.  Dependence on the density of the solvent and the frequency shift of the fifth 
CH vibrational overtone of ethylene in cryosolutions 
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The Vibrational Spectroscopy of Ethylene Cryosolutions by FT spectroscopy 

The vibrational CH modes v = 1-3 of ethylene mixtures in gas and condensed 

phase were obtained with FT spectroscopy.  All the spectra were taken with a resolution 

of 0.5 cm-1, and averaged by 500 scans.  Mixtures in gas and in condensed phase were 

recorded in the infrared and visible region of the EM spectrum. Cryosolutions of ethy-

lene were prepared with a concentration on the order of 10-4 mole fraction, which is 

comparable with the concentration of ethylene on Titan’s surface18. 

In general, when a solute such as ethylene is in solution, some spectroscopic 

changes are observed.  Shifting of the frequency, , of vibrational transition and 

bandwidths, 1/2, change with the nature of the solvent, its density, , and the tempera-

ture of the solution.  Moreover, these properties also depend on the quantum number of 

transition, , of the solute67.  Experimental investigation of v-dependence with , and 

1/2 is difficult to achieve because overtone bands have a low intensity.  Additionally, 

solubility of hydrocarbons in cryogenic solutions is very low; therefore, solutions are 

usually very dilute.  Manzanares’ group66, 121, 122 have been demonstrated that frequency 

shifts in hydrocarbon solutions is due to the changes in the harmonicity and anharmo-

nicity parameters that describe the potential energy. These parameters are clearly af-

fected by the interaction of the CH oscillators with the solvent. The oscillator is damped 

by the solvent increasing the anharmonicity.  On the other hand, solutions theories do 

not explain well these changes. Ab initio calculations that include the effect of the sol-

vent are based in the size of the solute (cavity) and the dielectric constant of the solvent. 

Non polar solvents such as rare gases (and liquid ethane or methane) have a very small 

dielectric constant.  Rare gases also, forms different cage size depending on the atomic 
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radii, which is different to cavity size based on the size of the solute. Thus, the effect of 

these solvents describes by common ab initio or density functional theory does not de-

scribe accurately those spectroscopic changes, but are in agreement with the experimen-

tal results tendency. 

Fundamental Vibrational Transitions 

In this section, the fundamental CH vibrational transitions of ethylene mixtures in 

condensed and gas phase are presented.  Spectra were recorded in a FT spectrometer.  

The solutions were prepared by filling the cell with approximately 90 Torr of pressure 

of ethylene gas into the cell at room temperature.  Condensation of the sample was car-

ried out at the boiling point of the gas used as a solvent, dissolving entirely the solid 

ethylene in the liquid cryosolvent.  The solvents used were argon, krypton, xenon, and 

nitrogen.  Additionally, ethylene solutions in xenon, and all gas mixtures were recorded 

in a 1-inch long brass cell using Si windows, and KBr windows on the cryochamber.  

Water ice signal was observed in all the spectra.  However, band isolation for characte-

rization of the CH stretching bands was made by deconvolution of the signal.   

Figure 50 to Figure 53 show the FT-IR spectra in the CH stretching zone of the 

cryosolutions of ethylene in the different solvents employed.  Table 14 resumes the 

spectral features of the fundamental CH vibrational modes of ethylene in the different 

cryosolvents.  휈gm and 휈 sol represents the maximum absorption frequency of gas mix-

ture, and in the cryosolution, respectively in cm-1.  A is the absorbance in arbitrary 

units.  FHWM is the bandwidth at the half of its height in cm-1.  IA is the integrated ab-

sorbance of the band.  G/L is the ratio Gaussian/Lorentzian contribution resulted from 

band deconvolution. 
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Figure 50.  Fundamental CH transition of ethylene, 100 ppm dissolved in liquid argon at 
100 K.  The black solid line corresponds to the actual spectrum, the dashed line to the 
deconvolved composited result, and the grey solid lines to the deconvoluted bands.  The 
spectrum was taken in a 5 cm length copper cell using sapphire/fused silica windows, 
and was recorded with a resolution of 1 cm-1 and averaged by 200 scans 
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Figure 51.  Fundamental CH transition of ethylene, 152 ppm dissolved in liquid krypton 
at 122 K.  The black solid line corresponds to the actual spectrum, the dashed line to the 
deconvolved composited result, and the grey solid lines to the deconvoluted bands.  The 
spectrum was taken in a 5 cm length copper cell using sapphire/KBr windows, and was 
recorded with a resolution of 0.5 cm-1 and averaged by 300 scans. 
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Figure 52.  Fundamental CH transition of ethylene, 178 ppm dissolved in liquid nitro-
gen at 84K.  The black solid line corresponds to the actual spectrum, the dashed line to 
the deconvolved composited result, and the grey solid lines to the deconvoluted bands.  
The spectrum was taken in a 5 cm length copper cell using sapphire/KBr windows, and 
was recorded with a resolution of 0.5 cm-1 and averaged by 500 scans.  
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Figure 53.  Fundamental CH transition of ethylene, 37 ppm dissolved in liquid xenon at 
169K.  The black solid line corresponds to the actual spectrum, the dashed line to the 
deconvolved composited result, and the grey solid lines to the deconvoluted bands.  The 
spectrum was taken in a 2.54 cm length brass cell using Si/KBr windows, and was rec-
orded with a resolution of 0.5 cm-1 and averaged by 500 scans. 
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Table 14.  Spectral features of the fundamental CH vibrational bands in the zone 2600-
4000 cm-1 of ethylene cryosolutions in different rare gases. Assignations have been 

made according to Angskar and Nelson’s works105, 107.  휈gm and  휈sol represent the max-
imum absorption frequency of gas mixture (gm) and in cryosolution (sol), respectively.  

Absorbance (A), band width (FHWM), area of the band (IA) and ratio Gaus-
sian/lorentizian contribution (G/L) resulting from band deconvolution of the cryosolu-

tions FT-IR spectra. 

assign. solvent T C 휈gm 휈sol A FHWM IA G/L 
(K) (ppm) (cm-1) (cm-1) (a.u.) (cm-1) 

v11 LAr 100 155 2988 2984 1.3144 7.027 14.6072 -0.026 
LKr 122 152 2988 2981 1.1094 6.988 12.6481 -0.121 
LXe 169 37 2988 2978 0.1273 10.392 1.8041 0.409 
LN2 84 178 2988 2985 1.4501 5.642 11.558 0.213 

LC2H4 110 2988 2977 

v2+ v12 LAr 100 155 3077 3072 0.2294 6.494 1.9784 0.477 
LKr 122 152 3077 3068 0.1836 6.481 1.5839 0.472 
LXe 169 37 3077 3056 0.0475 37.589 2.3806 0.466 
LN2 84 178 3077 3073 0.2107 7.101 1.88 0.466 

LC2H4 110 3077 3066 

v9 LAr 100 155 3107 3100 0.9032 20.136 29.5813 -0.125 
LKr 122 152 3107 3097 0.6631 16.758 16.9498 0.087 
LXe 169 37 3107 3091 0.0853 23.175 2.6208 0.481 
LN2 84 178 3107 3101 1.0946 12.298 18.7862 0.219 

LC2H4 110 3107 3092 
 

Attributable to the presence of the solvent, red shift of the vibrational frequency in 

cryosolutions was observed.  Frequency shift of v11 was shifted 3 cm-1 in LN2, 4 in LAr, 

7 in LKr, 10 in LXe, and 12 cm-1 for neat liquid.  The combination band (v2 + v12) was 

shifted 4 cm-1 in LN2, 5 in LAr, 9 in LKr and LXe, and 11 cm-1 for the pure liquid ethy-

lene.  Finally, v9 mode was shifted 6 cm-1 in LN2, 7 in LAr, 10 in LKr, 16 in LXe, and 

15 cm-1 in liquid phase.  In general, the red shifting values of the CH stretching modes 

increase with the temperature of the solution.  Depending on the nature of the solvent, 
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 is decreasing linearly with .  This tendency is observed for solutions in liquid ar-

gon, krypton, and xenon; even taking in consideration the neat liquid ethylene.  Howev-

er, liquid nitrogen does not follow the linearity but exaggerating the red shifting beha-

vior as could be observed in Figure 54. 

 

 

Figure 54.  Frequency shift of the IR vibrational modes due to the change in density of 
the solvent, .  Increasing order of solvent density at the corresponding solution tem-
perature is :  LXe > LC2H4 > LN2 > LKr > LAr.  Diamond marks correspond to v11), 
square to v2+v12), and triangle to v9).  Frequency shift due to the presence of 
liquid nitrogen is presented with filled marks to emphasize that they resulted out of the 
linear tendency 
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Analysis of  dependence on  leads to linear equations: 

 (;v11)  =  -0.6819  +  26.241,   R² = 0.9302 (40)  

 (;v9)  =  -0.8295   +  33.99,   R² = 0.9985 (41)  

 (;v2 +v12))  =  -0.4021  +  19.239,   R² = 0.7128 (42)  

Accordingly, frequency shifts not only depend on the density (volume) of the solvent 

but its shape.  A plot of the  of ethylene in different solvents versus  is presented in 

Figure 54.  Frequency shift of the IR vibrational modes due to the change in density of 

the solvent. Decreasing order of solvent density at the corresponding solution tempera-

ture is :  LXe > LC2H4 > LN2 > LKr > LAr.  Diamond marks correspond to v11), 

square to v2+v12), and triangle to v9).  Frequency shift due to the presence of 

liquid nitrogen is presented with filled marks to emphasize that they resulted out of the 

linear tendency. 

Fundamental vibrational CH mode of the gas phase ethylene spectra at different 

temperatures is shown in Figure 55. These spectra were recorded by filling the cell with 

268 Torr at room temperature. The cell employed was a 5 cm long made of cooper, and 

using sapphire windows.  Resolution of these spectra was 1 cm-1, and averaged for 300 

scans.  There is no frequency shift due to the change of the temperature; but intensity of 

the 11 and the combination band v2+v12 increases with temperature. Below 200K, the 

band at 3125 cm-1 visible increases its intensity.  Spectra were taken at 295, 268, 250, 

200, and 172 K.  Relative intensity of the combination band v2 + v12 increases with tem-

perature decreasing.  Spectra of ethylene mixed with nitrogen, argon, krypton, and xe-

non are shown in Figure 56. 
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Figure 55.  Fundamental CH vibrational transition of ethylene in gas phase (268 Torr) at 
temperatures ranging 295-170 K 

 

Figure 56.  Fundamental CH vibrational transition of ethylene gas mixture with (a) ar-
gon at 172 K, (b) xenon at 172 K, (c) krypton at 250 K, and (d) nitrogen at 295 K 
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Other vibrational modes such as CH2 wagging, v7, CH2 scissors, v12, and 

combination bands (v7 + v8), and (v6 + v10) were recorded in cryogenic solutions and 

gas mixtures with rare gases.  Figure 57 show these low frequency transitions. From top 

to botton:  ethylene 37 ppm dissolved in liquid xenon at 169 K and mixture at 174K 

were recorded in a 2.54 cm length brass cell using Si windows, and KBr windows on 

the chamber.  To observe the weak intensity combination band (v6 + v10) a solution 962 

ppm at 165 K was recorded with a 0.5 cm-1 spacing and averaged for 500 scans.  

Ethylene 152 ppm in liquid krypton at 122 K was recorded in a 5 cm length copper cell 

with sapphire windows with a 0.5 cm-1 spacing and averaged for 300 scans.  Ethylene 

178 ppm in liquid nitrogen at 84 K was recorded in a 5 cm length copper cell with 

sapphire windows, with 1 cm-1 spacing and averaged for 300 scans. 90 Torr of ethylene 

mixture with nitrogen was recorded in a 2.54 cm length brass cell using Si windows at 

174 K.  219 Torr of ethylene mixtured with argon was recorded with KBr windows in a 

5 cm length copper cell with a spacing of 0.5 cm-1, and averaged for 250 scans.  The last 

spectrum on Figure 57 corresponds to the FT-IR signal of pure ethylene in gas phase 

(63.7 Torr at room temperature) recorded in a 2.54 cm length brass cell with Si  

windows, with a 0.5 cm-1 spacing and averaged for 250 scans. 

Maximmun frequency absortions of v7 and v12 were found at 950 and 1444 cm-1 in 

gas phase for the pure ethylene and gas mixtures, respectively. Corresponding 

frequencies of the solution in liquid xenon is red shifted to 947 and 1436 cm-1.  

Combination bands (v7 + v8), and (v6 + v10) were recorded at 1889 and 2047 cm-1 in gas 

phase.  For the cryosolutions of ethylene in liquid xenon these combinations bands were 
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found at 1881 and 2037 cm-1; in liquid krypton appears at 1884 and 2040 cm-1; and in 

liquid nitrogen these bands were found at 1891 and 2044 cm-1. 

 

 

Figure 57.  Frequency transitions of ethylene in cryosolution and its corresponding gas 
mixture between 660 and 2200 cm-1.  From top to bottom:  ethylene and xenon at 165 
and 174 K, ethylene and krypton at 122 and 172 K, ethylene and nitrogen at 84 and 172 
K, ethylene and argon mixture and pure ethylene in gas phase at room temperature. See 
text for more detail 

Perturbation on the linewidth and maximum frequency signal of ethylene was ob-

served in solution.  In a liquid solution, the local field at the site of the molecule is dif-

ferent from the gas phase field due to the dielectric properties of the solvent.  The fun-
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damental transition signals of ethylene solutions in liquid argon and krypton showed a 

small perturbation on the bandwidth.  Solution in liquid xenon, on the contrary showed 

a considerable broadening of the band, which is due to two reasons; one is the high 

temperature of the solution (169 K), and the other is the solvent size. Solution in liquid 

nitrogen was found to have the narrowest CH stretching bands, which is consistent with 

the results obtained for the fifth vibrational overtone presented at the beginning of this 

chapter. Table 15 shows the tendency of the broadening of the band with the density of 

the solvent for the rare gases.  Nitrogen deviates from this tendency because its shape. 

Table 15.  Full width at half maximum (FHWM), in cm-1, of the vibrational bands of 
ethylene in cryosolutions 

solvent (mol/L) v7 v12 v7 + v8 v11 v2 +v12 v9 
LXe 22.203 25 6 13 10 38 23 
LN2 27.665   11 6 7 12 
LKr 28.620   9 7 6 17 
LAr 32.938    7 6 20 

 

Frequency shifts to lower wavenumbers were observed in all the cases with 

exception of the combination band (v7 + v8), which is shifted 2 cm-1to the blue. Table 16 

shows the  of the fundamental vibrational modes in cryosolution.  Additionally, 

calculated frequency shifts, calc, are shown for the cryosolutions of ethylene dissolved 

in liquid argon and krypton at B3LYP/6-311G+ level. Computational details of these 

calculations are described next. 

The vibrational frequency shifted from that of the free molecule depends on the 

intermolecular potential to which the active molecule is subject to. These experimental 

results show how this dependendance varies with the density of the solvent, but more 
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variables are involved in this behaviour.  Exploration of perturbations due to the 

presence of the solvent were calculated using density functional theory (DFT) with the 

exchange-correlation hydrid functional Becke’s 3-parameters and Lee-Yang-Parr 

(B3LYP), and Moller-Plesset second order perturbation theory (MP2) levels.  Different 

basis sets were employed:  6-31G, 6-311G, 6-311+G, 6-311++G, 6-31+G(d), and 6-

311++(3df,2pd) in order to explore how the inclusion of polarizarion and/or diffuse 

functions could improve the descritption of the experimental results.  All calculations 

were perfomed using gaussian 03123 in several steps. First, optimization of the ethylene 

in gas phase at room temperature and 172 K were done. Then, frequency analysis of the 

optimized ethylene structure was done using both, harmonic and anharmonic 

contributions. A third step involved the geometry and energy optimization of the 

ethylene in the presence of the solvent by placing the solute in a cavity within the sol-

vent reaction field.  For this, different models were employed:  Onsager and Polarizable 

Continuum Model (PCM.). Once the ethylene free molecule is optimized at the experi-

mental temperature of the cryosolution, last step on the calculation process involves the 

frequency analysis in presence of the solvent at the actual temperature using both, the 

harmonic and anharmonic approximations. 

In Onsager’s model124-126, the solute is placed into a spheric cavity whose size is 

based on the Van der Waals volume of the solute and the dilectric constant of the 

solvent, then volume of the solute should be found for the optimized structure, in order 

to obtain the Van der Waals radii of the cavity.  The PCM, and its integral equation 

formalism variant127 (IEFPCM) method creates the solute cavity via a set of overlapping 

spheres as shown in Figure 58. It was initially devised by Tomasi and coworkers and 
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Pascual-Ahuir and coworkers.128-136  The solvent is also characterized by its dielectric 

constant, but other structural parameters are included. Unfortunately, dispersion-

repulsion parameters are not defined for xenon, consequently this solvent cannot be 

calculated using the IEFPCM method. The nitrogen’ parameters are neither defined; 

thus, calculations in xenon or nitrogen were only performed under the Onsager’s 

picture. 

Table 16.  Experimental and calculated frequency shift,  = (푣g - 푣sol), of ethylene in 
cryosolutions due to the presence of the solvent (at B3LYP/6-311G+ level, see text) 

Assignation 푣g exp calc  exp  calc  exp  exp  exp

  (LAr) (LAr) (LKr) (LKr) (LXe) (LN2) (LC2H4)

         
v 950  3  2 3   v 1444  1  -2 7   vv 1889  5 5 2 8 -2  vv 2047  6 10 6 10 3  v 2988 4 13 7 8 10 3 12 

vv 3077 5 6 9 6 21 4 11 
v 3107 7 -1 10 -1 16 6 6 

 
 
 

 

Figure 58.  Ethylene cavity shape used in the IEFPCM model. This cavity is created by 
overlapping spheres to approximate to the actual solute shape 
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In general, a change of the dipole moment in the 4th or 5th figure after the decimal 

point leads to a change in the 5th decimal figure in the bond distance.  This, at the same 

time, leads a change in about 4 cm-1 in the fundamental vibrational frequencies.  

Harmonic frequency calulations are overstimated, so scaling is needed to fit the 

calculated frequencies to the experimental ones.  Scaled harmonic frequencies agreed 

with the experimental results in gas phase. Scaling factor for each basis set was 

obtained by fitting all 12 normal vibrational modes, and its value is in agreement with 

the scale value suggested by Wong for DFT calculations137.  No significant shift was 

observed under the Onsger’s nor PCM’s pictures when calculating the harmonic 

frequencies at both room and low temperatures. Inclusion of anharmonic terms in the 

potencial improve the values obtained for the normal frequencies but they were still 

overstimated. Onsager’s model does not show any improvement on the harmonic 

picture.  No changes in the dipole moment nor the geometrical parameters of the 

ethylene are found due to the presence of the solvent.  The Onsager model cannot 

discriminate the nonpolar solvents used here. Rare gases have a small dielectric 

constant, which results in no perturbation of the solute, nor perceptible change in the 

dipole moment of the solute.  On the other hand, the inclusion of anharmonicity in the 

determination of the frequencies under the IEFPCM picture showed a shift to lower 

energies due to the presence of the solvent.  However the tendency is the opposite of the 

experimental one; that is, the  of ethylene dissolved in liquid krypton is predicted to 

be smaller than the one dissolved in liquid argon, which is contrary to the experimental 

results found.  This behaviour is consistent for other hydrocarbon solutions recorded in 

this work, and prevously in our lab64-67, 105, 138-140.  Inclusion of diffuse functions on the 
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basis set improve red shifting tendency, but inclusion of polarization functions results in 

a blue shifting, totally opposite to the actual tendency.  Only the results of anharmonic 

frequency calculations at B3LYP level, with the 6-311G+ basis sets are shown in Table 

16 to illustrate the results.  In conclusion, anharmonic terms are needed to explain the 

frequency shift, but a better description of the solvent for systems such as those 

presented is needed; both the solute and the solvent are non-polar, and the dielectric 

constant is so small that it makes hard an accurate description of the perturbation due to 

the presence of the solvent. 

Structural parameters at DFT and MP2 calculation levels and stabilization of the 

ethylene in presence of the solvent are reported in table Table 17.  The change in the 

total energy (E) of the ethylene in the presence of the solvent respect to the free struc-

ture is defined as:  (Efree – EC2H4 in solvent ), and it indicates the stabilization of the solute 

in solution.  Calculated E, in J/mol, resulted close to the unit for the solution in liquid 

argon, and in the order of 10-1 J/mol for solutions in krypton.  This values of energy cor-

responds to weak interactions type Van der Waals; which is well known to occur when 

rare gases interact with other molecules.  There was no change in the geometrical para-

meters between the free structure and the structure in the presence of the solvent. Thus, 

the bond distances and angles of both free and in solution are shown indistinctively in 

Table 17.  Dihedral angles were obtained to be 0 or 180 degrees in all the calculations.  

Ethylene does not deviate from the planarity in the presence of the rare gases, what it is 

consistent with the dipole moment. No change in the dipole moment observed in the 

calculations, resulting in 0.0000 Debye. 
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Table 17.  Calculated stabilization of the ethylene, in J/mol, due to the weak interactions 
with the solvent and geometrical parameters 

basis set 
 

E LAr 
 

E LKr 
 

rC=C 
 

rC-H 
 

geminal 
angle CH2 

angle 
CCH 

B3LYP/ (J/mol) (J/mol) (Å) (Å) (degree) (degree) 

6-31G 0.62 0.12 1.3357 1.0868 116.0454 121.9773 
6-311G 0.72 0.13 1.3313 1.0833 116.0763 121.9618 
6-311+G 0.79 0.15 1.3326 1.0834 116.1017 121.9491 
6-311++G 0.79 0.15 1.3326 1.0835 116.1016 121.9492 
6-311+G(d) 0.89 0.16 1.3288 1.0858 116.3312 121.8344 
6-311+G(d,2p) 1.00 0.05 1.3290 1.0827 116.5095 121.7453 
6-311++G(3df,3pd) 0.76 0.14 1.3247 1.0824 116.5181 121.7409 

 

Overtone Spectroscopy, v=2-3 of Ethylene Dissolved in Rare Gases and Nitrogen. 

Vibrationally excited states of molecules expose their structural and dynamical 

properties.  Ethylene, being the simplest olefin, represents a special case.  Four identical 

CH bonds sharing a CC double bond bridge, small size, anharmonic resonances141-143, 

and coriolis interactions144 results in complicated vibrational patterns.  Although pre-

vious studies141 of its vibrational states, vibrational level structure has not been yet 

completely worked out. 

Vibrational CH overtone of ethylene has been measured before.  Portnov et al.145 

recorded from the first to the fourth overtone regions of ethylene in gas phase by pho-

toacoustic spectroscopy at room temperature and a low temperature by jet cooling.  

Duncan and Ferguson recorded the overtones  = 1-5 with FT spectroscopy in gas 

phase of ethylene, and up to four quanta excitation of deuterated ethylene146.  Manza-

nares (with Lewis et al.)110 recorded the v = 5 CH stretching overtone of ethylene and 

ethane using phase shift cavity ring down at room temperature, demonstrating that the 



 

136 
 

CH signals of high vibrational overtone corresponding to saturated and unsaturated ana-

logs molecules do not overlap.  Rong et al. measured the v = 1-5 using FT-IR and 

conventional absorption spectroscopy, and calculated the CH stretching vibrational os-

cillator strengths147. 

In condensed phase, visible absorption spectrum of liquid ethylene at 108 K was 

recorded by Nelson and Patel107.  Manazanares105 (with Brock et al.) recorded for first 

time the vibrational CH overtones (v = 1-3) of ethylene in liquid argon solutions.  La-

telly, Manzanares67(with Lopez-Calvo et al.) reported the overtone spectra of ethylene 

dissolved in liquid krypton in the regions of v=2-5, using FT spectroscopy, and v=6 

using thermal lens spectrometry. 

In this section, overtone spectra of ethylene dissolved in liquid argon, krypton, 

xenon, and nitrogen recorded between 4000 and 15000 cm-1 are presented.  The first 

three CH overtones were measures with FT spectroscopy. Different spectral regions are 

observed with deacreasing of the intensity.  A manifold of combination bands precedes 

the main overtone feature. This pattern is repeated on the whole spectral region 

recorded.  However, these bands behave differently through the v = 2-4 manifolds.  

Isolation of the individual transitions were acquired by band deconvolution.  Individual 

overtone regions are presented in the following figures in this section.  Assigments were 

carried out according to ethylene liquid phase determinations reported by Brock et al.105 

Ethylene first overtone and combination band CH transition lay between 4000 and 

6500 cm-1, spectra of ethylene in gas phase at different temperatures ranging from 295 

to 170 K is shown in Figure 59.  Ethylene gas mixture with argon, krypton, xenon, and 

nitrogen are shown in Figure 60.  These spectra were recorded in a 2.54 cm length brass 
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cell using Si windows, and KBr windows on the cryochamber, with a 0.5 cm-1 spacing, 

and averaged for 500 scans. 

Solutions of ethylene in cryogenic gases spectra are shown in Figure 61.  

Assigment, maximun frequency absorption, and linewidth are presented in Table 18.  

Spectral shift to lower wavenumbers is observed for solutions in liquid argon, krypton 

and xenon; and  is increasing in that order.  Solutions ethylene in liquid nitrogen, on 

the contrary showed higher wavenumber values. 

 

 

Figure 59.  First overtone and combination band CH transition of ethylene in gas phase 
(268 Torr) at temperatures ranging between 295 and 172 K 
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Figure 60.  First overtone and first combination band CH transition of ethylene mixtures 
(a) 26.1% with argon at 172 K, (b) 34.1% with xenon at 172 K, (c) 9.6 % with krypton 
at 172 K, (d) 39.7% with nitrogen at 295 K, and (e) 268 Torr of ethylene at 172 K 
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Figure 61.  First overtone and first combination band region spectra of ethylene in gas at 
172K (a), in liquid phase at 121 K (b), and dissolved in liquid xenon at 165K (c), in liq-
uid krypton at 124 K (d), in liquid argon at 89 K (e), and in liquid nitrogen at 83K (f).  
All the solutions of ethylene in rare gases and nitrogen were recorded with a spacing of 
0.5 cm-1, and averaged for 500 scans. 
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Table 18.  CH first overtone transition of ethylene in gas phase, and cryosolutions in 
liquid argon, krypton, xenon, and nitrogen in the region 4000-6500 cm-1.  Peak position 

and bandwidth, in cm-1 

Assign. calc gas 휈LAr FW
HH 휈LKr FW

HH 휈LXe FW
HH 휈LN2 FW

HH 

           vv 4213 4207 4200 20 4196 20 4191 27 4201 11 
vvv 4300  4279 17 4276 23 4269 10 4282 12 

       4280 60   
         4298 19 

   4311 35 4302 21 4298 18 4308 18 
vv 4322 4322 4315 6 4310 7 4305 7 4317 6 
vv 4344 4329 4322 7 4318 10 4312 12 4323 15 

   4331 27 4327 35 4318 49 4324 5 

   4344 36     4343 19 
vvv 4407 4411 4404 12 4400 10 4395 20 4406 8 
vv 4441  4433 15 4428 16 4422 17 4435 12 
vv 4462 4461 4451 9 4446 10 4440 14 4443 11 

       4466 37 4452 8 
vv 4515 4515 4508 19 4504 20 4497 18 4510 14 

       4507 72   vv 4621 4598 4589 11 4585 9 4580 12 4591 8 
vv 4624  4630 34     4633 19 
vv 4690 4700 4695 32 4692 17 4687 26 4695 18 
vv 4730 4730 4723 17 4717 19 4711 19 4724 15 
vv 4759  4754 43 4747 33 4738 48 4756 19 

     4935 34     
   4996 29 4988 35     
   5017 28 5014 34     
   5041 29 5040 33     
   5062 29       
   5119 29       
       5645 28   vvv 5767 5735 5724 35 5718 25 5713 26 5727 22 
vvv 5803 5788 5784 32 5778 31 5771 18 5788 20 
vvv 5848  5835 28 5827 23 5825 27 5839 20 

   5881 22     5891 23 

   5895 22 5892 17 5882 24 5901 17 

vvv 5919 5919.
7 5908 8 5908 21 5901 21 5910 10 

vvv 5927 5927 5917 11     5920 13 

   5920 16     5924 12 

   5926 17 5922 17     
   5932 21       
   5942 15 5935 20 5925 18 5944 18 
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Table 19.  CH first overtone transition of ethylene in gas phase, and cryosolutions in 
liquid argon, krypton, xenon, and nitrogen in the region 4000-6500 cm-1.  Peak posi-

tion and bandwidth, in cm-1.  Continuation 
 
 

Assign. calc gas 휈LAr FW
HH 휈LKr FW

HH 휈LXe FW
HH 휈LN2 FW

HH 
vv 5959 5959 5956 27 5950 30 5941 25 5961 24 
vv 5982 5985 5986 23 5979 28 5969 23 5988 18 

       5991 29 6010 24 

   6044 21   6038 19 6043 20 
vvv 6078 6072 6059 9 6052 12 6045 9 6062 11 

vv
6109

.7  6091 7 6083 11 6075 29 6094 19 

vv 6150 6151 6142 13 6136 16 6127 16 6144 12 

   6156 32   6143 33    

Solubility of Ethylene in Liquid Argon 

The solubility of the solid ethylene in liquid argon was meassured by recording the 

change of the integrated absorbance of the first overtone band (v5 + v9) with the 

concentration.  Spectra were recorded in a 5 cm pathlength cell with sapphire windows 

at 92 K, with a 0.5 cm-1 spacing and averaged over 500 scans.  Plot of the integrated 

absorbance versus the concentration is shown in Figure 62.  Fitting values for the curve 

1/퐼퐴 = 푎/퐶 + 푏, resulted in a = 151 ± 22, and b = 0.1724 ± 0.08, with a goodness of 

fitting, SSE=0.158, and R2 = 0.9829. Root mean square deviation has a value of 

0.05621.  Spectral features of the band (v5 + v9) are reported in Table 20.  Solubility of 

ethylene dissolved in liquid argon was found to be 7.61 x 10-4 mole fraction (761 ppm) 

at 92 K. 

Solubility of solid ethylene in other cryogenic solvents have been reported in the 

literature.  Solubility in liquid nitrogen has been found to be 5.38 x 10-4 at 69 K, 2.24 x 

10-3 at 78 K and 1.1 x 10-2 at 90 K148, 149.  The solubility of ethylene in liquid methane 
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has been estimated to be high, with values of 8.526 x 10-2 at 91 K, 3.292 x 10-1 at 110 K 

and 8.910 x 10-1 at 130 K150; and in the order between 10-1-10-2 mole fraction in liquid 

oxygen at 90 K151. 

 

Figure 62.  Plot of the integrated absorbance of the first overtone band, (v5 + v9) of 
ethylene dissolved in liquid argon versus concentration, in ppm at 92 K.  Data has been 
fitted to the solubility model equation:  IA=C/(a+bC). 

Table 20.  Variation of the absorbance (A), integrated absorbance (IA) of the first over-
tone band (v5 + v9) of ethylene dissolved in liquid argon at 92 K with the concentration.  
Bandwidth and ratio Gaussian/Lorentzian contribution resulting from band deconvolu-

tion. 

C 
(ppm) 

휈sol 
(cm-1) 

A 
(a.u.)t 

FHWM 
(cm-1) 

G/L 
 

IA 
(a.u./cm-1) 

 
155 6143 0.017 15 0.07 0.8202 
158 6142 0.013 14 0.32 0.9238 
346 6142 0.035 15 0.317 1.846 
792 6142 0.04 15 0.326 2.9639 
976 6143 0.044 15 0.307 3.1843 

1162 6142 0.043 14 0.318 2.9651 
1579 6142 0.044 15 0.468 3.2096 
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Frequency Shift of the Second Vibrational Overtone of Ethylene in Cryosolutions. 

Second vibrational overtone spectra, v = 3, and combination bands of ethylene dis-

solved in liquid argon, krypton and nitrogen in the region 6500-9500 cm-1 is shown in 

Figure 63.  Spectra were recorded with 0.5 cm-1 spacing, and averaged 500 scans in a 5 

cm optical path cell with sapphire windows.  Solutions were prepared to have a concen-

tration close to 1 x 10-3 mole fraction, in order of be capable to observe the weak signal.  

It is perceived on the spectrum of ethylene dissolved in liquid krypton two special cha-

racteristics:  first, inversion of the relative intensity of the bands around 9000 cm-1, and 

second, higher relative intensity of the band around 7460 cm-1.  Around 7250 cm-1, the 

population of the manifold looks more populated, but this is due to the first overtone of 

water (in gas phase) that was present into the spectrophotometer chamber; making diffi-

cult the isolations of these bands from the ethylene ones.  The maximum frequency of 

absorption bands in this region is shown in Table 21.  Once more, shift to lower wave-

number is found to be the mainstream behavior in cryosolutions in liquid argon and 

krypton. 

 

Figure 63.  Second overtone spectra of ethylene dissolved in liquid argon at 91K (a), 
krypton at 124 K (b), and nitrogen at 83K (c) 
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Table 21.  Maximum peak position, in wavenumber, of the CH second overtone transi-
tion of ethylene dissolved in liquid argon, krypton, and nitrogen in the region 6500-

9500 cm-1. 

assig calc gas LAr LKr LN2 

      
vv 6757  6739 6795 6802 
vvv 6794  6801 6936 6949 
vv 6968  6947 6990 7003 
vv 7024  7024   
vv 7091     
vv 7147     
vvv 7218  7205 7195 7204 
vvv 7234 7234    
vvv 7276 7276    
vvv 7324  7307 7302 7311 
vv 7339 7341    
vvv 7420 7417 7409 7404 7414 
vvv 7465 7460 7466 7456 7470 
vv 7466 7474  7459  
vv 7558 7561 7553 7544 7554 
vv 7614 7620 7606 7601 7612 
vvv 7704  7694 7689  
vvv 7769 7763 7762 7753 7763 
vvv 7799 7800 7790 7779 7794 

   8401 8392 8409 
vvv 8630  8614 8619 8639 

   8642 8635  
   8721 8722 8724 
[3,0,0,0] 8752 8755 8738  8738 
[2,0,0,0]+2v12 8779 8780 8775 8768 8778 
vvvv 8794 8791 8796 8796 8796 
[1,1,0,0]+2v12 8970 8979 8967 8989 8976 
[2,1,0,0] 8991 8998 8985 9019 8989 
[2,1,0,0] 9142 9140 9126 9127 9125 
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CHAPTER FIVE 

Spectrosocopy of 2-methyl-1,3-butadiene, and its Solubility in Liquid Argon 

The surface of Saturn’s haze-shrouded moon Titan had been proposed to have 

oceans or seas, on the basis of the stability of liquid methane and ethane at the ground 

level.20, 152, 153  The presence of isolated lakes was not precluded until Cassini flybys.  

Solubility data for volatile organic compounds dissolved in cryogenic solvents are im-

portant in order to study the composition and possible chemical reactions in the atmos-

phere and on the surface of Saturn’s moon, Titan, which has been demonstrated to have 

enormous liquid bodies of hydrocarbons.  Cassini–Huygens measurements have im-

proved our knowledge of the structure and composition of Titan’s atmosphere, requiring 

the solubilities to be recomputed under actual, helping then, in the interpretation of the 

data returning.20 

Liquified rare gases are transparent in the commonly used spectral regions, 

chemically unreactive, and relatively good solvents for many small compounds.  The 

solubility of compounds in the liquified rare gases are therefore of interest.  On other 

hand, the presence of other hydrocarbons larger than methane are produced on Titan’s 

atmosphere, and carryed down to the surface, by rainfall, to finally being deposited on 

the lakes.  One interesting and very commom small unsaturated hydrocarbons here on 

Earth is the 2-methyl-1,3-butadiene (isoprene). Isoprene is formed naturally in animals 

and plants and is generally the most common hydrocarbon found in the human body.  It 

is a common structural motif in biological systems, is important in reactions with ozone. 
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Moreover, isoprene is a pollutant in the lower atmosphere.  Finally, it has many 

industrial aplication in the formation of polymers and rubbers. 

FT-IR spectroscopy of 2-methyl-1,3-butadiene in Cryogenic Solutions 

Gas phase 2-methyl-1,3-butadiene CH fundamental transition was recorded in a FT-

IR spectrometer. Figure 64 shows the FT-IR spectrum in the region 2500-3300 cm-1 of 

2-methyl-1,3-butadiene in gas phase at room temperature. Optical path was 5 cm, 

resolution with a spacing of 0.5 cm-1, and averaged for 300 scans. 

 

 

Figure 64.  Fundamental CH transition in the spectral region 2500-3300 cm-1 of 2-
methyl-1,3-butadiene in gas phase at pressures ranging from 1.2 Torr to 7.7 Torr.  Ab-
sorbance increases with the pressure. 
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Figure 65 to Figure 67 show the FT-IR spectra of cryosolutions of 2-methyl-1,3-

butadiene dissolved in liquid nitrogen, argon, and xenon. Solutions of isoprene in liquid 

argon and liquid nitrogen were prepared by allowing the admittance of a small amount 

of 2-methyl-1,3-butadiene (ranging from 1 to 11 Torr) in the cell at room temperature.  

Condensing of the solvent was carried out at 82 K for solution in liquid nitrogen, at 164 

K for xenon, and near the solidification point, 86 K, for the solutions in liquid argon.  

Spectra were recorded in a FT-IR spectrophotometer in the 2500-4000 cm-1 spectral re-

gion, using sapphire windows, with a 0.5 cm-1 spacing and averaged 500 scans.  The 

spectrum of 11 ppm cryosolution of isoprene dissolved in nitrogen at 82 K is shown in 

Figure 65.  Spectrum of the solution 7 ppm of isoprene in liquid xenon at temperatures 

ranging from 164 to 178 K is shown Figure 66.  Spectra of solid 2-methyl-1,3-butadiene 

dissolved in liquid argon at 86 K are shown in Figure 67.  Correction due to the pres-

ence of water impurities on the solvent was made by subtracting the spectrum of the 

corresponding solvent to each spectrum.  Maximum band absorbance and normalized 

intensities are shown in Table 22.  The number in between brackets denotes the degene-

racy of the vibrational mode frequency. 

The use of cryogenic solvents simplifies the spectrum due to the reduction of rota-

tional contributions and hot bands.  Cryogenic solvents, such as rare gases are clear in 

most of the region of the electromagnetic spectrum. They enhance the optical signal be-

cause they increase the transversal section and because their low dielectric constants 

only allow weak solute-solvent interactions (more of this is discussed in later chapters).  

Moreover, spectroscopy in cryogenic liquids permits observation of characteristics on 

the signals that are not observable in the gas phase at room temperature.  However, 
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changes in the frequency of absorption, and linewidth are consequences of the presence 

of the solvent. 

Since the solvent has a damping effect, in general the presence of the solvent could 

happen to break degeneracy of transition states.  This is the case in the fundamental CH 

transition of 2-methyl-1,3-butadiene dissolved in rare gases.  The signals in gas phase at 

3095 and 3027 cm-1, which are doubly and triply degenerate154, respectively, are split in 

two bands each, around their maximum value in gas phase for the solution in liquid ar-

gon and nitrogen, and with a total red shift for the solution in xenon. 

In general, frequency red shifts due to the presence of the solvent are observed, and 

by increasing order, the frequency shift is the smallest when 2-methyl-1,3-butadiene is 

in presence of nitrogen, is higher when in argon; and the highest frequency shift is due 

to the presence of xenon.  During all the research presented in this work, the same be-

havior was consistently observed.  Changes in the relative intensity are also observed 

when changing the solvent.  To change from one solvent to another, many variables are 

changing, such as the cavity size, the temperature, the dielectric properties, the density, 

etc.  In Figure 66, the same amount of sample dissolved in liquid xenon was recorded at 

different temperatures, and the bands localized at 3091 and 3088 cm-1 increased their 

relative intensity with the temperature, while the band at 2856 cm-1 decreased its inten-

sity with temperature. 

In order to understand better the origin of this breaking of degeneracy, electronic 

structure calculations of isoprene in both configurations, cis- and trans- were done in 

gas phase and in presence of liquid argon using Gaussian 03123.  Calculations in this 

case were performed Local Spin Density Approximation (LSDA) calculation, using the 
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Figure 65.  Fundamental CH transition spectra of 2-methyl-1,3-butadiene (isoprene), 
10.8 ppm dissolved in liquid nitrogen at 82 K. Optical path was 5 cm. Resolution of re-
cording was 0.5 cm-1 
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Figure 66.  Fundamental CH transition of 2-methyl-1,3-butadiene dissolved in liquid 
xenon at different temperatures, ranging from 164 to 178 K.  The solution was prepared 
allowing 3 Torr of 2-methyl-1,3-butadiene into the cell at room temperature and con-
densed at 164 K.  Final concentration is slightly changing around 7 ppm. Optical pat-
length was 2.54 cm (1 inch) 

 

Figure 67.  Fundamental CH transition spectra of 2-methyl-1,3-butadiene dissolved in 
liquid argon at 86 K with concentrations of 15.2 (a), 11.9 (b), 6.8 (c), and 3.4 ppm (d). 
Optical path was 5 cm 
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Table 22.  Maximum frequency absorbance band (휈) and normalized intensity (AN) of 
the fundamental CH transition of 2-methyl-1,3-butadiene in gas phase, and in cryogenic 

solutions 

Symm 
 

휈5 
(cm-1) 

휈gas 
(cm-1) 

휈LAr 
(cm-1) 

AN 
 

휈LN2 
(cm-1) 

AN 
 

휈LXe 
(cm-1) 

AN 
 

A' 3095 (2) 3096 3098 0.96 3100 0.52 3091 0.44 
3090 0.82 3091 0.54 3088 0.30 

3084 3070 0.22 3073 0.29 3087 0.38 
3046 3047 0.14 3045 0.18 3084 0.38 

A' 3000(3) 3027 3034 0.15 3082 0.36 
3016 0.51 3017 0.24 3010 0.29 

A' 2984(2) 2985 2990 0.96 2984 1.00 2985 0.51 
2983 0.91 2977 0.57 

A" 2949 2957 2954 1.00 2955 0.83 2947 0.77 
2936 2935 0.80 2935 0.34 2928 1.00 

2924 0.42 2908 0.45 
A' 2904 2906 2914 0.57 2915 0.41 

2902 0.24 2900 0.25 
2881 2886 0.15 2891 0.31 2872 0.16 
2866 2865 0.33 2868 0.19 2856 0.44 

 

Slater exchange functional and the VWN correlation functional for the DFT calcula-

tion.155-158  The presence of the solvent was simulated using the IEF-PCM.  Analysis of 

frequency was done for the harmonic frequencies only.  Table 23 shows the results for 

the frequency analysis of 2-methyl-1,3-butadiene in the C-H stretching zone.  In the 

calculated frequencies of transition, only the double degeneracy at 3176 cm-1 is ex-

pected, which corresponds to the endings CH2 asymmetric stretching mode in the cis- 

isomer.  In the presence of argon, this degeneracy is broken. The force constant value 

for these mode change from 6.62 mDyne/A for the transition at 3176 cm-1 to 6.60 and 

6.59 mDyne/A for the transitions expected at 3172.29 and 3169.69 cm-1 in the cis iso-

mer, respectively. In the trans- isomer, in its free form, the corresponding transitions are 

predicted to be 3180.74 and 3175.90 cm-1 with their corresponding force constants 6.63 

                                                
5 From reference  
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and 6.62 mDyne/A.  In the presence of argon, those frequency of transition change to 

3176.99 and 3172.06 cm-1, with their corresponding force constant values of 6.62 and 

6.61 mDyne/A.  In general decreasing of the values of the force constant in 0.02 

mDyne/A for the cis- isomer and 0.01 mDyne/A for the trans-2-methyl-1,3-butadiene.  

Therefore, the change in the value of the force constant of the vibrational modes due to 

the presence of the solvent could explain the breaking of the degeneracy. 

Table 23.  Calculated maximum frequency absorbance band (휈) of the fundamental CH 
transition of 2-methyl-1,3-butadiene in gas phase (free), and in the presence of argon at 

the LSDA/3-21G level 

 free in Argon 
symm. 휈trans 휈cis 휈trans 휈cis 

 (cm-1) (cm-1) (cm-1) (cm-1) 
A' 3180.74 3176.99 3176.99 3172.29 
A' 3175.90 3176.02 3172.06 3169.69 
A' 3091.09 3084.00 3087.03 3081.42 
A' 3084.15 3075.48 3081.54 3080.04 
A' 3082.73 3077.96 3069.19 3077.07 
A' 3078.18 3063.06 3068.26 3060.22 
A" 3040.10 3034.54 3038.53 3032.72 
A' 2976.90 2972.01 2975.58 2970.68 

 

Solubility of 2-methyl-1,3-butadiene in Liquid Argon 

Solubility of 2-methyl-1,3-butadiene in liquid argon at 86 K was determined by 

plotting the integrated absorbance of the individual band at 2954 cm-1 versus the 

concentration of the 2-methyl-1,3-butadiene solution, in ppm.  Data were fitted with 

MatLab 7.7.0 to a curve type 1/IA = a/C + b or IA = C/(a+bC), where IA is the 

integrated absorbance; C is the concentration in ppm, and a and b are the fitting 
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parameters.  The values of the parameters a and b with a 95% confidence bounds have 

been found to be 16.6 ± 3.8 and -0.06 ± 0.02, respectively.  Goodness of the fit is found 

to be R2 = 0.9015, RMSE = 0.158, and SSE=0.05.  The plot of IA versus C is shown in 

Figure 68.  From this plot, it is found that the solubility of isoprene in liquid argon at 86 

K is 13 ppm, or 13 x 10-6 mole fraction, which is 10 times higher than the value re-

ported in the literature at 87 K by Kurdziel et al.159, (1.56 x 10-6).  This reported value 

was obtained by mean of the filtration method. 

Use of the filtration method introduces several error sources that could be avoided 

using spectroscopic methods to determine the solubility of a solute in cryogenic solu-

tions.  The main sources of error involve attaining equilibrium between solid and liquid 

phases, filtration of the saturated solution, evaporation process of large quantities of 

samples, which are dilute solutions and the vapor pressure of solute86.  Some others er-

ror sources are associated with supersaturating, formation of metastable phase of solid 

solute (amorphous solids, or the amorphous portions of crystalline solids), clusters, 

purity of components of the solute, accuracy of the temperature measurement in the 

process of preparation of the sample160, 161.  Cooling of the solute may not be sufficient 

to produce crystals and sometimes a glass may occur.  In addition, stable suspensions of 

the finely dispersed solid phase of solute are readily formed in cryogenic solution161.  

All of these error sources in the filtration method are difficult to avoid and, adding the 

adsorption onto the sample set-up, could lead to erroneous, low solubility.  Cryospec-

troscopic methods are more appropriate for detection and quantitative analysis of sub-

stances present in a particular aggregation state86, 161.  The methodology presented here 
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for the preparation of the sample is simpler and avoids the pitfalls of the filtration me-

thod noted above.  Results are easily validated by replica. 

 

Figure 68.  Integrated absorbance of the transition v23 = 2957 cm-1 of 2-methyl-1,3-
butadiene dissolved in liquid argon versus its concentration, in ppm at 86 K.  Data has 
been fitted to the solubility model equation: IA=C/(a+bC). 
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UV-Vis Spectroscopy Solution of 2-methyl-1,3-butadiene in Liquid Ethane 

Liquid ethane saturates the CH vibrational region on the infrared region, but it does 

not absorb light in the 200-400 nm region of the electromagnetic spectrum.  Thus, re-

cording of 2-methyl-1,3-butadiene dissolved in liquid ethane was carried out in a UV-

Vis spectrometer.  2-methyl-1,3-butadiene, 1.07 Torr in gas phase and in solution in 

liquid ethane at 110K was recorded in a 5 cm optical path, with a spacing of 1 nm, and 

average time of 0.0125, shown in Figure 69.  UV-Vis spectrum of 2-methyl-1,3-

butadiene, 2.5 ppm in liquid ethane at 110 K (top) and 1.07 Torr in gas phase (bottom). 

Signals of third overtone of ethane could be observed below 990nm.  Enhancement of 

signal was observed due to the presence of solvent.  Maximum absorbance in gas phase 

lay on 216 nm.  The band of 2-methyl-1,3-butadiene in solution is centered at 219 nm, with a 

resultant batochromic shift of 3 nm.  Pure liquid 2-methyl-1,3-butadiene UV transition 

was measured to have a maximum absorbance at 220 nm.  Unfortunately, in this case, 

conjugated double bonds usually have a high absorption in the UV.  Higher concen-

trated solutions of 2-methyl-1,3-butadiene in liquid ethane results in a saturated signal.  

Thus, the use of UV spectroscopy on the determination of the solubility of 2-methyl-

1,3-butadiene in liquid ethane is not viable.  Even though, this is the recording of the 

UV spectrum of 2-methyl-1,3-butadiene dissolved in liquid ethane represents an origi-

nal contribution. 
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Figure 69.  UV-Vis spectrum of 2-methyl-1,3-butadiene, 2.5 ppm in liquid ethane at 
110 K (top) and 1.07 Torr in gas phase (bottom). Signals of third overtone of ethane 
could be observed below 990nm 
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CHAPTER SIX 

FT-IR of Formaldehyde Dissolved in Liquid Krypton 

Partially oxidized small hydrocarbons such as formaldehyde play an important role 

in the chemistry of the upper troposphere.  Upon photo-oxidation at low temperature, 

formaldehyde results in an important source of HOx radicals, which are involved in the 

production and loss cycle of ozone in the atmosphere162.  Besides formaldehyde was the 

first polyatomic molecule detected in the interstellar medium and has been observed in 

many regions of the Milky Way galaxy163.  It's formation in stellar medium, from iced 

CO and atomic H has been well documented164.  The formation of organic compounds 

in the atmosphere of Titan is an ongoing process of the generation of complex organics 

from the simplest hydrocarbon, methane.  Chera et al. simulated in the laboratory the 

formation of low mass aldehydes, such as formaldehyde and acetaldehyde during the 

course of the photolysis of a gas mixture containing carbon monoxide165.  This study 

concluded that the formation of the ketones and aldehydes was due to the radiation 

absorbed by the hydrocarbons in the mixture of reactants, obtaining appreciable 

amounts of formaldehyde and acetaldehyde (and smaller amounts of other carbonyl 

compounds).  Since the discovery of CO2, CO, and H2O in Titan's surface and 

atmosphere, the formation of small oxygenated compounds has been studied.  Although 

formation of methanol and formaldehyde models are both kinetically and 

thermodynamically preferred, they are not produced in detectable amounts166.  The 

formation of complex organic compounds from methane are mostly irreversible, but 

because of Titan's gravitational force, light gases escape the atmosphere167. 
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In this work, a study of the FT-IR spectrum of formaldehyde dissolved in liquid 

krypton is presented.  Monomeric formaldehyde (6.7 Torr at room temperature) in gas 

phase was prepared by thermal decomposition of para-formaldehyde.  1000+ Torr of 

krypton gas was immediately allowed into the sample cell in order to minimize the 

polymerization of formaldehyde while cooling the system.  Once cryogenic temperature 

was reached, condensation of krypton was made with back high pressure to produce a 

strong mixture of the solution.  It resulted in matrix isolation of the formaldehyde in 

condensed phase.  The final concentration of solid formaldehyde dissolved in liquid 

krypton is 1.3 x 10-5 mole fraction, or 13 ppm.  Minimization of water ice formation 

into the solution was achieved by submerging the krypton connection pipe in a bath of 

LN2/EtOH.  FT-IR spectra were recorded from 650 to 5000 cm-1 with a resolution of 1 

cm-1 at temperatures of 125, 128, 133 and 137 K in a 2.54 cm (1 inch) optical path cell 

with Si windows.  Average of 500 scans was made for each spectrum. 

Characterization of FT-IR Spectrum of Formaldehyde Dissolved in LKr 

Figure 70 shows the collection of FT-IR spectra of formaldehyde dissolved in liquid 

krypton at different temperatures.  Table 24 shows the assignation of the normal modes.  

Furthermore, characterization of each of these vibrations has been done by band 

deconvolution, identifying individual transitions on the populated manifold around the 

퐶퐻 stretching spectral zone (and water ice interference which will be discussed later in 

this chapter).  The assignation of normal modes was done by comparison with ones 

reported in the literature87. 
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Figure 70.  FT-IR spectrum of formaldehyde with krypton at different temperatures.  a) 
Gas mixture of COH2 6.7% with krypton at 295 K.  b) Collection spectra of 
cryosolutions of COH2 1.3 x 10-5 mole fraction (13 ppm) in liquid krypton at 125, 128, 
133, and 137 K.  c) Solvent spectrum:  liquid krypton at 125 K. 
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Table 24.  Spectral features of the FT-IR spectrum of formaldehyde 1.3 x 10-5 mole 
fraction in liquid krypton 

assignation  T  휈  FHWM  A  Int.  A  G/L6 
 (K)  (cm-1)  (cm-1)  (au)  (ua/cm-1)    
v4 CH a.st   125  2840.6  19.129  0.0428  1.1509  0.325 
 128  2840.5  19.780  0.0598  1.6674  0.317 
 133  2840.5  27.067  0.0641  2.3707  0.402 
 137  2840.7  27.314  0.0624  2.3294  0.400 
 gas7  2846.1         
 reported8  2843.1         
v1 CH s.st 125  2775.4  13.726  0.0676  1.3238  0.283 
 128  2775.3  14.325  0.0954  1.9742  0.246 
 133  2775.2  15.565  0.0960  2.0577  0.434 
 137  2775.3  15.911  0.0914  2.0032  0.319 
 gas2  2787.0         
 reported3  2782.5         
v2 CO st 125  1740.0  8.736  0.1393  1.9712  -0.103 
 128  1740.0  9.346  0.1871  2.8367  -0.107 
 133  1740.1  10.029  0.1809  2.9482  -0.113 
 137  1740.2  10.331  0.1665  2.9332  -0.276 
 gas2  1745.5         
 reported3  1746.1         
v5 CH2 rock  125  1231.0  0.020  0.0200  0.0161  0.499 
 128  1231.1  0.415  0.0037  0.0283  0.499 
 133  1231.2  0.674  0.0045  0.0488  0.500 
 137  1231.4  0.646  0.0003  0.0391  0.499 
 LKr (125K)9  1231.2  0.764  0.0525  0.0589  0.499 
 reported3 1249.1         
v6 CH2 wag  125  1141.4  2.899  0.0220  0.0460  0.499 
 128  1141.4  2.890  0.0225  0.0550  0.498 
 133  1141.6  2.723  0.0190  0.0440  0.498 
 137  1141.7  2.472  0.0220  0.0430  0.499 
 reported3 1167.3         
v3 CH2 scis  125  1495.8  10.355  0.0273  0.3757  0.470 
 128  1495.7  7.706  0.0311  0.3233  0.464 
 133  1495.9  8.269  0.0288  0.3159  0.477 
 137  1495.9  9.477  0.0330  0.4120  0.494 
 gas*  1501.0    0.0102    0.362 
 reported3 1500.1         

                                                
6 Ratio of the contribution of the Gaussian and Lorentzian component of the band deconvolu-
tion. 
7 Formaldehyde 6.7 x 10-3 mole fraction in a krypton gas mixture 
8 As reported by NIST Chemistry WebBook 
9 Impurity in the pure liquid krypton spectrum 
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Table 24.  Spectral features of the FT-IR spectrum of formaldehyde 1.3 x 10-5 mole 
fraction in liquid krypton.  Continuation 

assignation  T  휈  FHWM  A  Int.  A  G/L 
 (K)  (푐푚 )  (푐푚 )  (au)  (ua/푐푚 )    
2v3 125  2991.2  22.439  0.0057  0.1702  0.438 
 128  2991.5  23.552  0.0078  0.2423  0.481 
 133  2986.8  36.575  0.0095  0.4710  0.435 
 137  2987.1  36.866  0.0098  0.4879  0.434 
 gas2 3022.4    0.0045     
   2휈 =3000.2         
v3+v5 125  2709.8 44.350  0.0055  0.3310  0.412 
 128  2709.9  40.412  0.0087  0.4781  0.409  
 133  2708.9  33.000  0.0100  0.4675  0.434  
 137  2708.5  33.341  0.0092  0.4143  0.432  

 

Shifting to lower wavenumbers can be observed when phase change occurs from 

gas to condensed (solution).  This shifting is around 5 cm-1 for v4, v3, and v2, but 11cm-1 

for the CH symmetric stretching mode, v1.  The symmetric and antisymmetric CH 

stretching modes are well defined as shown in Figure 71.  The ratio of the intensities 

v4/v1 increases from 0.6 at 125 and 128 K to 0.7 at 133 and 137 K, while the area ratio 

decreases from 1.2 to 0.9, respectively, indicating a narrowing of the band for lower 

temperatures as expected. 

A combination band appears exactly at the corresponding 2v3 wavenumber in both 

the gas phase and cryogenic solution.  The intensity of absorption of the band 2v3 is 

around 0.4 times the v3 intensity.  Around 2710 cm-1, another combination band 

corresponding to v3+v5 only can be seen in the cryogenic solution. 

The CH stretching zone shows others vibrational absorption, presented in Table 25.  It 

can clearly be observed from signal deconvolved results that the number of bands 

increases with temperature.  All these bands correspond to vibrational modes of 

paraformaldehyde, resulting from the polymerization of formaldehyde while the sample 
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was under preparation.  Simulation of the IR spectrum (Figure 72) of the simplest 

paraformaldehyde HO(CH2O)8H at HF/6-31G level demonstrate it.  More detail of 

simulations is given afterward. 

 

Figure 71.  Collection of deconvolved spectra in the 2500-4000 cm-1 spectral range of 
formaldehyde 13 ppm (1.3 x 10-5 mole fraction) dissolved in liquid krypton at a) 125 K 
b) 128 K, c) 133 K, and d) 137 K.  This spectral zone corresponds to C-H and O-H 
stretching normal modes  
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The cryogenic solvent (LKr) recorded a signal at 2231.2 cm-1, as reported in Table 

24.  This frequency also corresponds to the CH2 rocking vibrational mode of 

formaldehyde; thus, characteristics reported in this table have been corrected for the 

solvent by subtracting it, characterizing the CH2 rocking vibrational mode.  Neither this 

mode nor the wagging could be observed in the gas phase but in cryogenic solution.  

The CO stretching, v2 appears at 1746 cm-1 in the gas phase at room temperature 

(same as reported in the literature).  In matrix isolation, there is no significant shifting 

of this particular mode.  This work shows it to occur at 1740 cm-1 in liquid krypton at 

125-137 K.  Other works report v2 at 1736 cm-1 in liquid xenon at 135 K but splitting of 

this signal on 1727, 1717, and 1711 cm-1 in solid xenon at 115 K168; it has also been 

recorded before at 1742 and 1741 (actually 1740.3 and 1740.8) cm-1 in solid argon and 

solid nitrogen at 11 K169, and 1740 in solid oxygen at 12 K170.  In this work, no splitting 

is perceptible from each spectrum, but the CO band is not totally symmetric on the base.  

Thus, after waveform deconvolution, more than one IR absorption peak around this 

frequency appear at 1701, 1712, 1722 and 1765 cm-1.  This is splitting is attributed to 

the aggregation of the formaldehyde in the  cage occurring during the preparation of the 

sample.  

Spectral features reported in solid argon and nitrogen169, in the region 2000-2300 

cm-1 appear in this work in solid xenon and xenon solution, as shown in Table 26.  But 

correction of the blank by susbtraction of the LKr spectrum results in a flat without any 

structure region; showing that they are due to the solvent's impurities and not to the 

formaldehyde solutions. 
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Table 25.  Other absorption band centers founded in the C-H vibrational spectral zone 
of the formaldehyde cryosolution in krypton. 

125 K 128 K 133 K 137 K 
2802.0 2799.8 2794.6 2740.3 
2863.4 2863.0 2866.9 2756.8 
2891.4 2896.1 2871.5 2795.0 
2916.1 2925.9 2879.1 2864.6 
2936.7 2941.2 2888.7 2872.7 
2955.0 2948.0 2907.0 2879.3 
3006.2 2964.4 2913.8 2889.4 
3048.2 3010.2 2921.9 2905.6 

 3048.2 2936.2 2913.1 
  2944.4 2922.3 
  2950.2 2931.0 
  2970.2 2938.8 
  3011.7 2943.9 
  3048.5 2952.6 
   2970.3 
   3012.2 
   3048.5 

 

Table 26.  Other absorption bands in the 2000-2300 cm-1 spectral zone of formaldehyde 
in liquid krypton spectrum. 

Temperature (K) absorption band center (cm-1) 
 

125 2273.5, 2173.3, 2049.5 
128 2273.4, 2173.5, 2049.8 
133 2273.5, 2173.6, 2050.0 
137 2273.6, 2173.9, 2050.1 

LKr (125) 2273.8, 2173.3, 2049.7 
 

Other weak bands at lower wavenumber appear consistently at 1050, 830, 800, and 

663 cm-1.  These signals are attributed to the paraformaldehyde. 
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Analysis of the frequency from geometrically optimized formaldehyde was made 

using gaussian 03123 at both, DFT and HF levels in gas phase and at room temperature 

are presented in Table 27.  Hybrid density functional theory (B3LYP) was done using 

the polarized basis set 6-311++G.  HF level was done with the split valence basis set 6-

31G.  The experimental bands v5 and v6 reported in this table were taken from the 

reference87. 

Table 27.  DFT and HF vibrational frequencies (cm-1) of formaldehyde in gas phase at 
room temperature 

Normal 
mode 

B3LYP/6311++G10 B3LYP/6311++G11 RHF/6-31G 12 exp. 

v1 2850.1 2771.0 2851.0 2787.0 
v2 1665.6 1683.4 1695.5 1745.5 
v3 1498.8 1514.4 1486.2 1501.0 
v4 2928.9 2965.3 2933.1 2846.1 
v5 1233.6 1247.6 1220.1 1249.1 
v6 1180.7 1189.7 1180.0 1167.3 
2v3 2997.8 3027.7  3022.2 
 

Comparison of computed vibrational mode frequencies against experimental 

information results in overestimation of v1, v4, and v6 for scaled harmonic frequencies at 

both theory levels, DFT and HF.  Anharmonic frequencies at DFT level overestimate v4, 

and v6, while v3 is greater for 119 cm-1.  Other works that involve higher level of theory, 

i.e. with additional diffusion basis set or other post Hartree-Fock like MP2 level with 

polarized and diffuse basis set,171, 172 did not show a significant improvement in 

quantitative results. In those works the trend of calculated frequencies (and intensities) 
                                                
10Scaled harmonic frequencies, scale factor 0.9719 
11Anharmonic frequencies 
12Scaled harmonic frequencies, scale factor 0.8883 
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are the same as the experiment ones, and agree with the calculations presented here, at 

lower computational cost. 

Does water ice interact with the formaldehyde? The OH stretching spectral zone  

Although a LN2/EtOH trap was used to avoid impurities such as H2O coming from 

the krypton bottle, the water ice signal was not eliminated but minimized, producing 

interesting results.  Several changes could be observed between the formaldehyde 

cryosolution and the pure liquid krypton spectrum.  Ice formed at extremely low 

temperature is usually amorphous.173  Comparison with astronomical ice signal, which 

is reported at 3300 cm-1, shows a considerable blue shift to 3236 cm-1 in the pure liquid 

krypton spectrum.174  The LKr spectrum presented here, also shows some structure due 

to a combination of amorphous and crystalline hexagonal ice (Ih).  In the formaldehyde 

cryosolution, the maximum absorption signal of ice is slightly shifted to lower 

wavenumbers as the temperature increases from 3231 cm-1 at 125 K, to 3230 cm-1 at 

128 and 133 K, and shifted to 3224 cm-1 at 137 K.  Additionally, 3 individual narrow 

bands appears at higher wavenumber in the formaldehyde cryosolutions at 3699, 3596 

and 3460 cm-1.  The first two correspond to OH asymmetric and symmetric stretching 

modes of the water monomer.  These three bands are characteristic of the OH stretching 

mode of water's dimer upon formation of hydrogen bond.  However, even the band at 

3460 cm-1 is missing in the pure krypton spectrum, it barely appears in the gas phase at 

3471 cm-1, indicating that it does not come from the complex formation water-

formaldehyde but corresponds to the COstretching first overtone.  Analysis of the 

spectral features of the OH stretching zone is summarized in Table 28. 
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Table 28.  Water ice in LKr spectral features. 

assignation T 휈 FHWM A IA. G/L 
 (K) (cm-1) (cm-1) (au) (ua/ cm-1)  

OH v3 asym.  st.  (H2O) 125 3699 6.099 0.0210 0.1696 0.491 
monomer 128 3699 6.387 0.0199 0.1683 0.491 

 133 3699 6.320 0.0180 0.1496 0.500 
 137 3699 8.244 0.0148 0.1612 0.498 
 LKr 3699 5.787 0.0227 0.1488 0.500 
 gas 3756     

OH v1 sym.  st.  (H2O) 125 3596 5.433 0.0110 0.0794 0.491 
monomer 128 3596 6.288 0.0109 0.0906 0.484 

 133 3597 6.556 0.0096 0.0829 0.500 
 137 3597 8.485 0.0080 0.0897 0.498 
 LKr 3596 4.026 0.0146 0.0559 0.499 
 gas 3657     

2v2 125 3460 16.000 0.0080 0.1753 0.470 
monomer 128 3460 14.413 0.0094 0.1800 0.464 

 133 3460 19.100 0.0078 0.1944 0.487 
 137 3460 19.723 0.0076 0.1973 0.486 
 gas 3490     

OH st.  (ice) 125 3147.5 130.500 0.0165 2.9816 0.352 
 128 3146 131.3 0.0113 2.0585 0.347 
 133 3142 143.5 0.0105 2.0387 0.432 
 137 3142 143.6 0.0121 2.0470 0.431 
 LKr 3136 102.1 0.0896 10.5542 0.616 

OH st.  (ice) 125 3237.8 145.600 0.0410 8.2130 0.374 
 128 3238 145.9 0.0255 5.1477 0.355 
 133 3242 148.1 0.0266 5.2791 0.442 
 137 3242 148.2 0.0265 5.2792 0.441 
 LKr 3232 116.9 0.1524 25.3885 0.279 

OH st.  (ice) 125 3363.8 166.200 0.0198 4.5862 0.336 
 128 3367 169.2 0.0135 3.2038 0.319 
 133 3382 144.8 0.0119 2.3237 0.441 
 137 3382 144.9 0.0121 2.3608 0.439 
 LKr 3356 175.0 0.0896 18.8863 0.718 

 



 

168 
 

Electronic structure calculations were done with gaussian 03123 in order to 

corroborate the formation of hydrogen bond between the formaldehyde and the water 

monomers.  Geometrical parameters are shown in  

Table 29.  The energy minimum in potential energy surface corresponds to a 

proposed 5-member ring structure as shown in Figure 72.  Structural parameters point to 

a double hydrogen bonded cluster, kind donor-acceptor.  Calculation results shows 

elongation of the bond distances of both the OH and CH involved in the hydrogen 

bonds, and shortening of the free OH and CH bonds of the water and formaldehyde.  

Characteristic distance around 2 Å for the donor, and 2.6 Å for the acceptor hydrogen 

bonds are obtained theoretically.  In contrast, energy stabilization of 6.685 and 6.680 

Kcal/mol at HF and DFT level, respectivelly, have been obtained.  That is, energy 

analysis reveals that only the donor hydrogen bond is formed.  

Table 29.  Geometrical parameters of water-formaldehyde complex.  Hydrogen bonding 
is referred to the water molecule, it could be donor (d) or acceptor (a).  OH bond 

distances are distinguished as hydrogen bonded (b) or free (f).  r's are in Å, and angles, 
A, are in degrees. 

r CH r CO r OH r O…H A (HCO) A (HCH) A (HOH) 
formaldehyde 
B3LYP/6-311G++ 1.099 1.230 121.7 116.6 
HF/6-31G 1.081 1.210 121.7 116.6 
exp 1.108 1.206 116.3 
water 
B3LYP/6-311G++ 0.971 110.6 
HF/6-311G 0.950 111.4 
exp 0.958 104.5 
water-formaldehyde 
B3LYP/6-311G++ 1.095 b 1.235 0.980 b 1.925 d 121.1 b 118.0 111.6 

1.096 f 0.969 f 2.696 a 120.9 f 
HF/6-311G 1.079 b 1.215 0.954 b 2.041 d 121.2 b 117.8 112.6 
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1.080 f 0.948 f 2.587 a 121.0 f 
 

The water-formaldehyde complex has 15 fundamental vibrational modes.  Nine of 

these vibrations are similar to those in the isolated monomers.  Frequency analysis at 

HF/6-31G level shows a blue shift from the free monomers to the complex of 19.7 cm-1 

for the symmetric CH stretch; 5 cm-1 for the rock and 16 cm-1 for the waving CH2 and 

HOH bending modes.  A remarkable blue shift of 646.5 cm-1 for the asymmetric CH 

stretching mode is found in the calculations.  On other hand, red shift is calculated for 

the stretching mode (21.7 cm-1), CH2 scissors (10.8 cm-1) and for the symmetric and 

asymmetric stretching modes of the water (40.0 and 17.4 cm-1, respectively).  From the 

6 modes remaining, 2 of them are clearly assigned to unique intermolecular modes with 

scaled HF frequencies 103 and 171 cm-1, corresponding to intermolecular bending 

motions.  The higher energy mode is associated with the stretching of the hydrogen 

bond donor, and the other its equivalent on the acceptor.  Simulated spectrum of the 

complex in contrast with the pure monomers is shown in Figure 72.  The same trend is 

found at the B3LYP level of theory. 

Other reported electronic structure calculations at B3LYP/6-311++G(3df,3dp) lev-

el175 showed that a closed-like structure is needed to form hydrogen bond, in agreement 

with the theoretical results presented here.  Nevertheless, less energetically favorable 

has been also predicted.176 

Future work 

Dimerization of water-formaldehyde aggregate has been predicted theoretically and 

has been obtained experimentally in solid matrix isolation.  Here it is proposed to study 
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the cluster water-formaldehyde formation in cryogenic solutions.  For this, at least, one 

order of magnitude higher concentration of formaldehyde should be used in order to get 

a high enough amount of the complex to be recorded.  In addition, far infrared spectra 

are desired to find some water-formaldehyde intermolecular modes as proposed by 

Zhang et al.177 and predicted by electronic structure calculations.  For better control, 

quantification of water on the sample is also desired. 

Beyond the study of complex formation in cryogenic solutions, it would be interest-

ing to obtain the thermodynamic and kinetic study of chemical reactions within other 

small molecules, such as simple amines and formaldehyde in cryosolutions.  The possi-

ble abiotic formation of biomolecules as a part of the chemical evolution of a planetary 

environment involves the transformation of simple but reactive organic molecules.  

These precursors are small organic compounds with multiple bonds in their structures, 

such as H2CO and HCN.  For example, the evolution of HCN in aqueous solution, 

through the formation of a tetramer, can produce adenine (for a review, see178).  Anoth-

er example is the formation at low temperature of aminomethanol (NH2CH2OH) which 

results from the purely thermal reaction of icy NH3 and H2CO in presence of water ice 

179.  Lot of molecular material is frozen on the icy mantle of dust grains of a protostar, 

comets, and planets.  Heating by infrared photons, and/or ultraviolet irradiation trigger 

chemical reactions and modify the ice composition. Newly formed molecules can be 

released into the gas phase, or in the case of Titan, could participate in the methane hy-

drological-alike cycle.  
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Figure 72.  Simulated spectra at HF/6-31G level of theory of a) paraformaldehyde, 
b)formaldehyde, c) water-formaldehyde complex, and d) water. 
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CHAPTER SEVEN 

Conclusions 

In this chapter, general conclusions of this work are presented.  The main goals of 

this dissertation: to study spectroscopic properties and to measure solubilities of small 

organic molecules in cryosolvents by mimicing enviromental conditions of the lakes on 

the Saturn’s moon, Titan were successfully achieved. 

A New Thermal Lens Spectrometer 

TL The thermooptical technique is based on the temperature rise that is produced in 

an illuminated sample by nonradiative relaxation of the energy absorbed from a laser. 

Thus, its intensity can be enhanced by improving the nonradiative relaxation processes 

of the analyte and more significantly the thermal physical properties of the solvent.  In 

this work, a new configuration that involves three beam colinearlly aligned through the 

optical path is presented.  One of the beams, is the probe beam, used to masure the 

thermal lens effect, and the other two beams correspond to excitation lasers.  Of these 

two excitation laser, one is a tunable dye laser, with a variable wavelenghts (for scaning 

the spectral range), and it is the responsabile for excitation from the ground to the sixth 

vibrational state.  Once the analyte is excited, a second laser takes the sample to a 

higher electronic state, which leads to an incrment on the population of the sixth 

vibrational state, enhancing the thermal lens signal.  Both, double- and triple-beams in 

the collinear configuration were employed in this work resulting in suscessful 

enhancement of the TLS. 
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Spectroscopy and Solubility of Benzene 

The v = 6  overtone of Benzene by Thermal Lensing Spectroscopy 

The fifth CH vibrational overtone spectra of benzene in concentrations from 2 to 6 x 

10-5 mole fraction were recorded in the region 16200-17000 cm-1 in cryogenic solutions 

in argon, krypton, and ethane using thermal lens spectroscopy in the traditional collinear 

double-beam configuration, and in the new triple-beam configuration. 

Calibration of the thermal lens apparatus was done by recording v = 6 of liquid 

benzene, resulting in a maximum frequency of 16480 cm-1 in agreement with reported 

values in the literature. 

Cryosolutions of benzene in concentrations as low as 2 and 3 x 10-5 mole fraction 

(17 and 32 ppm) were recorded in liquid argon and krypton, respectively, showing max-

imum frequencies at 16445 and 16389 cm-1.  Solutions of benzene dissolved in liquid 

ethane were recorded for first time in concentrations ranging between 49 and 58 ppm at 

temperatures of 100, 120, and 150 K with the double- and triple- TL spectrometer con-

figuration.  The fifth CH vibrational overtone transition was located at 16496 cm-1 with 

a deviation of ± 7 cm-1.  Frequency red shift was observed for the benzene overtone 

with all the solvents used.  The maximum frequency shift corresponds to the cryosolu-

tion of benzene in liquid ethane, and the lowest in liquid argon.  Regular theories of so-

lutions do not predict properly the frequency shift; anharmonicity terms should be in-

cluded to improve the theoretical models. 

The use of the third laser beam in the TL spectrometer allowed higher intensity of 

TLS for a factor greater than 1, and higher than the predicted values. 
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Solubility and Thermodynamics of Benzene in Liquid Ethane 

The solubility of benzene in liquid ethane has been measured by recording the 

vibronic transition 퐴 퐵 ← 푋 퐴  using UV-Vis spectroscopy at different 

temperatures.  Thermodynamic enthalpy and entropy of solution values were obtained 

from the experimental data. 

Fusion enthalpy and entropy values of benzene were also obtained; and their values 

are in agreement with the reported on the literature.  Table 30 summarises all these 

results. 

Spectroscopy of Ethylene in Cryosolutions: Effect of the Solvent 

The v = 6 CH Vibrational Overtone of Cryosolutions of Ethylene by Thermal Lensing 
Spectroscopy. 

The fifth CH vibrational overtone of cryosolutions of ethylene in liquid nitrogen (1 

to 4 x 10-4 mole fraction), argon (around 4 x 10-4 mole fraction), krypton (3.5 x 10-4 

mole fraction) and ethane (on the order of 10-3 mole fraction) are presented for first time 

(only cryosolution in liquid krypton was recorded before by Manzanares (with Lopez-

Calvo et al.).  These spectra were recording using thermal lensing with both double- and 

triple-beam configurations.  Band deconvolution (using Gaussian-Lorentzian contribu-

tions) allowed isolation of individual transitions.  Even though thermal lens spectra of 

ethylene cryosolutions in liquid krypton and argon have been reported recently by Man-

zanares group (with Lopez-Calvo et al.), the concentration, in mole fraction, of the solu-

tions presented here are one order of magnitude lower.  Besides, recording of these sig-

nals upon two photons absorption using thermal lens signal represent an original contri-

bution to the area.  Additionally, visible spectra of ethylene dissolved in liquid nitrogen 
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and ethane have been recorded for the first time.  Apparent maximum wavenumber, and 

result after band isolation (by deconvolution) are similar. There is no statistical differ-

ence between them.  

The frequency of the CH v = 6 transition of ethylene was 16462 cm-1 in liquid ar-

gon, 16458 cm-1 in liquid krypton, 16474 cm-1 in liquid nitrogen, and 16392 cm-1 in liq-

uid ethane. Frequency shift to lower wavenumber due to the presence of the solvent was 

observed to be (LN2) > (LAr) > ((LKr) > (LC2H6), and depends quadrati-

cally with the density of the solvent through the equation:  = 0.26 2 - 19.063  + 

427.71.  Pure ethylene liquid deviates from this behavior.  There is no correlation be-

tween the frequency shift and the temperature of the solvent. 

Enhancement of the TLS using the triple-beam configuration was found to be 

around twice the TLS in the double-beam configuration 

Table 30.  Solubility of iced benzene dissolved in liquid ethane at different tempera-
tures. Experimental enthalpy and entropy of the solution, and the fusion of benzene 

Temperature Solubility 

(K) (ppm) 

103 35 
111 42 

132 78 

162 140 

Δ퐻  (3641 ± 257) J mo-1l 

Δ푆  (-29 ± 4) J K-1mol-1 

Δ퐻  (13894 ± 834) KJ mol-1 

Δ푆  (26 ±3 ) J K-1mol-1 
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Full bandwidth at half maximum, 1/2, of the fifth overtone main band changes 

from 89 cm-1 in gas phase to 149, 140, 121, and 144 cm-1 in liquid argon, krypton, ni-

trogen, and ethane, respectively.  Effect over 1/2 in presence of argon, krypton and 

ethane are similar, while in the presence of nitrogen, the widening was half that of the 

other solvents. 

The Vibrational Spectroscopy of Ethylene Cryosolutions by FT spectroscopy 

The vibrational CH modes v = 1-3 of ethylene mixtures in gas and condensed 

phase were obtained with FT spectroscopy.  Cryosolutions of ethylene were prepared 

with a concentration on the order of 10-4 mole fraction 

 
Fundamental Transitions.  Fundamental CH transitions of ethylene were recorded in 

a FT-IR spectrometer in gas phase and in gas mixtures at temperatures closer to the 

ethylene’s boiling point, and in solid stated dissolved in liquid argon, krypton, nitrogen, 

and xenon from 600 to 4000 cm-1.  Red frequency shift is observed for all the solvents. 

In general, the frequency shift changes from solvent to solvent as follows:  (LN2) > 

(LAr) > ((LKr) > (LXe). 

In the CH stretching transition region, around 3000 cm-1, the normal mode 9, 

changes linearly with the density of the solvent.  The normal mode v11, and the combi-

nation band v2+v12, could be fit to a linear equation depending on the density of the sol-

vent; liquid xenon deviates, making the fitting not as good.  Once more, pure liquid 

ethylene deviates totally from this behavior.  Lower frequency transitions also presented 

frequency shifts to lower wavenumber.  Ab initio and density functional calculations of 

ethylene in gas phase and in the presence of the solvent at the experimental temperature 
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were done with Gaussian 03.  Results for pure ethylene in gas phase are in agreement 

with the experimental results.  Harmonic frequency analysis does not predict a frequen-

cy shift in the presence of the solvent.  Inclusion of anharmonicity into the potential 

function allowed the frequency to shift in presence of the solvent.  However, a better 

description of the solvent is likely required in order to agree accurately with the experi-

mental results. 

 
Overtone Spectroscopy, v = 2-3 of Ethylene Dissolved in Rare Gases and Nitro-

gen.  First and second vibrational overtone transitions of ethylene in liquid nitrogen, 

argon, krypton and xenon were recorded in a FT spectrometer.  A complicated mani-

fold, highly populated of combination bands precedes the main CH overtone bands.  

This pattern is repeated where combination and overtone bands alternate.  Identification 

of the vibrational modes was done after isolation of the bands by deconvolution. 

Solubility of ethylene in liquid argon at 92 K was measured to be 7.61 x10-4 mole 

fraction by recording the first overtone band. 

Spectrosocopy of 2-methyl-1,3-butadiene dissolved in liquid rare gases.  

Fundamental vibrational FT-IR spectra of 2-methyl-1,3-butadiene spectra were 

recorded in gas phase and in cryogenic solutions in argon, nitrogen and xenon.  It was 

observed that the CH transitions in gas phase at 3095 and 3027 cm-1 (doubly and triply 

degenerate, respectively) were split into two bands each.  Frequency shift to lower wa-

venumber was observed due to presence of the solvent.  Solubility of 2-methyl-1,3-

butadiene in liquid argon was measured to be 13 ppm at 86 K by a spectroscopic 

method. 



 

178 
 

Solubility in Liquid Argon.  UV-Vis spectra of 2-methyl-1,3-butadiene 2.6 ppm was 

recorded for first time in liquid ethane, with a maximum absorbance at 219 nm, shifted 

by 3 nm compared to the gas phase value, recorded at 216 nm. 

FT-IR of Formaldehyde Dissolved in Liquid Krypton 

An FT-IR spectrum of formaldehyde dissolved in liquid krypton in a concentration 

of 1. x 10-5 mole fraction was recorded in a spectral range 600-4000 cm-1.  Shifting to 

lower wavenumbers was observed in solution to be 5 cm-1 for v4, v3 and v2, but 11 cm-1 

for the CH symmetric stretching mode, v1.  Impurities of iced water and CO2 were 

identified in the spectrum.  Theoretical analysis of frequencies was done with gaussian 

03 at Hartree-Fock and Density Functional theory levels. Possible dimerization with 

water is discarted by the calculations. 
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APPENDIX A 

Remote Control and Data Acquisition Systems 

Control and Data acquisition (DAQ) of the thermal lens spectrometer are performed 

together using a LabView software developed in our laboratory.  It is called MyTher-

malLens.  Description of this program is shown followed.   

DAQ is carried out by reading the outlet date from the lock-in amplifier to the com-

puter through a GPIB (general purpose interface bus) card.  This data is decoded by the 

software resulting in a spectrum of the ratio of the thermal lens signal/excitation signal 

in function of the wavenumber. Finally the resulting spectrum data is written in a ASCII 

format for further analysis. 

The main window is shown in Figure , initial and final position of the micrometer is 

written by the user, as well the step size, which is limited by the motor specifications.  

A calibration curve between the positions of the micrometer with the wavelength is 

needed.  The user also chooses the pause between readings. The frequency of the wave 

generator and the sensitivity is the actual reading. 

Three plots in real time are acquired from the lock-in amplifier data.  On the top of 

Figure A.1.  Main window of the software  for control and DAQ:  MyThermalLens, the 

ratio of the thermal lens voltage (middle) and the excitation voltage (bottom) spectra, 

this corresponds to the thermal lens signal in function of the number of steps. 

The code behind this is shown in Figure  to Figure .  In first place the GET VOLT 

registers the reading form the lock-in amplifier for starting point, and the data point 

with the TL voltage, excitation voltage and TLS with the step number and 
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Figure A.1.  Main window of the software  for control and DAQ:  MyThermalLens 

micrometer position is plotted and saved .  Then the signal generator moves the motor 

for one step, registering once more the reading of the lock-in amplifier and micrometer 

position, and saving them in a arrangement of data points. Doing this iteratively until 

the final position is reached.  After all data is storage, translation into spectrum in func-

tion of the wavenumber is achieved. 

 



 

182 
 

 

Figure A.2.  Voltage acquisition 

 

Figure A.3.  Stepper motor control 
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Figure A.4.  Storage of rough data points 

 

Figure A.5.  Addressing of the GPIB, and storage of data points. 
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Figure A.6.  DAQ, and addressing of the information out from the lock-in amplifier 
through the GPIB 

 

Figure A.7.  Main window of the plotting of TLS, TL voltage, and excitation voltage in 
function of the wavenumber 
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Figure A.8.  Code of plotting of TLS, TL voltage, and excitation voltage in function of 
the wavenumber Translation of the DAQ data to the TLS.  Calibration curve parameters 
between micrometer position and wavenumber are needed in this step. 

Temperature Controller of the cryostat and DAQ from the thermocouples (head of 

the cryostat and cell) are managed by SI model 7900 software provided by the manufac-

turer.  Main window is shown in Figure  
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Figure A.9.  Temperature controller and DAQ software 
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APENDIX B 

Change of the Density of Condensed Gases with the Temperature. 

Table B.1.  Change of the density of condensed gases with the temperature 

T 
(K) 

Ar 
(mol/L) 

T 
(K) 

Kr 
(mol/L) 

T 
(K) 

Xe 
(mol/L) 

T 
(K) 

N2 
(mol/L) 

T 
(K) 

C2H6 
(mol/L) 

85 35.284 116 29.197 161 22.592 77 28.832 95 21.50 
86 35.131 118 29.017 162 22.542 78 28.67 100 21.32 
87 34.977 120 28.835 163 22.492 79 28.506 125 20.41 
88 34.822 122 28.652 164 22.441 80 28.341 150 19.47 
89 34.667 124 28.467 165 22.39 81 28.175 175 18.49 
90 34.511 126 28.281 166 22.339 82 28.006 
91 34.353 128 28.093 167 22.288 83 27.837 
92 34.195 130 27.902 168 22.237 84 27.665 
93 34.035 85 27.492 
94 33.875 
95 33.713 

 

Data obtained from NIST chemistry data bank 
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