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CHAPTER 1 

INTRODUCTION 

  Sulfur compounds are some of the most prolific contaminants of hydrocarbon fuel, and 

their combustion can produce many compounds which are deleterious to human and 

environmental health.  Radical kinetics play a major role in both combustion chemistry when 

sulfur pollutants are released, and in the atmospheric chemistry sulfur takes part in.  Quantitative 

modeling of this chemistry requires the mechanism, i.e., the set of elementary chemical reactions 

that controls the overall behavior of complex systems. The critical data needed to construct a 

mechanism are the rate constants for the elementary reactions and the thermochemistry of all the 

species involved. While such data are usually available for regular molecules, a feature of much 

gas-phase chemistry is the dominant role of radical chain reactions which are influenced by the 

thermochemistry and reactivity of short-lived radical intermediates. The focus of this thesis is on 

studying individual reactions of methanethiol, CH3SH, and carbon disulfide, CS2. Both 

computational and experimental techniques are applied to obtain information that will help the 

construction of quantitative mechanisms involving these species. The emphasis is on chemistry 

initiated by reaction with hydrogen atoms, because these are usually the most abundant radicals 

in a flame.  

 CS2 is present in the troposphere as a consequence of natural volcanic activity and 

anthropogenic sources.1  It is also produced in small quantities during hydrocarbon combustion, 

where along with CS it contributes to the formation of OCS in flames.2  CS2 may also be 

oxidized to OCS in the atmosphere but not all the mechanistic details are clear. Direct reaction 

with OH to make SH and OCS has been studied computationally and this work3 indicates a 

barrier to reaction of 40 kJ mol-1 which will make this process very slow under atmospheric 
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conditions. An alternative pathway is formation of a weakly bound CS2-OH complex which can 

then react with O2 to make OCS plus HOSO.3 HOSO in turn will be rapidly oxidized to SO2, but 

OCS is long-lived and survives long enough to reach the stratosphere. Further oxidation 

ultimately to sulfuric acid can lead to formation of high-altitude aerosol particles that act as 

nuclei for cloud condensation.4 Altering the degree of light scattering from clouds may influence 

climate change.5 In a different atmospheric context, the atmosphere of the planet Venus, while 

predominantly carbon dioxide, contains significant quantities of sulfur compounds and the thick 

cloud layer appears to involve a sulfuric acid component.6  Methanethiol and related compounds 

are emitted into Earth’s atmosphere from plankton, where they are thought to be oxidized, in a 

series of steps which have not all been characterized, to SO2 and sulfuric acid.4 The possibility of 

formation of even a small fraction of relatively inert OCS along this pathway is of interest. 

 Sulfur compounds are found in fossil fuels, and coal may contain up to 10% sulfur.4 

Methanethiol, along with hydrogen sulfide and ethanethiol are volatile sulfur compounds present 

in liquefied petroleum gas (LPG).7 Thermal decomposition of methanethiol begins to occur 

above 1000 K.8, 9 Most of this fuel sulfur is oxidized to SO2 during combustion, but traces of SO3 

are especially problematic because they are hard to scrub from flue gas. These oxides contribute 

to smog and acid rain formation in the troposphere but can largely be removed from the effluent 

from stationary power plants by wet and dry scrubbing. In order to produce sulfur-free fuels for 

transport such as natural gas and modern gasoline and diesel fuel, and to prevent poisoning of the 

catalysts used to synthesize chemicals from hydrocarbon feedstocks, the sulfur initially present 

must be removed. The Claus process is a popular method.10 In the case of natural gas, sulfur is 

mainly present as H2S. Heavier hydrocarbons may be pre-treated with hydrogen and a solid 

catalyst, the initial step in the hydrodesulfurization process, to convert their sulfur content to 
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H2S. Partial oxidation is employed to convert some of the H2S to SO2, and then the 

disproportionation reaction  

 2 H2S + SO2 → 2 H2O + 3S 

yields elemental sulfur which is condensed and separated. Undesirable by-products include CS2 

and OCS. The study of hydrogen atom kinetics with CS2 presented here is motivated in part by 

the goal of improving existing mechanisms for the Claus process.10 

 Other situations involving methanethiol and carbon disulfide include the observation that 

in aqueous solution methanethiol can be metabolized by certain bacteria to produce methane.11, 12  

Carbon disulfide has been observed in comets,13 and in the context of astrobiology and origins of 

life, methanethiol is a potential precursor to sulfur-containing amino acids like cysteine. Carbon 

disulfide has been employed as a carbon source in diamond deposition 14 and its polymerization 

is catalyzed by heat, light and radiation.15, 16 

 Methanethiol has been useful in a variety of laboratory contexts, for instance as a 

photolytic radical precursor, both for H atoms and thiyl radicals.17 The Wine group used 

methanethiol as an H-calibration source for resonance fluorescence sensitivity for OH-formic 

acid research and the reactions O(1D) with HCl and HBr.18 Methanethiol is used often as  a 

model compound to study hydrodesulfurization on metal crystals, with the hope that data found 

for the simpler system will help in developing catalysts to deal with more complex sulfur-

containing compounds.19  These metal surfaces allow low-temperature S bond cleavage to 

release chemically-bound sulfur prior to removal from fuels and chemical feedstocks as outlined 

above. 

 Carbon disulfide also has uses in the laboratory, and one motivation for the present work 

arises from the use of CS2 in the Marshall group as a photolytic precursor for sulfur atoms in a 
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study of S + H2 → SH + H, where the chemistry of CS2 with H was in question because of 

possible influence on the rate of consumption of sulfur atoms.  Studies of the HSCS system may 

also cast light on the valence isoelectronic OH+CO/H+CO2 system, where a stable HOCO 

intermediate has been invoked to explain the unusual temperature dependence of the OH + CO 

reaction.20 

 Two strategies are applied here to gain information about the kinetics and 

thermochemistry of the reactions of atomic hydrogen with carbon disulfide and methanethiol, 

experimental and theoretical. The experimental approach is based on the flash photolysis 

technique that Norrish and Porter developed through the 1950’s, and which led to their 1967 

Nobel prize.21 A pulse of ultraviolet light generates short-lived radicals by photolysis of a 

precursor molecule, and the changing radical concentration is followed in time via electronic 

spectroscopy to obtain the kinetics. Advances in technology mean that the original photolytic 

source, a spark discharge through an inert gas sample, is replaced by a ultraviolet excimer laser, 

and detection of H atoms is via resonance fluorescence monitored by a sensitive photomultiplier 

with single photon counting, rather than photographically, but the principles are the same and are 

discussed in Chapter 2. Experimental results for the two reactions are provided in Chapters 3 and 

4, and are discussed in the context of results derived via computational chemistry. Available data 

for structures and energies obtained by approximate, numerical solution of the Schrodinger 

equation are used to help interpret the measurements by application of statistical mechanics to 

deduce rate and equilibrium constants. Chapter 5 provides some concluding remarks.  
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CHAPTER 2  

EXPERIMENTAL METHOD 

 Laser flash photolysis-resonance fluorescence techniques22, 23 were used to study two 

radical reactions.  Flash photolysis was developed by Norrish and Porter in the 1950’s.24  Short-

lived radicals are generated for the reaction by preparing a precursor gas with some covalent 

bonds that when absorbing a photon in the far UV will dissociate.  Knowledge of the precursor 

gas concentration, laser pulse energy, absorption cross-section and quantum yield will give us a 

reasonable estimate of the maximum radical concentration during the reaction, as discussed 

further on.   

 Resonance fluorescence is the detection technique developed in 1967 by Braun and 

Lenzi25 that monitors the radical concentration through the use of a plasma lamp. 

 The reactor has three perpendicular intersecting stainless steel tubes with an inner 

diameter of 2 cm.  The arms each extend 11 cm from their intersection, an 8 cm3 zone where the 

reaction takes place and can be observed.  The laser flash, resonance lamp and detector operate 

through quartz windows at the ends of each of the arms.  The quartz windows were cleaned with 

methanol as needed to remove any obfuscating buildup.  A 20 cm cube of insulating 2.5 cm thick 

alumina boards (Zircar Products ZAL-50) surrounds the reactor center. 

 An excimer laser (Lambda Physik Compex 102 and MPB PSX-100) filled with an Ar-F 

mixture lased at a wavelength of 193 nm to instigate dissociation, at a flash frequency of 

between 2.9 and 5 Hz.  Removable metal mesh filters were placed before the reactor to attenuate 

the flash intensity, and an adjustable aperture constrains the area of the pulse to a circle with 

known radius.  Laser flash intensity was measured before each day’s experiments using a 

Molectron model J25LP pyroelectric detector and Textronix 2440 oscilloscope before and after 
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passing through the reaction chamber.  The two quartz windows would diminish the intensity 

between 30-50%, so the geometric mean of the two measurements was used for the reported 

energy. 

 In order to accurately measure over a wide range of pressures several different 

specialized gauges were used.  For pressures in excess of 1 torr the MKS Baratron capacitance 

manometer was used.  Extremely low pressures (10-4-10-2 torr) were measured with an Edwards 

Penning 505 and Hastings NV-8 vacuum gauge tube, and the intermediate pressures were 

covered with a Welch or Varian 801 thermocouple vacuum gauge. 

 A mechanical pump (Welch 1397) was attached to the gas line and supplemented with an 

oil diffusion pump for obtaining vacuum. 

 Reagents were repeatedly frozen with liquid nitrogen in a cold trap, opened to the 

vacuum pump and subsequently thawed in order to purify the substances.  Mixtures were 

prepared by filling an evacuated bulb partially with sublimated gas or vapor from liquid reagents, 

recording the pressure and then closing the bulb.  The line would then be evacuated and filled 

with argon to a pressure at least 200 torr above the reagent pressure within the bulb before re-

opening the bulb.  The pressure gradient prevents the pre-measured reagent gas escaping into the 

line and ensures mixing of the reagent and bath gas through turbulence.   The bulb is 

subsequently filled to a pressure of 1020 – 1040 torr with the bath gas, after which the final 

pressure is recorded and the bulb sealed until the mixture is used, at least an hour later.  The 

turbulent mixing and the wait ensure a homogenous mixture in the bulb. 

 Argon was used as the inert bath gas, bringing pressures in the reactor to anywhere from 

20-500 torr.  Collisions with the bath gas help newly-formed radicals reach thermal equilibrium 
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with their surroundings and slow their diffusion from the reaction zone  The bath gas also 

provides collisional stabilization for any addition reactions taking place. 

 Flow controllers (MKS Type 1159B mass flow controller and Hastings Flowmeter) 

govern the entrance of gases to the reaction chamber.  Four controllers are used for the radical 

precursor mixture, reactant mixture, and additional bath gas mixture separately.  These three 

lines come together and the gases mingle in a section of the gas line before they enter the 

reaction chamber.  The final flow controller governs the “sweeper” gas, which is a low stream of 

bath gas (15 sccm) that enters the reaction chamber near each of the optical components to 

discourage the buildup of any dust or debris and additionally to insulate from temperature 

extremes. 

 

Figure 1: Instrumentation diagram, showing structure of reactor with side arms and electronic 

schematic. 
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 Experiments were carried out at temperatures ranging from room temperature to over 

1000 K.  Temperature was measured with a Type K (chromel/alumel) thermocouple probing the 

center of the reactor and an Omega readout (DP 285 K or DP 25B-TC).  An external heater 

(Omega CN 3910 K C/S) with its temperature probe outside the reaction area was used to reach 

and maintain experimental temperature.  Experiments were performed once the temperature 

stabilized within a ±1 K range, after which the thermocouple was removed from the reaction area 

to allow unimpeded photolysis. 

 The resonance lamp is a microwave discharge from an Opthos Instruments MPG-4 422 

microwave generator across a tube filled to around 150 millitorr with a dilution of between 

0.25% and 0.5% H2 gas in argon.  A tesla coil is used to ignite plasma.  This plasma creates a 

steady emission of Lyman-α photons at 121 nm reaching the reactor core, which are absorbed by 

hydrogen atoms present there and then emitted isotropically.  This fluorescence is detected by 

the photomultiplier tube (PMT), a solar-blind Hamamatsu R1459 tube with a MgF2 window and 

Cs-I photocathode.  The tube was given 2490 V with a Bertran Model 215 power supply. 

 The PMT signal is passed through an amplifier-discriminator, (Modern Instrumentation 

Technology F-100T) then interfaced with the computer using the multichannel scaler (MCS) 

card (EG&G Ortec ACS MCS Multichannel Scaler).  The MCS card allows the computer to 

display and record photon counts as a function of time.  The timing of the laser flash, detection 

by the PMT and data collection is arranged with a digital trigger/delay pulse generator (Stanford 

Research Systems DG 535, or an alternative pulse generator made by John White of the UNT 

physics department). 
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Treatment of Error 

 The pressure gauges could be read to a precision of 0.1 torr in the region below 100 torr 

and 1 torr for pressures in excess of 100 torr.  The zero point was checked daily and adjusted to 

compensate for any drift; atmospheric pressure for higher-pressure gauges was also verified with 

a mercury barometer. 

The temperature probes could be read to 0.1 K, and would visibly fluctuate around ± 1 K.  

A correction is made for possible radiative heat exchange between the thermocouple and reactor 

walls with an associated σT taken to be ± 2%.26  

The error in the flow controllers was determined through periodic calibration with argon 

and a Hastings Flowmeter Model HBM-1A.  The error of the calibration slope supplied the 1σ 

value for each flow controller.  The 1σ error in the pressure reading was taken to be the 

manufacturer’s reported uncertainty of 0.25% of the full scale. 
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Figure 2: A calibration plot for the flow controller responsible for the bath gas flow, with a slope 

of 2.3464 ± 0.0096  actual flow/displayed flow. 
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 The error in each gas concentration was determined by propagating independent errors 

found in the total pressure, ptot, individual gas flow, Fgas, total gas flow, Ftot, dilution ratio, abulb, 

and temperature, T. 
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+ �σFtot

Ftot
�

2
+ �

σabulb
abulb

�
2

+ �σT
T
�

2
�
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2

    (2. 1) 

 

 Single-exponential decays are fit by doing a non-linear least-squares fit of the decay and 

background to the generic exponential decay expression where kps1 is the pseudo first-order 

decay constant and A and B are constant. 

 

𝑓𝑓(𝑡𝑡) = 𝐴𝐴𝑒𝑒−kps1𝑡𝑡 + 𝐵𝐵          (2. 2) 

 

 Error in the second order rate constants takes into account both the error in concentration 

as detailed above and also y-coordinate error from the error from the exponential fitting of the 

first-order rate constant. 

Linear least squares fitting varies parameters in the function f in an attempt to minimize 

χ2: 

 

𝜒𝜒2 =  ∑ (𝑓𝑓(𝑡𝑡) − 𝑦𝑦𝑡𝑡)2𝑤𝑤𝑡𝑡
𝑛𝑛
𝑡𝑡=1          (2. 3) 

 

 The weighing factor, wt, in pulse-counting experiments can be taken as the reciprocal of 

the variance of yt which, since it follows Poisson statistics is simply equal to yt  
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CHAPTER 3  

H + CH3SH 

Introduction 

Previous Work 

 The reaction has been studied previously to temperatures around 450 K, most notably by 

Wine et al.18 over 247-405 K at 50-76 torr using resonance fluorescence flash photolysis 

techniques with 248 nm laser pulses, and by Amano et al.27 over 313-454 K at between 250 and 

290 torr using an electron beam and mass spectrometry.  Previous work has found the reaction to 

be second-order, with no pressure dependence observed over the narrow ranges studied.  The 

reaction has also been studied without temperature variation at room temperature. 

 The Wine group was able to formulate the rate expression (3.45 ± 0.138) x 10-11 

[cm3/molecule s] e-7026 ± 70 [J/mole]/RT over the observed temperature range. 

 

Table 1:  Summary of previously reported rate constants at 298 K with 1σ error.  The listed rate 

constant refers to the overall reaction forming any products, not to any specific channel.  The 

Wine group number is evaluated using their reported rate expression. 

Author 
k / 10-12 cm3 
molecule-1 s-1  error 

Vaghjiani et. al.28 2.13 ± 0.31 

Martin et. al.29 2.19 ± 0.20 

Wine et. al. 2.02 ± 0.10 

this work 2.11 ± 0.18 
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 Potential reaction pathways include the breaking of the S-H bond as in (3.1) the breaking 

of the C-H bond as in (3.2), and the cleavage of the C-S bond with the hydrogen bonding to the 

sulfur (3.3) or carbon (3.4): 

 

H + CH3SH 
     𝑘𝑘1     
�⎯⎯⎯� H2 + CH3S     (3. 1) 

H + CH3SH 
     𝑘𝑘2     
�⎯⎯⎯� H2 + CH2SH     (3. 2) 

H + CH3SH 
     𝑘𝑘3     
�⎯⎯⎯� H2S + CH3     (3. 3) 

H + CH3SH 
     𝑘𝑘4     
�⎯⎯⎯� SH + CH4      (3. 4) 

    

 Thermodynamic analysis was performed using existing enthalpies of formation data for 

H,30 CH3SH,31 CH3S,32 CH3,33 SH34 and CH4
34.  All pathways were found to be exothermic, with 

ΔH0 = -74.3 kJ mol-1 for pathway (3.1), ΔH0 = -71.8 kJ mol-1 for pathway (3.3) and ΔH0 = -130.8 

kJ mol-1 was found for pathway (3.4).  Using computational data for CH2SH provided by 

Thompson,35 ΔH0 = -28.4 kJ mol-1 for pathway (3.2).  In this case enthalpies were determined 

using QCISD/6-311G(d,p) geometries followed by UCCSD(T)/RHF extrapolated to the CBS 

limit from coupled cluster with triple zeta and quadruple zeta basis sets. 

 The Amano group used mass spectrometry to observe separate rate constants for 

reactions (3.1) and (3.3)27.  For pathway (3.1) the rate expression was found to be 4.82 x 10-11 

[cm3/molecule s] e-10890 [J/mole]/RT and for pathway (3.3) found the expression to be 1.15  x 10-11 

[cm3/molecule s] e-6992 [J/mole]/RT.  

 The particular pathway (3.1) has been studied at room temperature relative to H addition 

to ethylene by with Steer et. al.17 finding a ratio of 2.32±3.9x10-1 and Kuntz et. al.36 with 

1.7±2.0x10-1.  Balla and Heicklen37, 38 have derived values of channel (3.1) around 4.07x10-13 
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cm3 molecule-1 s-1 and 1.79x10-12 cm3 molecule-1 s-1 fitting around the more complex 

mechanisms involving H + NO and H + O2, respectively.  By comparison with the direct 

measurements shown in Table 1, the latter figure appears to be more accurate. 

 

Methanethiol Photolysis 

 Methanethiol can photolyze along two pathways, breaking either the S-H bond or the C-S 

bond 

 

 CH3SH + hν → CH3S + H        (3. 5) 

 CH3SH + hν → CH3 + SH        (3. 6) 

 

 The bond dissociation energy has been measured at 92±1 kcal mol-1 for the S-H bond and 

75±1.5 kcal mol-1 for the C-S bond.39  The second pathway was measured at 7% by Bridges and 

White 40 at 248 nm, and has been found to be much more significant at shorter wavelengths. 40 

 For lower temperatures methanethiol itself was used as the hydrogen source, with flash 

energies kept low to minimize radical concentrations.  At higher temperatures it became 

increasingly difficult to generate enough H atoms to observe the reaction without generating 

excessive secondary chemistry leading to a compromise in pseudo-first order behavior.  

Ammonia was used instead, and checked at lower temperatures to ensure agreement with the 

methanethiol-sourced points.  Ammonia has a larger absorption cross section at 193 nm than 

methanethiol, and a greater quantum yield of H atoms which makes its signal much easier to 

detect. 
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 H atom concentrations were calculated separately for the ammonia-sourced and 

methanethiol-sourced hydrogen, and added together to arrive at the reported H-atom 

concentration.  The number of incident photons, I0, was calculated from the laser intensity, E in J 

cm-2, where λ is the wavelength, 193 nm, c is the speed of light and h is Plank’s constant.  The 

cross-sectional area of the laser beam was 0.50 cm2. 

 

I0= E λ
c h

           (3. 7) 

 

 The Beer-Lambert law allows the calculation of the number of transmitted photons using 

the calculated radical precursor concentration, c, and l, the path length is taken to be 1 cm.  The 

absorption cross-section, σ, has been found to be 5.0 x 10-18 cm2 for ammonia41 and 1.86 x 10-18 

cm2 for CH3SH. 42 

 

Itrans= I0e-σcl           (3. 8) 

 

 The quantum yield (Ф) of H from ammonia is taken to be 1, and 0.55 for CH3SH.42 

 

[H]= (I0- Itrans) Ф          (3. 9) 

 

H atoms are removed through two channels: 

 CH3SH + H 
   k   
�⎯� products 

 H 
   kdiff    
�⎯⎯⎯� diffusion away from observation zone 

 

14 
 



We can write this rate expression using these two channels: 

 

 d[H]
dt

= -k [H] [CH3SH] - kdiff[H]= -kps1 [H]      (3. 10) 

where: 

 kps1= k [CH3SH] +  kdiff        (3. 11) 

 

 We employed [CH3SH] >> [H], so the change in [CH3SH] will be negligible over the 

course of the reaction.  This is referred to as pseudo-first order conditions.  Each observed decay 

should be a single-exponential, and as [CH3SH] is varied it should form a linear plot with kps1 

whose slope yields the second-order rate constant, as illustrated in Figure 2. 

 Using the above techniques, data was collected.  The observed hydrogen decay was fit to 

a single-exponential function, where A and B are constants: 

 

If = Ae-kps1t + B          (3. 12) 

 

The constant B accounts for a constant background in the signal, caused primarily by scattered 

photons from the resonance lamp, that prevents the decay from reaching zero intensity. 

 The exponential decay is fitted with a non-linear least-squares fitting algorithm which 

yields kps1 and its error.43, 44  A weighted linear least squares fit to the kps1 vs. [CH3SH] plot is 

used to determine the second order rate constant, with statistical analysis using the horizontal and 

vertical error bars to determine the 1σ error. 

15 
 



 A pressure dependence was not observed in this reaction, suggesting that the reaction 

pathway is abstraction to produce two products, rather than the addition of the H atom to CH3SH 

in some way.  Properties of addition pathways are explored in the next section. 
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Figure 2: This is an illustration of the determination of k1 by plotting kps1 with 1σ error bars 

obtained from each pseudo-first-order decay against [CH3SH].  The inset shows the decay from 

the first kps1 point.  In this experiment CH3SH was the only hydrogen atom source. 
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Experimental Results 

 

Table 2: H + CH3SH results   

T 
(K) 

τ 
(s) 

Laser 
(mJ 

cm-2) 

P 
(mbar) 

[CH3SH]max 

(1014cm-3 

molecule) 

[NH3]maz 

(1014cm-3 

molecule) 

k 
(10-12 cm3 

molecules-1  s-1) 

[H] 
(1011 cm-3 

molecule) 

[Ar] 
(1017 cm-3 

molecule) 
290 1.5 0.34 26.7 15.2 0 1.83 ± 0.16 5.1 6.6 
295 3.7 1.49 66.7 14.7 0 1.83 ± 0.27 22 16.3 
295 3.7 0.99 66.5 14.7 0 1.81 ± 0.15 14 16.3 
296 2.9 1.14 133.5 17.6 0 2.15 ± 0.10 20 32.7 
296 3.7 2.42 66.8 11.0 0 1.97 ± 0.09 26 16.4 
296 1.3 0.45 69.1 2.1 4.0 2.12 ± 0.06 9.7 16.9 
296 1.3 0.22 69.1 2.1 4.0 2.04 ± 0.06 4.7 16.9 
299 1.2 0.20 68.1 2.3 3.8 2.22 ± 0.09 4.1 16.5 
299 1.2 0.09 68.1 2.3 3.8 2.15 ± 0.09 1.9 16.5 
447 1.2 1.58 66.5 1.5 0 5.79 ± 0.28 2.4 10.8 
448 2.5 3.50 66.7 4.7 0 5.97 ± 0.38 16 10.8 
449 2.5 2.08 66.7 3.5 0 5.38 ± 0.07 7.2 10.7 
449 2.5 1.34 66.7 3.5 0 5.34 ± 0.05 4.7 10.7 
449 2.5 0.65 66.7 3.5 0 5.31 ± 0.34 2.3 10.7 
600 0.4 0.08 65.7 1.1 5.4 10.3 ± 0.39 2.3 7.9 
601 0.7 0.30 26.7 1.4 4.4 8.34 ± 0.33 6.8 3.2 
601 0.7 0.09 26.7 1.4 4.4 7.11 ± 0.25 2.2 3.2 
601 0.9 0.09 66.7 1.6 1.7 8.57 ± 0.17 0.93 8.0 
601 0.9 0.05 66.7 1.6 1.7 8.84 ± 0.49 0.45 8.0 
605 0.7 0.03 26.7 0.8 1.7 7.23 ± 0.61 0.29 3.2 
605 0.7 0.07 26.7 0.8 1.7 7.39 ± 0.57 0.68 3.2 
605 0.4 0.08 27.9 1.0 3.9 10.5 ± 0.31 1.6 3.3 
795 0.7 0.12 66.4 2.0 9.9 11.2 ± 0.8 6.0 6.0 
795 0.7 0.07 66.4 2.0 9.9 11.1 ± 0.5 3.7 6.0 
797 0.1 0.44 13.6 0.9 2.0 11.7 ± 1.1 4.7 1.2 
800 0.3 0.32 27.7 1.0 2.5 11.0 ± 0.7 4.2 2.5 
801 0.3 0.30 30.1 1.8 2.5 10.2 ± 1.5 4.1 2.7 
802 0.3 0.29 14.1 1.0 2.8 11.3 ± 0.8 4.3 1.3 
806 0.3 0.52 27.3 1.3 2.6 12.7 ± 0.4 7.2 2.5 
806 0.3 0.22 27.3 1.3 2.6 12.2 ± 0.7 3.1 2.5 
806 0.7 0.13 70.3 0.8 11.0 10.6 ± 1.6 7.2 6.3 
806 0.7 0.06 70.3 0.8 11.0 10.6 ± 0.7 3.5 6.3 

1002 0.08 0.07 15.7 0.6 2.4 17.0 ± 1.4 0.88 1.1 
1005 0.15 0.08 13.5 0.5 3.0 16.4 ± 1.5 1.2 1.0 
1014 0.11 0.08 13.9 0.3 3.0 16.1 ± 2.0 1.2 1.0 
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 The first column T is the reactor temperature in kelvin, τ, the residence time, refers to the 

average time the molecules take traveling through the reactor.  The Laser column records the 

measured energetic output of the laser, P is the pressure column, the [CH3SH] and [H] columns 

both list the maximum concentrations present during the reaction ([CH3SH] will necessarily vary 

for each point).  The k1 column lists the second-order rate constant for the CH3SH reaction with 

H and its 1σ statistical error.  The [Ar] column is the concentration of the argon bath gas, which, 

being orders of magnitude greater than any of the other concentrations, serves as a proxy for 

pressure. 

 

Analysis 

The Arrhenius equation can be rearranged to give a linear plot of ln(k) and 1/T: 

 

k=A e
-Ea
RT          (3. 13) 

ln k=- EA
R

1
T

+ ln A        (3. 14) 
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Figure 3: Arrhenius plot for H + CH3SH, with 1σ error bars. 

 

 The activation energy Ea was found to be 6.92 ± 0.16 kJ mol-1, with A = 3.45 x 10-11 ± 

0.19 cm3 molecule-1 s-1 with statistical error at 95% confidence (2σ).   This is in good agreement 

with the Wine group numbers, as shown in Figure 4.  Comparison with the total rate constant 

from Amano et al. indicates agreement to within a factor of 2-3, a larger deviation than expected 

from the statistical uncertainties alone. 
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Figure 4: Graphical overlay of the plot from Figure 3 with previous work in Arrhenius form. 

 

 Referring to Figure 4, the research of the Amano group found the paths through TS-1 and 

TS-3 to have similar contributions at room temperature, with the H2 + CH3S channel increasing 

in importance at higher temperatures.  The channel through TS-5 has a similar barrier to channels 

(1) and (3), but is a degenerate hydrogen swap that does not contribute to the change in [H] and 

cannot be observed without an isotope study. 

 

20 
 



-150

-100

-50

0

50

100

12.2TS-1

79.2

CH4+ SH

-126.6

10.5

42.9

SH2+ CH3

-69.5

H2+ CH2SH

-28.4

-71.0

H2+ CH3S

TS-3

TS-4

TS-2

0.0

CH3SH + H

11.7TS-5

0.0

CH3SH + H

UC
CS

D(
T)

/R
HF

 E
nt

ha
lp

y 
kJ

/m
ol

 

Figure 5:  Potential energy surface (PES)  for H + CH3SH from Kristopher Thompson,35 

extrapolation to CBS limit 

 

 The reaction can be modeled statistically by means of Transition State Theory (TST).  

Using TST we assume Boltzmann distribution of energetic states.  TST uses partition functions, 

Q, to model rate constants.  The partition functions were evaluated using the rotational constants 

and vibrational frequencies computed by Thompson.35 
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Table 3:  Rotational constants  

Species 
Rotational constants 
(GHz) 
B1 B2 B3 

CH3SH 103.0848 12.86755 12.34084 
H 0 0 0 
CH3S 158.41 13.28722 13.26603 
H2 1814.14   
CH2SH 143.4907 15.28591 13.8663 
CH3 13.67601 13.67601 6.83801 
SH2 14.86654 12.94859 6.92072 
CH4 157.3323 157.3323 157.3323 
SH 286.9797   
TS5 65.34035 12.78977 11.61512 
TS2 56.37945 11.31104 10.64434 
TS4 96.46689 8.83373 8.57707 
TS3 93.52185 10.72774 10.45059 
TS1 44.36347 12.7103 10.54515 
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Table 4: QCISD frequencies 6-311G(d,p) basis set 

Species Frequencies (cm-1) 

CH3SH 242 740 825 1010 1129 1129 1486 1504 2764 3079 3167 3167 

H ---- 

CH3S 623 740 898 1388 1416 1496 3054 3131 3151 

H2 4420 

CH2SH 264 404 808 856 1108 1451 2759 3189 3314 

CH3 434 1436 1436 3127 3309 3309 

SH2 1231 2764 2780 

CH4 1367 1367 1367 1573 1573 3046 3166 3166 3166 
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SH 2737 

TS5 -363 178 675 752 792 935 1045 1104 1407 1482 1499 1971 3083 3173 3184 

TS2 -1731 249 325 539 774 859 1008 1128 1271 1297 1449 1488 2756 3120 3210 

TS4 -1511 173 444 465 540 754 1101 1131 1219 1413 1417 2749 3110 3277 3282 

TS3 -691 199 366 561 675 900 935 1141 1347 1476 1484 2788 3075 3176 3187 

TS1 -1308 141 249 525 740 880 1009 1120 1410 1480 1500 1509 3076 3163 3166 
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Figure 6: Transition state TS1 

 

Figure 7: Transition state TS2 
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Figure 8: Transition state TS3 

 

Figure 9: Transition state TS4 
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Figure 10: Transition state TS5 

 Transition-state theory relates the reaction rate constant to Gibbs energy of the 

intermediate state along the reaction coordinate as: 

k = kBT
h

 e
-∆GTS

kBT          (3. 15) 
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 Breaking down the Gibbs energy into its components of enthalpy, temperature and 

entropy, and expressing entropy in microscopic terms, where W represents the total possible 

accessible microstates: 

∆G =  ∆H − T∆S        (3. 16) 

S = kB ln W         (3. 17) 

 The expression below relates the rate constant, k, to temperature, the ratio of partition 

functions, Q, for reactants and transition state, and E0, the difference in zero point energy 

between the transition state and reactants.  kB is the Boltzmann constant and h is Plank’s 

constant. 

k = kBT
h

 QTS

QHQCH3SH
 e

-E0
kBT        (3. 18) 

 Q is calculated for translational, rotational and vibrational degrees of freedom using the 

standard relationships:45 

Q =  QtransQrotQvibQelec       (3. 19) 

Qtrans = (2πmkBT)3/2h−3V       (3. 20) 

Qrot =  (kBT
h

)3/2ABC−1/2π1/2σ−1      (3. 21) 

Qvib =  ∏ (1 − e−hvi/kBT)−1i        (3. 22) 

Qelec =  ∑ gie(−ϵi/kBT)       (3. 23) 

 

 TST indicates the first and third pathways to be very similar at room temperature, but 

diverge to over a factor of two difference by 1000 K, consistent with the channel-specific 

patterns found by the Amano group.  The total rate of the two combined channels is significantly 
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lower than the experimental value at lower temperatures.  Including a tunneling term could 

correct for some of the discrepancy.  However at higher temperatures the combined TST 

channels exceed the values determined experimentally, suggesting some factors at work not 

accounted for in basic TST. 

 

Table 5: Rate constants derived from transition state theory along the five pathways by 

temperature. 

 Rate constants by channel (s-1) 

Temp (K) TS1 TS2 TS3 TS4 TS5 

298 1.71E-13 4.79E-19 1.73E-13 2.34E-25 9.65E-14 

350 3.83E-13 6.52E-18 3.36E-13 2.86E-23 1.89E-13 

400 6.95E-13 4.32E-17 5.49E-13 9.13E-22 3.07E-13 

500 1.67E-12 6.42E-16 1.14E-12 1.22E-19 6.18E-13 

700 5.11E-12 1.6E-14 2.88E-12 3.7E-17 1.47E-12 

1000 1.4E-11 2.16E-13 6.62E-12 3.12E-15 3.2E-12 

1300 2.72E-11 1.01E-12 1.14E-11 3.78E-14 5.36E-12 

2000 7.26E-11 7.68E-12 2.56E-11 8.3E-13 1.18E-11 
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Figure 11: Arrhenius plot of TST results for the two dominant H + CH3SH channels, shown with 

experimental results.  Channel 1 produces H2 + CH3S, while Channel 3 produces H2S + CH3. 
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CHAPTER 4  

H + CS2 

Introduction 

 No previous work has been done on the H + CS2 reaction.  The measurements were made 

in the same way as for H + CH3SH described in the previous chapter.  Ammonia was used as the 

source of H atoms.  The carbon disulfide reactant mixture was prepared from the vapor off 

frozen, pumped, and thawed liquid CS2 then diluted with argon. 

 The data reported were obtained over the temperature range from 291 – 492 K.   

Attempts were made to study the reaction up to 700 K, however the decays did not vary with the 

concentration of CS2.  The following figures show that, unlike for H + CH3SH, the effective 

second-order rate constant k1 for 

 

 H + CS2  → products         (4. 1)  

 

varies with the Ar pressure, i.e., the total pressure which is dominated by the Ar bath gas. 

 

 

31 
 



Experimental Results 

Table 6: Experimental results for H + CS2 

 
T 

(K) 
τ 

(s) 
Laser 
(mJ) 

 
P 

(mbar) 

[NH3] 
(1015cm-3 

molecule) 

[CS2] 
(1015cm-3 

molecule) 

 
k 

(10-13 cm3  

molecule-1  s-1) 

 
[H] 

(1012 cm-3 

molecule) 

 
[S] 

(1013 cm-3 

molecule) 

 
[Ar] 

(1018 cm-3 

molecule) 

291 8.6 0.39 537 2.2 0.8 11.4 ± 0.44 4 5.6 13 

292 9 0.48 403 2.2 0.5 8.16 ± 0.26 5 4.4 9.8 

295 1.5 0.18 27 2.3 1.7 1.71 ± 0.13 2.1 5.1 0.65 

295 1.5 0.09 27 2.3 1.7 1.81 ± 0.05 1 2.5 0.65 

295 1.5 0.18 27 1 1.4 1.7 ± 0.07 0.9 4.3 0.65 

295 3.6 0.75 403 2.1 1.1 11 ± 0.2 7.7 14 9.79 

295 3.8 0.55 68 1.6 1.2 3.61 ± 0.37 4.4 11 1.64 

295 3.8 0.55 68 2.2 1.2 3.23 ± 0.33 5.7 11 1.65 

295 7.7 0.39 137 2.1 1 3.25 ± 0.24 4 6.8 3.34 

295 7.7 0.75 404 2.1 1.4 10 ± 0.7 7.7 18 9.81 
295 9.8 0.39 671 2.2 0.2 13.3 ± 0.67 4 1.5 16.3 

296 3.7 2.00 133 2.1 2.7 5.06 ± 0.36 20.3 81 3.23 

296 3.7 1.11 133 2.1 2.7 4.46 ± 0.38 11.3 45 3.24 

298 3.3 0.25 27 1.5 1.6 0.59 ± 0.02 1.8 6.7 0.66 

298 1 0.11 27 1.5 1.5 2.27 ± 0.23 0.8 2.9 0.66 

298 5.2 0.30 67 2.3 1.1 2.49 ± 0.4 2.6 5.7 1.63 

298 5.2 0.30 67 1 1.1 1.98 ± 0.23 2.6 5.7 1.63 
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298 7.3 0.50 267 1.8 0.6 7.02 ± 0.31 4.2 5.5 6.48 

350 1.2 0.27 27 1.7 1.6 1.1 ± 0.2 2.2 7.3 0.57 

350 1.2 0.14 27 1.7 1.6 1.36 ± 0.1 1.1 3.6 0.57 

350 2.5 0.20 68 2.2 0.6 2.94 ± 0.18 2.1 2.3 1.41 

350 1.2 0.14 68 1.6 1.3 3.34 ± 0.2 1.1 3.0 1.4 

352 3.1 0.11 67 2.1 1.3 3.14 ± 0.17 1.2 2.5 1.39 

352 3 0.11 133 2 1.3 3.89 ± 0.11 1.1 2.5 2.75 

399 3.6 0.18 268 1.7 1.1 6.74 ± 0.25 1.4 3.5 4.86 

399 3.6 0.18 402 1.6 1 8.68 ± 0.32 1.4 3.2 7.31 

399 3.6 0.18 537 1.6 0.8 9.48 ± 0.21 1.4 2.6 9.76 

399 2.2 0.16 27 2 1.2 1.33 ± 0.19 1.6 3.3 0.5 

400 2.8 1.07 67 2 1.6 3.08 ± 0.1 10.3 28 1.22 

400 2.8 0.52 67 2 2 3.5 ± 0.2 5.1 17 1.21 

400 5.4 0.11 397 2 1 9.12 ± 0.32 1.2 2.0 7.21 

400 5.4 0.11 532 2 1 9.12 ± 0.11 1.2 2.0 9.66 

401 5.4 0.25 268 2 1.9 8.37 ± 0.54 2.4 7.7 4.87 

402 2.7 0.14 134 1.9 2 3.6 ± 0.25 1.4 4.4 2.43 

402 2.7 0.09 134 1.9 2 3.82 ± 0.26 0.9 2.9 2.43 

402 5.6 0.09 135 2 2 4 ± 0.15 0.9 2.9 2.45 

402 3.2 0.20 200 2 1.2 4.74 ± 0.16 1.9 4.2 3.63 

403 5.7 0.27 138 2.3 0.2 4.72 ± 0.11 3 1.0 2.51 

403 5.7 0.27 132 1.2 0.2 4.61 ± 0.33 1.5 1.0 2.4 

403 2.7 0.32 67 1.9 0.2 2.33 ± 0.1 2.9 1.2 1.22 
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449 3.3 0.16 67 2 1.9 1.49 ± 0.08 1.5 4.9 1.07 

449 3.2 0.16 133 2 1.3 2.16 ± 0.12 1.5 3.5 2.15 

450 0.9 0.11 27 1.4 1 0.58 ± 0.16 0.8 2.0 0.43 

450 3 0.20 40 1.8 0.9 0.84 ± 0.02 1.8 3.3 0.65 
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Figure 12: H+CS2 at 350K 
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Figure 13: H+CS2 at 400K 
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Figure 14: H+CS2 at 450K 
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Table 7: Experimental results in double-exponential region 

 

T 
(K) 

τ 
(s) 

Laser 
(mJ 

cm-2) 

P 
(mbar) 

[NH3] 
(1015cm-3 

molecule) 

[CS2] 
(1015cm-3 

molecule) 

 
k 

(10-13 cm3 

molecule-1 s-1) 

 
[H] 

(1012 cm-3 

molecule) 

 
[S] 

(1013 cm-3 

molecule) 

 
k-5 

(s-1) 

 
k7 

(s-1) 

 
k6 

(s-1) 

 
Keq 

(104) 

 
[Ar] 

(1018 cm-3 

molecule) 
489 4.4 0.14 267 4.7 1.7 2.72 ± 0.27 91 123 55 4.42 3.1 3.8 3.94 
489 4.4 0.07 267 4.7 1.7 2.6 ± 0.19 96 132 55 3.98 1.5 1.9 3.94 
490 6.2 0.32 402 2.6 1.6 3.79 ± 0.08 186 230 65 3.01 3.9 8.5 5.93 
490 4.3 0.25 402 5.4 1.1 6.97 ± 0.28 217 220 60 4.76 6.5 4.8 5.94 
490 4.4 0.14 401 1.7 1.1 5.56 ± 0.44 218 316 55 3.77 1.1 2.6 5.92 
490 4.4 0.09 401 1.7 1.1 5.38 ± 0.58 240 197 56 3.32 0.7 1.7 5.92 
491 4.4 0.23 335 1.4 1.2 4.5 ± 0.22 215 154 150 3.12 1.5 4.7 4.94 
491 4.4 0.11 400 1.6 0.8 6.69 ± 0.09 237 156 58 4.16 0.8 1.6 5.91 
492 5.6 0.16 535 1.8 0.8 5.45 ± 0.27 231 116 76 3.47 1.4 2.3 7.9 
492 5.6 0.09 535 1.8 0.8 5.48 ± 0.21 224 206 74 3.60 0.9 1.3 7.9 
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 The columns T, τ, Laser, and P are all calculated and reported the same way as with the 

CH3SH + H table.  [NH3], [CS2] and [Ar] are the concentrations of ammonia, carbon disulfide 

and argon, respectively, calculated from pressure and flow data.  The second-order rate constant 

and its 1σ error are reported in the k column.  [H] is calculated as described for H + CH3SH, with 

σNH3 = 5.0 x 10-18 cm2.41  [S] is calculated by similar means from the absorption by [CS2], using 

σCS2 = 2 x 10-16 cm2.46 

Table 8: Further rate constants near 490 K found by fitting to a bi-exponential decay. 

 

 The k5 column repeats the second-order rate constants and their errors from the 489 – 492 

K section of the previous table, now denoted k5.  The rate constant for the reverse reaction and 

the loss of adduct without hydrogen production as fitted with the bi-exponential equation are 

given in columns k-5 and k7 respectively.  The diffusion point, measured with [NH3] = 0 is given 

in the k6 column.  All three of the previous rate constants have single-order units of s-1.  The 

unitless equilibrium constant is given in the Keq column. 

 
k5 

(10-13 cm3 molecules-1 s-1) 

 
k-5 (s-1) 

 
k7 (s-1) 

 
k6 (s-1) 

 
Keq (104) 

2.72 ± 0.27 91 123 55 4.42 

2.6 ± 0.19 96 132 55 3.98 

3.79 ± 0.08 186 230 65 3.01 

6.97 ± 0.28 217 220 60 4.76 

5.56 ± 0.44 218 316 55 3.77 

5.38 ± 0.58 240 197 56 3.32 

4.5 ± 0.22 215 154 150 3.12 

6.69 ± 0.09 237 156 58 4.16 

5.45 ± 0.27 231 116 76 3.47 

5.48 ± 0.21 224 206 74 3.60 
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 An example of a single-exponential decay is shown in Figure 15, and a plot of first-order 

decay coefficients vs. [CS2] is shown in Figure 16. 
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Figure 15: Sample hydrogen decay at 295 K with single-exponential fitting 
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Figure 16: Plot at 295 K of pseudo-first-order rate constants against [CS2] to obtain second-order 

rate constant k, with 1σ error bars. 

Analysis 

 Ar cannot react chemically yet [Ar] appears in the rate law.  This could reflect collisional 

stabilization of a vibrationally excited intermediate via collisions with the bath gas molecules 

“M.”  The Lindemann-Hinshelwood mechanism47 gives a basic interpretation of the pressure 

dependence of the rate constant involving formation of an adduct: 

H + CS2 
      𝑘𝑘𝑎𝑎      �⎯⎯⎯⎯� HCS2*         (4. 2) 

HCS2* 
     𝑘𝑘𝑏𝑏     
�⎯⎯⎯� H + CS2         (4. 3) 

HCS2* + M 
      𝑘𝑘𝑐𝑐     
�⎯⎯⎯� HCS2 + M         (4. 4) 

 

 This collisional quenching of the excited adduct (denoted by *) relies upon the presence 

of the inert bath gas M, argon here, to complete the reaction, so the rate becomes third-order 
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overall, and first-order with respect to [Ar].  Since HCS2* is a comparatively short-lived 

intermediate, we can use steady-state kinetics: 

 

d[HCS2*]ss
dt

= 0         (4. 5) 

[HCS2*]ss= ka [H][CS2]
kb+ kc [M]

        (4. 6) 

rate d[HCS2]
dt

= kc[M][HCS2*]ss=k[H][CS2]     (4. 7) 

 

where: 

k = kakc [M]
kb+ kc [M]

         (4. 8) 

 

As [M] approaches infinity, the effective second order rate constant k → ka = k∞.  In the limit as 

[M] approaches zero,  

 

k = kakc [M]
kb

=k0 [M]        (4. 9) 

 

This is the low-pressure limit, where k0 functions as a third-order rate constant with third-order 

units.  So in terms of the low and high-pressure limits, k1 can be expressed as: 

 

k = k∞ k0 [M]
k∞+ k0 [M]

         (4. 10) 

 

Following this relation over changes in [M] produces a fall-off plot, which shows near-linearity 

at low pressures and levels off at higher pressures.  An example is shown in Figure 17. 
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Figure 17: Fall-off plot at 298 K showing pressure dependence of second-order rate constant, 

with Troe fit overlaid.  

 

 The Lindemann-Hinshelwood mechanism is qualitatively correct.  However it does not 

accurately describe observed falloff behavior.  Troe devised a scalar, Fcent, to describe the 

broadening of the fall-off curve that is observed relative to the Lindemann-Hinshelwood 

equations.48, 49 
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Fcent = F
�1+ �

log
[M]k0

k∞
0.75-1.27 log F�

2

�

-1

       (4. 11) 

 

k = k∞ k0 [M]
k∞+ k0 [M]

 Fcent        (4. 12) 

 

 Values for the low-pressure limit k0 were fit using the Troe equations, with F equal to the 

standard value of 0.6.50  Due to scatter in the data and difficulties obtaining data below 50 torr, 

the error in these fittings is somewhat large. 
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Figure 18: Plot showing the non-Arrhenius behavior of k0 
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Figure 19: Hydrogen decay observed at 490 K with bi-exponential fit.  The inset log plot shows 

deviation from single-exponential decay behavior. 

 

 At temperatures around 490 K deviations from single-exponential decay behavior 

indicated the presence of a significant reaction re-introducing hydrogen into the system.  An 

initial proposal is decomposition of the adduct back to H + CS2, described by k-5. 

 

 H + CS2 
      k5       
�⎯⎯⎯⎯� HCS2         (5) 

 HCS2 
        k-5     �⎯⎯⎯⎯⎯� H + CS2        (-5) 
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 H 
        k6      
�⎯⎯⎯⎯⎯� diffusion         (6) 

 HCS2 
     k7      
�⎯⎯⎯� loss without dissociation      (7) 

 

 Data collected from 489 – 492 K were fit to a bi-exponential decay equation.51 

 

[H] = [H]0
(λ1+k-5+k7)eλ1t- (λ2+k-5+k7)eλ2t

λ1 - λ2
     (4. 13) 

𝜆𝜆1,2 =  
−(𝑘𝑘5[CS2] + 𝑘𝑘7 + 𝑘𝑘−5 + 𝑘𝑘6) ± �(𝑘𝑘5[CS2] + 𝑘𝑘7 + 𝑘𝑘−5 + 𝑘𝑘6)2 − 4(𝑘𝑘6𝑘𝑘7[CS2] + 𝑘𝑘6𝑘𝑘7)

2
 

(4. 14) 

 

A least-squares fit was done by adjusting the values of k5, k-5, and k7, with a fixed k6 measured 

with CS2 concentration at zero. 

 The values of k5, k-5 and k7 were not necessarily independent of each other in the fitting, 

and an iterative fitting was used, alternately holding one value constant and fitting the others 

until the values appeared to converge and finishing with a free fitting.  Although they often 

showed significant scatter, both k-5 and k7 were not found to be consistently dependent upon CS2 

concentration, as shown in Figure 20.  The loss of adduct without hydrogen production was 

found to be fairly large, usually faster than hydrogen diffusion, suggesting some significant 

reaction pathway of the adduct.  

 The rate constants k5 and k-5 can together be used to determine the equilibrium constant 

for the reaction: 

K'eq= k5
k-5

        (4. 15) 

46 
 



0.0 0.5 1.0 1.5 2.0
0

200

400

600

800

Adduct Formation and Dissociation at 490 K

 

 

k 1  
s-1

[CS2]   1015 molecules cm-3

 

Figure 20: Squares each represent a k5 value obtained from the bi-exponential fitting, triangles 

the values for k7 corresponding to each fitting. 

 

 Since k5 and k-5 do not share the same units, K’eq has concentration units of cm3 

molecule-1.  This is converted into the unitless fundamental equilibrium constant Keq by solving 

for the concentration under standard conditions, at 105 Pa. 

 

Keq = K'eq p0 NA
RT

        (4. 16) 

 

 The Gibbs energy ΔG was then evaluated for each point using the relation: 

 

∆G = -RT ln Keq       (4. 17) 
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From these values, ΔG was found to be -42.9 ± 2.3 kJ mol-1 where the uncertainty is purely 

statistical and represents 1 standard deviation.  Initial exploration of the fits to the non-

exponential decays shows that the k5’, k-5 and k7 terms are strongly coupled, in that changes in 

one parameter can be largely compensated for by changes in another. The ratio k5’ / k-5 can be 

reduced by a factor of 5 and the fit is still tolerable. This corresponds to a reduction of the 

equilibrium constant by a factor of 5 at 491 K, and thus an increase of ΔG by 6.6 kJ mol-1. To 

reflect this source of uncertainty the 95% confidence interval for ΔG is provisionally assigned as 

±10 kJ mol-1. 

Using ΔG the enthalpy of reaction can be determined for the reaction given values for ΔS 

via the relation: 

 

∆H = ∆G - T∆S       (4. 18) 

 

While entropies for the reactants H and CS2 are well known,52 the entropy of the product is 

unknown. The H atom could add to the C atom in CS2 to make HCS2, or it could add to the S 

atom to make HSCS. In Ar matrix isolation experiments where H and CS2 were codeposited with 

Ar at 12 K, Bohn et al. identified HSCS as the major product via infrared spectroscopy.53  As 

part of their ionization-reneutralization study of the [H, C, S2]+ system, Ramesh et al. carried out 

density functional theory and Gaussian 2 calculations on neutral HCS2 and HSCS.54   Gao55 and 

Marshall56 carried out a variety of calculations on the complete potential energy surface using 

density functional theory (DFT) and ab initio methods. Their results for B3LYP/cc-pV(T+d)Z 

geometries and frequencies, scaled by a standard factor of 0.985, and from the W1 methodology 

of Martin and coworkers57 are employed here. The W1 approach starts with the same DFT 
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geometries and approximates the energy of the system using coupled cluster theory extrapolated 

to the complete basis set limit, together with corrections for scalar relativistic and core-valence 

electron correlation effects. 

-100

-80

-60

-40

-20

0

20

40

60

B2 HCS2

A1 HCS2trans HSCScis HSCS

bend
 TS

torsion TS

TS3

TS2

TS1
H + CS2

re
la

tiv
e 

en
th

al
py

 a
t 0

 K
 / 

kJ
 m

ol
-1

 

Figure 21: Relative enthalpies at 0 K computed via W1 theory for the H + CS2 system.56  
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Table 9: Computed energies plus zero-point energies relative to reactants56  

Species DFT relative enthalpy / kJ mol-1 W1 relative enthalpy / kJ mol-1 
 

0 0 H + CS2 
TS2 to HCS2 29.9 35.5 
A1 HCS2 -77.6 -63.3 
B2 HCS2 -100.8 -95.1 
TS1 to HSCS 1.3 4.7 
cis HSCS -66.9 -63.1 
torsion TS -12.6 -20.4 
bend TS -56.4 -47.4 
trans HSCS -67.0 -65.8 
TS3 to HCS2 48.2 50.0 

 

 Figure 21 shows the potential energy diagram based on W1 energies, and Table 9  lists 

relative enthalpies computed via DFT and ab initio methods. The largest difference, 13 kJ mol-1, 

is for the A1 state of the HCS2 radical. As in the classic example of formyloxyl (HCO2),58 the 

Hartree-Fock wavefunction is unstable with respect to symmetry-breaking away from the C2V 

geometry, an artifact not present in DFT. Even with this uncertainty, it may be seen that HCS2 is 

more stable than HSCS. However, the barrier to formation of HSCS from H + CS2 is lower than 

the barriers to the formation of HCS2, either directly or by isomerization of HSCS, so that the 

kinetically controlled product distribution would favor HSCS, in accord with the matrix isolation 

experiments of Bohn et al.53 

 The entropy of HSCS is therefore of interest. There are planar cis and trans isomers 

connected by two transition states, one for out-of-plane torsion about the central bond, and a 

lower barrier transition state for in-plane bending. Scanning along this bending mode (with all 

parameters allowed to optimize at a series of fixed S-C-S angles every 2 degrees) reveals that the 

H-S-C angle remains locked and it is only the S-C-S angle that changes during cis/trans 
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isomerization. The DFT energy56 as a function of S-C-S angle is plotted in Figure 22 and shows 

a typical double-well behavior. The wavefunctions for the system were obtained using the 

FGH1D program59 and they indicate strong interaction between the two minima, which therefore 

should not be treated as separate species at elevated temperatures.  
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Figure 22: Bending potential for HSCS computed at the B3LYP/cc-pV(T+d)Z level of theory.56  

Horizontal lines are the eigenvalues of the first 15 states. 

 

Numerical solution of the Schrodinger equation for the 1 dimensional bending potential requires 

knowledge of the potential as a function of angle and the effective moment of inertia. The latter 

was derived as follows. For a linear triatomic molecule X-Y-Z with X-Y and Y-Z bond lengths 
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of l1 and l2, Herzberg notes that the bending frequency ν is related to the bending force constant 

kδ/(l1l2) by60  

δνπ k
m

ll
m
l

m
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ll YXZ







 +
++=

2
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2
2

2
1

2
2

2
1

22 )(14      (4. 19) 

which is of the form kδ/(l1l2) ÷ μ, and the moment of inertia is μ l1l2. Because the H-S-C moiety is 

essential rigid, we treat the HSCS molecule like a three-particle system with mX = 33, mY = 12 

and mZ = 32 amu, and with l1 = 1.680 Å and l2 = 1.576 Å determined from DFT calculations, μ = 

2.529 amu and μ l1l2 = 6.698 amu Å2. 

The eigenvalues yield thermodynamic functions for the bending mode, assumed to be 

separable from the other vibrations and overall rotation that are treated using the rigid rotor 

harmonic oscillator approximation. At 491 K the bending contribution to the entropy is 16.6 J 

K-1 mol-1. Had the S-C-S bending frequency in trans HSCS of 257 cm-1 been treated 

harmonically, its entropy would be 10.9 J K-1 mol-1. The total entropy of HSCS is estimated to be 

313.3 J K-1 mol-1. Combined with S values for H and CS2,52 ΔS491 for 

 H + CS2 → HSCS 

is estimated as -73.8 J K-1 mol-1. Using the experimental ΔG491, ΔH491 = -79.2 kJ mol-1. 

Consideration of the enthalpy corrections H491-H0 for each species then yields ΔH0 = -73.2 ± 10 

kJ mol-1. This range agrees with the computed ΔH0 = -67 (DFT) or -66 (W1) kJ mol-1. Thus it 

appears possible to rationalize the equilibration kinetics in terms of reversible formation of 

HSCS. Presumably it is the product at lower temperatures too, where adduct dissociation is too 

slow to observe.  
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CHAPTER 5  

CONCLUSIONS 

 Two bimolecular reactions were studied using resonance fluorescence-flash photolysis 

techniques over several hundred Kelvin and with over a ten-fold change in pressure under 

pseudo-first-order conditions.  Second-order rate constants were determined by changing the 

reactant gas concentration and plotting versus kps1. 

 Experiments examining H + CH3SH found classic second-order Arrhenius behavior in 

close agreement with the previous study by Wine et. al. and qualitative agreement with the study 

by Amano et. al.   Transition state theory indicates two major abstraction channels, with one 

becoming more significant at higher temperatures. 

Because simple TST was shown to have some deficiencies for the H + CH3SH system, a 

more sophisticated approach could be tried, such as the semi-classical TST model of Stanton and 

coworkers.61  This model includes a sophisticated treatment of tunneling that also allows for 

vibrational anharmonicity in the transition state. 

 The reaction of H + CS2 exhibits a pressure dependence characteristic of adduct 

formation, and fall-off fittings were done using Troe’s equations to find the low-pressure limit.  

At 490 K single exponential decays were no longer observed, and the data was fit to a bi-

molecular decay fitting a mechanism in which the adduct undergoes thermal decomposition.  

From the derived rate constants Keq was evaluated and thermochemistry was compared to a 

computed potential energy surface.  
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APPENDIX A  

QCISD/6-311G(d,p)  CARTESIAN COORDINATES FOR STATIONARY POINTS ON THE 

POTENTIAL ENERGY SURFACE FOR CH3SH + H35
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H2 

1           0.000016702   -0.000004295    0.000000000 
1          -0.000016702    0.000004295    0.000000000 

 

SH2 

16          -0.000012933   -0.000018300    0.000000000 
 1           0.000004505    0.000010536    0.000000000 
 1           0.000008428    0.000007764    0.000000000 

SH 

16           0.000000000    0.000000000   -0.000292351 
 1           0.000000000    0.000000000    0.000292351 
 
CH3 
 
C           0.000008547    0.000012087    0.000020935 
H          -0.000038608    0.000059187   -0.000028877 
H          -0.000038609   -0.000054601    0.000036818 
H           0.000068671   -0.000016673   -0.000028877 
 
CH4 
C          0.00000000    0.00000000    0.00000000 
H          0.63119300    0.63119300    0.63119300 
H         -0.63119300   -0.63119300    0.63119300                              
H         -0.63119300    0.63119300   -0.63119300 
H          0.63119300   -0.63119300   -0.63119300 
 
CH3S 
C          1.11001300    0.00001800   -0.00762300 
H          1.51175100   -0.89758500   -0.48387100 
H          1.51184200    0.89847200   -0.48217100 
H          1.43054600   -0.00105300    1.04181300 
S         -0.69463800    0.00000300   -0.00187700 
 
CH2SH 
 
C         -1.14690200    0.02342300   -0.04414200 
H         -1.64693200    0.95637900    0.18080600 
H         -1.68897800   -0.91170200    0.01172900 
S          0.58632100   -0.08787300    0.01166800 
H          0.83618600    1.22075900   -0.11436900 

55 
 



 
 
CH3SH 
C           1.15449600    0.01823000    0.00000000 
H           1.52564300    0.52260900   -0.89449600 
H           1.52567000    0.52223200    0.89470100 
H           1.52763100   -1.00890400   -0.00021700 
S          -0.66366600   -0.08610900    0.00000000 
H          -0.88725800    1.23242000    0.00000900 
 
Transition State 1 
C          -1.18222400    0.09517700    0.00000500 
H          -1.47789500    0.64674400    0.89504100 
H          -1.47775400    0.64751200   -0.89460600 
H          -1.70075000   -0.86730800   -0.00044900 
S           0.59897800   -0.27144600   -0.00001400 
H           1.00511900    1.08711000    0.00045000 
H           1.16097500    2.25801800   -0.00023800 
 
Transition State 2 
C          -1.28510000   -0.00015200    0.04859400 
H          -1.59795600    0.40136400    1.01358200 
H          -1.67400100    0.60910500   -0.77121500 
H          -1.63666800   -1.02823900   -0.05703400 
S           0.60313600   -0.06881800   -0.06487600 
H           0.74980000    1.25488000    0.00627200 
H           2.21924500   -0.13511600    0.55485300 
 
Transition State 3 
C           1.17323900   -0.00524500    0.00085300 
H           1.53929300   -0.02076500    1.02979300 
H           1.54381500   -0.87967500   -0.53724200 
H           1.52404200    0.90111900   -0.49574700                         
S          -0.64592900   -0.00618000   -0.04135700 
H          -0.68159000   -1.38842100    0.34755000 
H          -0.63013700    1.51809600    0.31223000 
 
Transition State 4 
C           1.00634100   -0.30013300    0.07587400 
H           1.32981700   -0.60754800    1.07085100 
H           1.33403800   -0.99514300   -0.69814800 
H           1.71619800    0.77921800   -0.16911500 
S          -0.73915600    0.02012200   -0.08399000 
H          -0.85772300    0.75834000    1.02636500 
H           2.26611700    1.54397800   -0.34135500 
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Transition State 5 
C          -1.24766300    0.00014200    0.00000000 
H          -1.38466200    0.53198700   -0.93534600 
H          -1.40985000   -1.07297600   -0.00000200 
H          -1.38466200    0.53198300    0.93534800 
S           0.84348000   -0.08126900    0.00000000 
H           0.97032700    1.25243800    0.00000000 
H          -2.80085800    0.05602600    0.00000000 
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APPENDIX B  

W1 DATA FOR H + CS2 SYSTEM AT 0 Ka
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H atom 

E = -0.499994 

 

CS2 1Σg 

16       1.553372000      0.000000000      0.000000000 

6        0.000000000      0.000000000      0.000000000 

16      -1.553372000      0.000000000      0.000000000 

Rotational constants (GHZ):      0.0000000      3.2754098      3.2754098 

Frequencies --   407.7652               407.7652               676.4519 

Frequencies --  1557.1964 

 

cis HSCS 2A' 

16      -1.460665000     -0.287444000      0.000000000 

6        0.018944000      0.451779000      0.000000000 

16       1.580891000      0.280490000      0.000000000 

1       -1.139122000     -1.618311000      0.000000000 

Rotational constants (GHZ):    122.7546531      3.2545625      3.1705037 

Frequencies --   231.4481               443.3943               600.3207 

Frequencies --   946.0393              1306.4727              2416.0337 

E = -836.945067 
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trans HSCS 2A' 

16      -1.412076000     -0.434899000      0.000000000 

6        0.000000000      0.475874000      0.000000000 

16       1.555286000      0.219695000      0.000000000 

1       -2.291360000      0.588017000      0.000000000 

Rotational constants (GHZ):    109.2319338      3.3174742      3.2196893 

Frequencies --   257.1445               431.5606               632.2862 

Frequencies --   963.1279              1281.9956              2608.7425 

E = -836.946095 

 

HSC2  2B2 

1        0.000000000      0.000000000      1.808997000 

6        0.000000000      0.000000000      0.723349000 

16       0.000000000      1.384810000     -0.192159000 

16       0.000000000     -1.384810000     -0.192159000 

Rotational constants (GHZ):     42.4807234      4.1213155      3.7568413 

Frequencies --   307.4872               834.2216               904.6131 

Frequencies --   904.6637              1222.5750              3124.0367 

E = -836.957238 

 

HSC2  2A1 

16       0.000000000      1.567251000     -0.117332000 

6        0.000000000      0.000000000      0.377916000 
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16       0.000000000     -1.567251000     -0.117332000 

1        0.000000000      0.000000000      1.487144000 

Rotational constants (GHZ):    105.3966124      3.2176523      3.1223307 

Frequencies --   365.2932               667.6151               677.4601 

Frequencies --   765.3329              1123.0872              2867.3506 

E = -836.945137 

 

bend TS in HSCS 2A' 

16       0.774775000     -1.331034000      0.000000000 

6        0.000000000      0.086133000      0.000000000 

16      -0.906198000      1.358397000      0.000000000 

1        2.102771000     -0.954600000      0.000000000 

Rotational constants (GHZ):    287.3904995      3.0680330      3.0356262 

Frequencies --  245.1958i               360.8563               585.7770 

Frequencies --   938.0282              1442.7195              2268.1310 

E = -836.939074 

 

torsion TS in HSCS 2A 

16       1.526021000      0.021605000     -0.108209000 

6       -0.134119000     -0.433902000      0.264397000 

16      -1.578468000      0.088990000     -0.050750000 

1        1.643871000      0.833890000      0.956959000 

Rotational constants (GHZ):     93.6250443      3.1827684      3.1447028 

61 
 



Frequencies --  659.9440i               311.2749               574.7710 

Frequencies --   785.7246              1228.7408              2660.6842 

E = -836.928776 

 

TS1 H addition to S atom 2A' 

16      -1.144641000     -0.962015000      0.000000000 

6        0.000000000      0.090320000      0.000000000 

16       1.153696000      1.129442000      0.000000000 

1       -0.144881000     -3.220762000      0.000000000 

Rotational constants (GHZ):     95.7714405      3.1589478      3.0580794 

Frequencies --  240.6177i               119.3459               404.0087 

Frequencies --   407.2707               674.4654              1550.9073 

E = -836.919238 

 

TS2 for H addition to C atom 2A1 

16       0.000000000      1.559896000     -0.079746000 

6        0.000000000      0.000000000      0.101781000 

16       0.000000000     -1.559896000     -0.079746000 

1        0.000000000      0.000000000      1.941201000 

Rotational constants (GHZ):    118.0591047      3.2480697      3.1611008 

Frequencies --  956.3555i               390.4618               438.1608 

Frequencies --   441.4298               687.2106              1458.3018 

E = -836.907516 
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TS3 for 1,2 H atom shift 2A' 

16      -1.495215000     -0.466198000      0.000000000 

6        0.000000000      0.317134000      0.000000000 

16       1.576666000      0.284832000      0.000000000 

1       -1.303225000      0.999063000      0.000000000 

Rotational constants (GHZ):    149.8737499      3.1386410      3.0742601 

Frequencies -- 1659.5680i               313.8086               348.7378 

Frequencies --   615.3377              1257.4821              1983.5759 

E = -836.901968 

 

a Electronic state, atomic numbers, Cartesian coordinates in 10-10 m, rotational constants in GHz, 

unscaled frequencies in cm-1 and W1Usc energy at 0 K in hartrees.  
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