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ABSTRACT 

 In the introduction section background into the subject of combustion chemistry is 

presented.  The topics included are combustion mechanisms, combustion pollutants, and infrared 

absorption spectroscopy.  Chapter two describes experiments that probe the kinetics of the 

reactions of CN radicals with several small primary alcohols, as well as the product channels of 

the reaction between the CN radical and methanol.  It was found that all studied reactions were 

fast, and that CN preferentially abstracts the methyl hydrogen from methanol.  Chapter three 

describes a study of the product channels of the reaction of the hydroxymethyl radical with nitric 

oxide.  It was found that the primary product was the adduct, with minor channels yielding 

isocyanic acid and nitroxyl radicals.  
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1. INTRODUCTION 

1.1. Overview of Combustion Chemistry 

 Combustion, from a chemical perspective, is a very complicated process.  High 

temperatures permit reactivity unseen in more typical conditions.  Numerous reactions compete 

for the same pool of starting materials and intermediates.  Understanding combustion can allow 

for minimization of pollutant emissions, ergo a thorough understanding of combustion is 

desirable.  In order to build accurate models of combustion, chemists must study reactions one at 

a time. 

 Consider the combustion of methane, a major component of natural gas, in air.  The 

overall reaction is 

 CH4 + 2O2 → CO2 + 2H2O (1.1) 

However, the mechanism is quite complicated.  The most complete mechanism for this reaction 

is the GRI-mech 3.0 mechanism, which contains 53 chemical species and 325 elementary 

reactions.1  Of the 53 chemicals, only 4, methane, oxygen, nitrogen, and argon can be called 

initial reactants, and carbon dioxide and water are the intended products, leaving 47 

intermediates and side products.  This indicates the actual complexity of the combustion process.  

Part of the reason for such complication is the high temperature rendering atmospheric nitrogen a 

reactive species, as opposed to its typically inert character.  17 species in the GRI-mech 3.0 

mechanism contain at least one nitrogen atom.  Ergo, the combustion of methane in oxygen 

would have 30 intermediate species and 219 reactions, less complicated than in a nitrogen 

containing atmosphere, but still quite complicated for the combustion of the simplest 

hydrocarbon. 
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 Combustion typically begins with an activating collision leading to homolytic bond 

cleavage.  This generates transient radical species, which can either go back to their original 

composition through recombination and a deactivating collision, or they can react with another 

molecule.  This begins a chain reaction, as a radical reacting with a non-radical species will 

conserve the number of radicals.  These species will undergo further reactions, creating a chain 

process until they recombine in a deactivating collision.  A simplified mechanism follows: 

 CH4 + M → CH3 + H + M (1.2) 

 O2 + M → 2O + M (1.3) 

 O + CH4→ OH + CH3 (1.4) 

 CH3 + O2→ CH3O + O (1.5a) 

 → CHO + H2O (1.5b) 

The number of reactants and reactions quickly increases after the beginning, and each reaction 

has a particular total rate coefficient and, if multiple products are possible, branching ratio. 

 In order to ensure that models have a basis in reality, some form of empirical data must 

be used.  Only some of the reaction rates in the GRI-mech mechanism are based on direct 

experimental data; the mechanism was optimized to best fit these reactions; other reactions had 

their rates adjusted in order to better match experimental data such as measurement species' 

concentrations in flames.  Due to the complexity of actual combustion, flame measurements are 

not the only effective strategy; instead, when possible, reactions should be examined individually.  

Observation of many rate coefficients is complicated by the fact that the corresponding reactions 

involve transient species not found in ambient conditions.  Electrical excitation, photolysis, and 

controlled high temperatures can be used to generate the species not found in ambient conditions.  

By carefully selecting the reagents in the reaction mixture, side reactions can be minimized, 
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eliminated, or at least understood, ideally allowing reactions to be studied individually.  Once the 

reaction is initiated, spectroscopic methods, or other detections techniques are typically used to 

measure reactant or product concentrations.  For reactants, it is useful to take time dependant 

measurements.  By observing the decay of the reactants, a total rate coefficient can be computed.  

If a reaction has more than one product, such as reaction (1.4) the product concentration 

measurements are needed to determine the branching fractions.  For example, consider the 

reaction of OH with methanol.  The primary reaction is the abstraction of a hydrogen atom, but 

methanol has two distinguishable hydrogen atoms, ergo there are two possible reactions.  These 

two reactions cannot be distinguished kinetically, as both reactions would consume OH radicals 

and methanol molecules, however, the production of either the CH2OH radical or the CH3O 

radical can be used to confirm the relative yields, and by extension, the relative rate coefficients.  

These relative rate coefficients can be combined with the total rate coefficient to give the rate 

coefficients of the individual reactions.   

1.2. Combustion Related Pollutants 

 The biggest class of combustion-related pollutants is soot.  Soot formation is still the 

topic of significant research, though it is believed that it begins with fuel pyrolysis, wherein heat 

transforms fuel molecules in the absence of sufficient oxidizing species.2  This process usually 

yields C2H2, benzene, and polycyclic aromatic hydrocarbons, or PAHs; some soot is partially 

oxidized, leading to soot particles that are essentially pure carbon.  These species then collect to 

form fairly large particles on the nm to μm scale. 

 Soot has many environmental and health impacts.  It is thought to be the second greatest 

contributor to anthropogenic global warming; both through direct solar absorption and through 

melting of ice and associated lowering of global albedo.  Fine airborne particulates are also liked 
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to numerous respiratory problems in people, especially those with pre-existing conditions such as 

asthma. 

 Due to its environmental and health impacts, removing soot from combustion output is a 

high priority.  Due to its comparatively large size, soot can be mechanically filtered, though the 

filters do become saturated over time, which leads to reduction of flow through the filter, which 

in turn leads to backpressure and mechanical problems.  This is particularly a problem in diesel 

engines, as they tend to produce fairly large amounts of soot yet lack the means to easily 

regenerate a filter or ensure complete oxidation of fuel molecules.  Catalytic oxidation is one 

possibility, and certain catalysts can be used to remove both soot and NOX simultaneously.3 

 Nitric oxide (NO) and nitrogen dioxide (NO2), collectively referred to as NOX are the 

other major combustion related pollutants, and are most related to the studies of this thesis.  

There are three major sources of NOX. The most prominent of these sources is fuel NOX, which 

comes from nitrogen atoms within the fuel itself.  The second greatest source is the Zel'dovitch, 

or thermal mechanism, wherein nitrogen from the atmosphere reacts with oxygen to form NOX.4  

This process only occurs at very high temperatures, usually in excess of 1500 K.  The third and 

smallest source is the Fenimore or prompt mechanism, which is also between atmospheric 

nitrogen and oxygen, but cannot be explained through the thermal NOX mechanism.5  The basic 

reactions are as follows: 

 N + O2 → NO + O (Any) (1.6) 

 O + N2 → NO + N (Thermal) (1.7) 

 N + OH → NO + H (Thermal) (1.8) 

 CH + N2 → HCN + N (Prompt) (1.9a) 
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 → NCN + H (Prompt) (1.9b) 

 CH2 + N2 → H2CN + N (Prompt) (1.10) 

The reaction of NOX with volatile organic compounds is responsible for photochemical smog, 

their reaction with molecular oxygen yields considerable amounts of tropospheric ozone, and 

they are a significant contributor to acid rain.6 

 Most methods of NOX removal utilize their oxidative capabilities.  One very common 

method is reburning, wherein additional hydrocarbon fuel is added after the combustion is 

complete.  The fuel molecules then reduce the NOX to N2, while they are oxidized to CO2 and 

H2O.  A typical reburning reaction is: 

 CH3 + NO → HCN + H2O (1.11) 

There exist other methods, such as Thermal De-NOX, which utilize other molecules, such as 

ammonia, in place of hydrocarbons, but the NOX remains active as an oxidizing agent.  The 

basic mechanism of the Thermal De-NOX technique is: 

 NH3 → NH2 (1.12) 

 NH2 + NO → N2 + H2O (1.13a) 

 → HN2 + OH (1.13b) 

The precise method by which NH3 is converted to NH2 is irrelevant.  This method is very 

effective when coupled with reburning, achieving reductions of up to 90%, and can be improved 

by adding reagents which speed the formation of the initial NH2 radical.6  Yet other methods 

employ other molecules, but they generally employ the oxidizing capabilities of NOX. 
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1.3. Experimental Techniques 

 All studies discussed herein utilize two major experimental techniques, infrared diode 

laser absorption spectroscopy, and pulsed laser photolysis.  Lead salt diodes, operating at 

cryogenic temperatures, can be used to give tunable, high resolution (0.0003 cm-1 linewidth) 

infrared light.  These lasers are tuned in two ways: the coarse tuning is done by altering the 

temperature at which the diode operates by use of a precise electric heater, the fine tuning is done 

by changing the amount of current which flows across the diode.  This setup can be tuned over 

20~50 cm-1, however, there is generally only consistency over 2~5 cm-1, after which there is 

likely to be a discontinuity in the light produced by the diode.  For example, at a given 

temperature, one current setting may give a certain wavelength, and a very small change in 

current will result in a comparatively large change in wavelength.  When coupled with a detector 

with ~1μs response time, it also allows for time resolved detection of a large number of small 

molecules related to combustion chemistry.  It also has the advantage that it can be used to 

quantify absolute concentration.  This requires absorption coefficients, cross-sections, or 

absolute line strengths; these can be measured or taken from a pre-existing database.  The 

HITRAN database was used in the studies discussed herein.  Its most recent iteration covers 47 

key atmospheric species and their most prevalent isotopologues.7  Its data includes high 

resolution line positions and absolute line strengths.  For species not included in the HITRAN 

database, other literature data were used to locate line positions, and calibration curves were built 

by varying the pressure of the desired species.  These curves were then used to determine the 

pressure, and by extension, number density, of the species in question.  Pulsed laser photolysis 

allows transient species to be generated from comparatively stable precursors at any temperature.  

It is also very fast, allowing for nigh-instantaneous generation of transient species. 
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 A typical experiment described in the studies which follow could be described as a 

photolysis-probe experiment.  The reagents are introduced manometrically into an absorption 

cell.  The IR probe laser is passed continuously through the mixture.  The UV photolysis laser 

operates in a pulsed fashion.  The beams are restricted and made colinear so that their overlap is 

nearly 100%.  Once the beams pass through the cell, they are separated and the IR beam is 

focused onto the detector.  The signal from the detector is sent to an oscilloscope, which is set to 

record the signal when the photolysis pulse is fired.  This allows a transient signal to be observed 

as the probed molecules are created, before they can react or diffuse out of the beam path.  These 

signals are recorded and sent to a computer for analysis.  The extremely high resolution of the 

probe laser give this experiment a high degree of selectivity.  Even though the reagent mixtures 

include several different molecules, only a single ro-vibrational spectral line of a single species 

was probed at a time. 

 Infrared absorption spectroscopy is based in the measure of how much infrared light 

passes through a given sample.  Like all absorption spectroscopy, it is described by the Beer-

Lambert Law: T = exp(-σnl) where T is the transmittance, which equals the intensity of the light 

which has passed through the sample over the total intensity of the light, σ is the attenuation 

cross-section, n is the number density of light attenuating species, and l is the path length.  

Infrared light typically corresponds to the energy separation of vibrational states.  However, at 

high resolutions rotational quantum states are resolved as well.  This separates a high resolution 

infrared spectrum into three branches: the Q branch, which arises from purely vibrational 

transitions, the P branch, arising from transitions where the end rotational quantum number is 

lower than the starting quantum number by one, and the R branch, wherein the final rotational 

quantum number is higher than the initial quantum number by one.  The Q branch lines are 
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spaced very close together, and if the resolution is not sufficiently high, they can appear as a 

single line, but the P and R branches are significantly further spaced from one another.  The 

selection rule for IR absorption is typically ∆J = ±1, ergo the P branch is a decrease of one and 

the R branch is an increase of one, the number which follows is the initial state of the molecule.  

For example, the R(4) transition would be a molecule transitioning from the J = 4 to J = 5 in 

addition to the vibrational transition.  Not every molecule has access to the Q branch due to 

symmetry, and in some molecules odd or even numbered P and R transitions are forbidden.  

Figure 1 shows the major IR absorption of NO, with the various branches labeled for clarity. 

 
 

Figure 1: Truncated infrared spectrum of NO with P, Q, and R branches labeled for clarity.  

Note: a second set of lines in the far IR was omitted to emphasize the branches 
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 In conclusion, a detailed kinetic understanding of NOX pollutant formation and removal 

involves many radical-radical and radical-molecule reactions involving a variety of small 

nitrogen-containing molecules including NO, NH2, CN, NO2, etc.  The studies reported in this 

thesis are designed to augment the literature of some of these reactions.  The first major study 

was of the reaction of CN radicals with methanol; this study established both a total rate 

coefficient as well as a branching ratio between abstraction of an alkyl hydrogen atom vs. the 

hydroxyl hydrogen atom.  The second major study was of the reaction of the CH2OH radical, the 

primary product of the previously studied reaction, and NO.  In this study we emphasize 

quantification of product channels. 
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2. REACTION KINETICS OF THE CN RADICAL WITH PRIMARY ALCOHOLS 

2.1. Introduction 

 The kinetics of the CN radical are of interest due to the role of this molecule in 

combustion chemistry, especially in relation to formation and removal of  NOx. CN reactions 

with a variety of molecules have been previously studied, including both saturated and 

unsaturated hydrocarbons,8-14 O2,8,15-23 NO,22,24 and NO2. 23,24  Past work in our 

laboratory has included study of CN reactions with O2,25,26 NO2,27 OCS,28 CS2,29 SO2,29 

and HCNO.30,31 To date, however, there is no literature on the kinetics of CN reactions with 

alcohols. 

 In this study, we report measurements of total rate constants of the reactions of CN with 

several small primary alcohols: 

 CN + CH3OH → HCN + CH2OH (2.1a) 

 → HCN + CH3O (2.1b) 

 CN + CH3CH2OH → HCN + CH2CH2OH (2.2a) 

 → HCN + CH3CHOH (2.2b) 

 → HCN + CH3CH2O (2.2c) 

 CN + n-propanol → products (2.3) 

We also report measurements of HCN and DCN product yields in reactions of CN with partially 

deuterated methanol in order to determine the competition between channel (2.1a) and (2.1b). 
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2.2. Experimental 

 Cyanogen Iodide (ICN) was photolyzed by 266 nm light from the fourth harmonic of an 

Nd:YAG laser (Continuum Surelite-II): 

 ICN + hν (266 nm) → CN + I (2.4) 

CN radicals and HCN and DCN reaction products were detected by time-resolved infrared diode 

laser absorption spectroscopy using lead salt diode lasers (Laser Components) operating in the 

85 - 110 K region. The infrared beam was collimated by a CaF2 lens and combined with the UV 

beam through use of a dichroic mirror.  Both beams were restricted to 6 mm in diameter and 

passed through a 143 cm single pass absorption cell.  The beams were separated by a 

monochromator, and the IR beam was focused onto a 1 mm InSb detection chip (Cincinnati 

Electronics, ~1μs response time).  Transient signals were recorded and signal averaged on a 

digital oscilloscope, then stored on a computer for analysis.  Rate coefficient measurements were 

taken at 298, 322, 383, and 421 K.  Isotope labeled rate coefficient measurements were 

performed at 298 K.  Product yield measurements were taken at 298K.  Typical reaction 

conditions during rate coefficient measurements were P(ICN) = 0.1 Torr, P(SF6) = 0.5 Torr and 

variable pressures of the alcohol reagent. Typical reaction conditions in product yield 

measurements were P(ICN) = 0.1 Torr, P(CH3OH) = 1.0 Torr, and P(SF6) = 1.0 Torr.  SF6 was 

used as a buffer gas in order to quickly relax any nascent vibrationally excited product molecules 

to a Boltzmann distribution.  Average photolysis pulse energy was 7.23 mJ. 

 ICN (Fluka, 97%) was purified by vacuum sublimation to remove any dissolved gasses.  

CH3OH (Sigma-Aldrich, 99.9%), CH3OD, and CD3OH (Cambridge Isotope Labs, 99% and 

99.5% isotopic purity, respectively) were purified by several freeze-pump-thaw cycles at 77K. 

CH3CH2OH (Sigma-Aldrich, 99.5%) was purified by the same method. n-Propanol  
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(Sigma-Alrdrich, 99.80%) was purified by several freeze-pump-thaw cycles at 77K. SF6 

(Matheson) was purified by several freeze-pump-thaw cycles at 77K. 

 The following molecules were probed using IR diode laser absorption spectroscopy: 

 CN (ν = 1 ← ν = 0) R(4) at 2060.804 cm-1 

 HCN (ν = 1 ← ν = 0) P(17) at 3258.442 cm-1 

  and P(19) at 3251.823 cm-1
 

 DCN (ν = 1 ← ν = 0) R(17) at 2369.42 cm-1 

  and R(7) at 2651.107 cm-1 

 The 1992 HITRAN database was used for locating and identifying spectral lines of  

HCN. 32 Other published sources were used to locate and identify spectral lines of CN and 

DCN.33,34  The transitions used are sufficiently close to the peak of the rotational Boltzmann 

distributions in order to minimize population changes from any small heating effects due to 

photolysis laser absorption.  Diode output wavelength was confirmed by the use of reference 

gasses with well known spectra, such as CO or OCS. These spectra were measured by use of a 

germanium Fabry–Pérot etalon with a well defined fringe spacing, figure 2 shows both the 

spectrum of OCS and an etalon pattern.  A search algorithm was used to select patterns that 

matched the etalon spacings, however several patterns could match a given set of spacings, 

therefore human observation and intuition are necessary to assign the wavelength the diode is 

outputting.  Figure 3 shows the stick spectrum as taken from Hunt et al.35 
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Figure 2: Spectrum of OCS and etalon pattern, upon linear ramp of diode current via modulation. 

Note that the resulting etalon pattern is nonlinear. 
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Figure 3: Stick spectrum of OCS.  Yellow lines indicate minor isotope lines. 

 

2.3. Results and Discussion 

2.3.1. Total Rate Coefficients 

 The total rate coefficient was measured by diode IR absorption spectroscopy detection of 

CN radicals. Figure 1 shows typical transient absorption signals obtained with and without added 

methanol reagent. These signals show a rapid rise in absorption attributed to photolytic formation 

of CN and rapid relaxation of the nascent hot rotational distribution to a thermal Boltzmann 

distribution of rotational levels. This occurs on a timescale of <10 μs. Although vibrational 

relaxation may be much slower, the photolysis of ICN at 248 nm is known to produce primarily 
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vibrational ground state CN radicals. In the absence of methanol, the observed decay rate of CN 

radicals was approximately ~25 ms-1 over a 160 μs observation window. This non-zero decay is 

attributed to reactions other that the title reaction (primarily CN + CN self reaction, reaction with 

trace O2 impurities, and diffusion of CN molecules out of the probed region). The decay rate 

increased to about 75 ms-1 upon addition of 0.1 Torr of CH3OH. Typical CN radical densities 

were approximately 2.0 × 1013 molecules/cm3. Under these conditions, pseudo-first order 

conditions will be expected if the concentration of CH3OH is greater than ~4 × 1014 

molecules/cm3 = 12 mTorr.  Therefore, the time-dependent CN concentration may be described 

according to a standard pseudo-first order kinetics treatment: 

 [CN] t = [CN]0  exp(−k't) (2.5) 

 k' = k1 [CH3OH] + k0 (2.6) 

Where k' is the observed pseudo-first order CN signal decay, k1 is the desired bimolecular rate 

coefficient, and k0 is the pseudo-first order decay in the absence of methanol reagent.  Transient 

signals were fit to the above function to give k' values, which were then plotted as a function of 

[CH3OH]. A typical plot is shown in Figure 2. The slope of this plot is the desired bimolecular 

rate coefficient, k1. 
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Figure 4: Infrared absorption transient signals, detecting [CN] vs. time. Upper trace: without 

added alcohol reagent. Lower trace: with 250 mTorr of CH3OH reagent.  Red line over lower 

trace: single exponential decay fit. Typical reaction conditions (both traces): P(ICN) = 0.10 Torr, 

P(SF6) = 0.50 Torr. 
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Figure 5: Plot of pseudo-first-order decay rate vs. pressure of CH3OH. 

 Rate coefficients of the CN + CH3OH reaction were determined over the temperature 

range (298 – 421 K). Figure 3 shows an Arrhenius plot of the data. Only a slight temperature 

dependence was observed, resulting in a large amount of relative scatter in this plot. From the 

slope and intercept, we obtain the expression: 

 k
1
(T) = (2.16 ± 0.46) × 10-11 exp [(-214 ± 76)/T] cm3 molec-1 s-1 (2.7) 

From this equation the activation energy was determined to be 1.78 ± 0.63 kJ mol-1.   

 In addition, rate constant measurements at 298 K were performed for reactions of CN 

with ethanol and n-propanol. The results are shown in Table 1. 
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Figure 6: Arrhenius plot of rate constant of the CN + CH3OH reaction. 

Table 1: Rate coefficient vs. temperature and uncertainties. 

Temperature (K) Rate Coefficient 

(cm3 molecule-1 s-1) 

Uncertainty  

(1 standard deviation) 

298 1.03×10-11 1.02×10-12 

322 1.14×10-11 2.58×10-12 

383 1.30×10-11 1.56×10-12 

421 1.39×10-11 3.34×10-12 

473 1.25×10-11 2.47×10-12 
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Table 2: Rate coefficients of CN + alcohol reactions. 

Reaction Bimolecular Rate Coefficient (298K) 

(cm3 molecule-1 s-1) 

CN + CH3OH (1.03 ± 0.10) × 10-11 

CN + CH3OD (1.19 ± 0.09) × 10-11 

CN + CD3OH (9.05 ± 0.32) × 10-12 

CN + C2H5OH (2.84 ± 0.78) × 10-11 

CN + n-propanol (7.57 ± 1.45) × 10-11 

 

2.3.2. Product Yields 

 

 Infrared diode laser absorption spectroscopy was used to detect HCN and DCN products 

of the reactions of CN with CH3OH, CD3OH, and CH3OD.  In addition to reactions (2.1a) and 

(2.1b), above, the following reactions can occur when partially deuterated reagents are used: 

 CN + CD3OH→ DCN + CD2OH (2.8a) 

 → HCN + CD3O (2.8b) 

 CN + CH3OD→ HCN + CH2OD (2.9a) 

 → DCN + CH3O (2.9b) 

All detection experiments were performed at 298 K.  Figure 4 shows a typical HCN product 

transient signal for the reactions of CN with CH3OH and CD3OH. These signals were converted 

to absolute concentrations of HCN using known linestrengths from the HITRAN database, as 

described in previous publications.25 Typical concentrations obtained under our experimental 

conditions were ~1.92 × 1013 molecule cm-3. In principle, if channels (2.1a) and (2.1b) are the 

only products of reaction (2.1), and if the CH3OH concentration is sufficient to ensure that all 

CN radicals react with CH3OH, then the HCN yield should be equal to the initial [CN]0 

produced in the photolysis. In practice, we find that with 1.00 Torr of CH3OH, the HCN yield is 
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typically only about ~80% of [CN]0, suggesting that other pathways for CN removal exist; the 

intercepts apparent in Figure 2 are in qualitative agreement with this. In addition, however, the 

calculation of [CN]0 from the UV cross section of ICN and the photolysis laser pulse energy has 

a significant uncertainty of ~15-20%. Therefore, in order to normalize the HCN yields, the HCN 

yield in the following reaction was measured: 

 CN + C6H12 (cyclohexane) → HCN + C6H11 (2.10) 

Because this reaction is expected to form HCN in 100% yield, this provides a useful comparison. 

The resulting HCN number densities are shown in Table 2. 
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Figure 7: Transient infrared absorption signals for HCN product detection from the CN + 

CH3OH and CN + CD3OH reactions.  Typical reaction conditions: P(ICN) = 0.10 Torr, 

P(CH3OH) = 1.00 Torr (upper trace only), P(CD3OH) = 1.00 Torr (lower trace only), P(SF6) = 

1.00 Torr. 

 

Table 3: HCN yields of CN reactions. 

 

Several conclusions may be obtained from the data. Firstly, the HCN yield of reaction 

(2.1) is approximately the same within experimental uncertainty as that of the reference reaction 

(2.10). This suggests that HCN forming channels, i.e. (2.1a) and (2.1b), do indeed dominate 

Reaction Absolute Number Density 

(molecule cm-3) 

Normalized Number Density 

CN + C6H12 (2.08 ± 0.77) × 1013 1.00 ± 0.37 

CN + CH3OH (1.92 ± 0.86) × 1013 0.92 ± 0.41 

CN + CD3OH (0.165 ± 0.124) × 1013 0.08 ± 0.06 

CN + CH3OD (1.55 ± 0.52) × 1013 0.74 ± 0.25 
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reaction (2.1), involving nondeuterated reagents. The HCN yield of reaction (2.8), however, is 

approximately an order of magnitude smaller. This indicates, that channel (2.8b), abstraction of 

the hydroxyl hydrogen, is only a minor channel. The HCN yield of reaction (2.9) is close but 

slightly smaller than that of reaction (2.1), indicating that abstraction of the methyl hydrogen 

dominates. This result is not unexpected, as similar reactivity has been demonstrated in previous 

studies of Cl+CH3OH kinetics.36 We note that the isotopic purity of the deuterated samples is 

~99%. A 1% impurity of CH3OH in the CD3OH sample would be insufficient to produce the 

observed HCN yields. We therefore conclude that while the expected alkyl abstraction channel 

dominates, a small but measurable yield of ~8% into the hydroxyl channel (2.4b) is observed. 

 DCN yields were also measured in a similar fashion, except that C2D6 rather than 

C6H12 was used as the reference reaction. Because we do not have linestrengths for DCN 

spectral transitions, we only measured relative yields, relative to the CN + C2D6 reference 

reaction. The results are shown in Table 3. We find large amount of DCN formed in reaction 

(2.8), as expected if the alkyl abstraction channel (2.8a) dominates. We were able to detect only a 

very small DCN yield in reaction (2.9), suggesting that channel (2.9b) is very small.  

Table 4: DCN yields of CN reactions. 

Reaction Normalized Number Density 

CN + C2D6 1.00 ± 0.38 

CN + CD3OH 0.93 ± 0.14 

CN + CH3OD 0.02 ± 0.01 
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2.4. Conclusions 

 Reactions of CN with CH3OH and partially deuterated analogues as well as higher 

primary alcohols were studied by infrared absorption spectroscopy. All of the probed reactions 

are fast, with rate constants increasing with alkyl chain length. Only very small isotope effects 

are observed in the total rate constants. HCN/DCN product detection experiments in the  

CN + methanol reaction demonstrate that abstraction from alkyl hydrogen or deuterium 

dominates, but a minor channel (~8%) involving attack at the hydroxyl hydrogen is also 

observable. This reaction therefore represents a fairly clean route to producing the 

hydroxymethyl radical, CH2OH. 
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3. BRANCHING RATIOS OF THE REACTION OF THE HYDROXYMETHYL 

RADICAL WITH NITRIC OXIDE 

3.1. Introduction 

The hydroxymethyl (CH2OH) radical is of interest to combustion chemists due to its 

importance in the combustion and atmospheric chemistry, as well as its capability to react with 

NOX species.  Reactions of the CH2OH radical with NO2,37,38 O2,39 hydrogen halides,40-43 

H2O,44 H2O2,45 certain saturated and unsaturated hydrocarbons and hydrocarbon radicals,46-

49 OH Radicals,46 and HO2 radicals have been studied by experiment or ab initio 

calculation.46,50  In the one previous study of the kinetics of the title reaction, Pagsberg et al  

suggested two possible product channels:37 

 CH2OH + NO + M→ HOCH2NO (3.1a) 

 CH2OH+NO → CH2O + HNO (3.1b) 

They used pulse radiolysis to generate F atoms, followed by the F + CH3OH reaction to generate 

CH2OH radicals. Detection of CH2OH by UV absorption spectroscopy yielded a total rate 

constant of 2.5 x 10-11 cm3 molecule-1 s-1 at room temperature and 1 atm total pressure. Based 

on the UV absorption spectra obtained, they suggested that adduct formation may dominate the 

reaction, but were unable to estimate the yield of any possible bimolecular product channels. 

Furthermore, there are several additional bimolecular channels that are thermodynamically 

possible. A more complete set of product channels is 

 CH2OH + NO + M → HOCH2NO (3.1a) 

 CH2OH+NO → CH2O + HNO ΔH0
298 = -90.0 kJ/mol (3.1b) 
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 → HCN + H2O2 ΔH0
298 = -74.7 kJ/mol (3.1c) 

 → HNCO + H2O ΔH0
298 = -431 kJ/mol (3.1d) 

 → HCNO + H2O ΔH0
298 = -142 kJ/mol (3.1e) 

 → HCO + H2NO ΔH0
298 = 44.6 kJ/mol (3.1f) 

 → NCO + OH + H2 ΔH0
298 = 167 kJ/mol (3.1g) 

Where the thermodynamic data are obtained from the NIST-JANAF standard tables,51 other 

published sources for HNCO, HCNO, HNO,52 H2NO,53 and CH2OH.54 No thermochemical 

data were available for the adduct formation channel. 

 In this paper, we report infrared absorption measurements of the yield of product 

channels of the title reaction. The experimental approach used in this study is to photolytically 

produce CN radicals, followed by the CN + CH2OH reaction: 

 ICN + hν (266 nm) → I + CN (3.2) 

 CN + CH3OH → HCN + CH2OH (3.3a) 

 → HCN + CH3O (3.3b) 

The kinetics of reaction (3.3) have been reported in a previous publication in our laboratory [19]. 

It is fast, with k3 = 2.5 x 10-11 cm3 molecule-1 s-1 at 298 K. A key point is that channel (3a) 

was shown to be the dominant product channel, with an estimated yield of φ3a = 0.94, with only 

very small amounts (0.08) of channel (3b). This approach therefore represents a relatively clean 

route to hydroxymethyl radicals. 
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3.2. Experimental 

 The experimental apparatus was described in the previous chapter. The photolysis laser 

was an Nd:YAG laser (Continuum Surelite-II) operating on the fourth harmonic. Typical 

reaction mixtures included ICN (0.10 Torr), CH3OH (1.0 Torr), NO (variable pressure), and SF6 

buffer gas (1.0 Torr). Reaction products were detected by time-resolved infrared absorption 

spectroscopy using high resolution lead salt diode lasers (Laser Components). The UV and IR 

beams were copropagated through a 143 cm single pass absorption cell. The beams were then 

separated by a ¼-m monochromator and the infrared light was detected on a 1 mm InSb detector 

(Cincinnati Electronics, ~1 μs response time).  Transient signals were collected and signal 

averaged by a digital oscilloscope and stored on a computer.  All measurements were taken at  

298 K.   

 ICN (Fluka, 97%) was purified by vacuum sublimation to remove dissolved gasses.  

CH3OH (Sigma-Aldrich, 99.9%), CH3OD, and CD3OH (Cambridge Isotope Labs, 99% and 

99.5% isotopic purity, respectively) were purified by several freeze-pump-thaw cycles at 77 K.  

NO (Matheson) was purified by freezing NO2 impurities at 173 K, then collecting the NO in a 

sealed liquid nitrogen trap, followed by several freeze-pump-thaw cycles.  SF6 (Matheson) was 

purified by several freeze-pump-thaw cycles. 

 HNCO samples (used for calibration purposes only) were synthesized as described by 

Fischer, et al, substituting sodium cyanate for potassium cyanate.55  HCNO samples were 

synthesized as described by Feng.56 

 The following molecules were probed using infrared diode laser absorption spectroscopy: 

 HCN(ν = 1 ← ν = 0)  P(19) at 3251.823 cm-1 

 HNO(ν = 1 ← ν = 0)   at 2669.8907 cm-1 



27 

 

 HNCO(ν = 1 ← ν = 0) R(15) at 2280.0663 cm-1 

 HCNO(ν = 1 ← ν = 0)  R(10) at 2203.851 cm-1 

 CO(ν = 1 ← ν = 0)  R(2) at 2154.59 cm-1 

 H2O(ν = 1 ← ν = 0)  5 3 3 at 1895.19727 cm-1 

 H2CO(ν = 1 ← ν = 0) 5 1 5 at 2796.32910 cm-1 

 N2O(ν  = 1 ← ν = 0)  P23 at 2202.74438 cm-1 

 Transient signals were collected both on and off resonance with the listed spectral lines. 

Off resonance signals, which are attributed to thermal deflection effects, were subtracted from 

the on resonance signals in order to obtain absorption profiles for the relevant molecules.  

 The HITRAN database was used for locating and identifying HCN, CO, H2O, and H2CO 

lines.  Other published sources were used to locate and identify HNO,57 HNCO,58 and HCNO 

lines.59 

3.3. Results and Discussion 

3.3.1. Product Yields 

 Of the list of probed species described above, three product molecules were detected by 

transient infrared absorption spectroscopy. Figure 1 shows transient signals for HNCO and HNO 

molecules; these molecules were detected only if all three reagents (ICN, CH3OH, and NO) were 

present. Additionally, HCN was detected both with and without NO reagent, as shown in Figure 

6. Transient signals for the other species listed above were negligible, but upper limits to 

detectable signals were estimated when possible. The signals displayed fast rises in the first few 

microseconds, attributed for rapid formation of the detected product molecules, as well as 

relaxation of any ro-vibrational excited state populations to a Boltzmann distribution (the SF6 
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buffer gas is included to speed up this relaxation). This is typically followed by a slow decay, 

which for stable species is dominated by diffusional loss of the detected molecule out of the 

probed volume. The somewhat faster decay in the lower trace of Figure 6 is consistent with this 

interpretation, as diffusion is faster at the lower total pressure of 2.1 Torr, compared to the higher 

pressure of 3.1 Torr used in the upper trace. 

Peak-peak amplitudes were converted to absolute concentration using known line 

strengths from the HITRAN database for HCN, CO, and N2O. Calibration of HNCO signals was 

accomplished by filling the cell with varying pressures of HNCO and measuring static 

absorption signals.  The natural logarithms of the signals were then plotted to create a Beer-

Lambert plot.  This plot is shown in Figure 8.  The slope of the line in this plot, divided by the 

length of the absorption cell, yields the absorption coefficient of the molecule in question. The 

absorption coefficient obtained for the R(15) line of HNCO at 2280.0663 cm-1was 1.38 cm-1 

Torr-1 (base e). 
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Figure 8: Beer-Lambert plot for HNCO in a 12 cm single-pass absorption cell. 

 

 A similar procedure was used to calibrate HCNO (resulting in 1.94 cm-1 Torr-1 for the 

R(10) line at 2203.851 cm-1), and CH2O (resulting in 0.196 cm-1 Torr-1 for the line at 

2796.32910 cm-1). 

  HNO was calibrated by the following reaction sequence: 

 ICN + hν (266) → I + CN (3.4) 

 CN + CH2O → HCN + HCO (3.5) 

 HCO + NO → HNO + CO (3.6) 
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(Note that CN does not react quickly with NO at low pressures). By measuring the photolysis 

laser pulse energy, the number density of CN radicals was estimated. In the limit of high CH2O 

and NO concentrations, this reaction sequence converts most CN radicals to HNO. Detection of 

the resulting transient signal for HNO then provides the calibration, leading to 0.069 cm-1 Torr-1 

for the HNO line at 2669.8907 cm-1. 

 As shown in Figure 9, significant amounts of HNCO as well as small amounts of HNO 

are produced in this reaction. Figure 10 shows that significant amounts of HCN are produced, 

but with essentially identical yields with and without the NO reagent. This is attributed to the 

production of HCN in reaction (3.3), and indicates that production of HCN via channel (3.1c) of 

the title reaction is small or insignificant. 

Figure 11 shows the number density of HNCO produced as a function of NO reagent 

pressure. At low NO pressures, reaction (3.1) competes with other CH2OH loss mechanisms 

such as reaction with trace O2, diffusional losses, etc. In the limit of high NO and CH3OH 

pressures, most CN radicals produced in the photolysis are converted to CH2OH in reaction (3a), 

and most CH2OH radicals react with NO. As shown, this high pressure limit is reached at 

pressures above approximately 0.5 Torr.  
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Figure 9: Typical transient signals for HNCO and HNO product molecules.  Typical reaction 

conditions: P(ICN) = 0.1 Torr, P(CH2OH) = 1.0 Torr, P(NO) = 1.0 Torr, P(SF6) = 1.0 Torr. 
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Figure 10: HCN yields in the presence and absence of NO.  Typical reaction conditions: P(ICN) 

= 0.1 Torr, P(CH3OH) = 1.0 Torr, P(NO) = 0 or 1.0 Torr, and P(SF6) = 1.0 Torr. 
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Figure 11: HNCO yield vs. NO pressure.  Typical reaction conditions: P(ICN) = 0.1 Torr, 

P(CH2OH) = 1.0 Torr, P(NO) = variable, P(SF6) = 1.0 Torr. 

 

 The resulting product yields for detected product molecules as well as estimated upper 

limits of undetected molecules were compared to the initial CN radical number density, obtained 

from the laser pulse energy (typical values were ~11 mJ/pulse), and the 266-nm absorption 

coefficient of ICN (0.009 cm-1 Torr-1, base e), and assuming a unity quantum yield for CN 

production. This results in typical values of [CN]0 ~ 4.37 × 1013 molecule cm-3. Table I shows 

the resulting yields, assuming conversion of 92% of CN radicals to CH2OH in reaction (3a). 

Channel (3.1g) is not directly detected, but any NCO produced in (1g) would be expected to 

produce N2O via the NCO+NO reaction. 
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 Although as described above, reaction (3a) is a relatively clean source of CH2OH 

radicals, a small (~8%) yield of methoxy (CH3O) radicals is also produced. Therefore, the 

following competing reaction must be considered: 

 CH3O + NO→ CH3ONO (3.7a) 

 → CH2O + HNO (3.7b) 

This reaction has a somewhat pressure dependent rate constant, varying from  

~(0.5-2)x10-11 cm3 molecule-1 s-1 over the pressure range ~2-100 Torr, with rather small yields 

of channel 4b of φ4b = 0.15-0.33.59  Combined with the small yield of (3b), it therefore appears 

that only very small yields, of approximately 2-3%, of HNO would be produced by this route.  

Table 5: Product yields as a fraction of CH2OH radicals generated. 

Product Fraction of CH2OH Radicals 

HCN <0.10 

HNO 0.11 ± 0.03 

HNCO 0.103 ± 0.050 

HCNO <0.02 

CO <0.01 

CH2O <0.08 

N2O <0.01 

Note: Uncertainties represent one standard deviation. 

 Deuterated analogs of CH3OH, CH3OD and CD3OH, were used in some experiments to 

investigate the reaction mechanism.  The HNCO signal obtained with CH3OD was unchanged 

from that with CH3OH. Conversely, when CH3OH was replaced with CD3OH in the reaction 

mixture, the HNCO transient signal disappeared and no static signal growth was observed after 

100 shots of the excitation laser. These results clearly indicate that the hydrogen atom in HNCO 

is taken from the alkyl position of CH2OH.  Deuterated analogs were also used in HNO 
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detection experiments, but due to the small size of the transient signal, the results were 

inconclusive. 

 Although we are unable to detect the collisionally stabilized adduct HOCH2NO from 

channel (3.1a), the low yields observed for bimolecular product channels (3.1b) and (3.1d), as 

well as the insignificant yields of other bimolecular channels strongly suggests that adduct 

formation is in fact the predominate pathway, even at the fairly low total pressures used in this 

experiment. If true, one would expect that the total rate constant be pressure-dependent. We are 

not aware of any report of the pressure dependence of reaction (3.1), and our available infrared 

lasers are not able to detect the CH2OH radical, but this would clearly be a useful future 

experiment. 

3.4. Conclusions 

 Reactions of CH2OH and its partially deuterated analogs were studied by infrared 

absorption spectroscopy.  Small but measurable yields of HNO and HNCO product channels 

were detected. Although not directly detected, it is likely that collisionally stabilized adduct 

formation dominates this reaction. 
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4. CONCLUSIONS 

 The reactions of CN radicals with small alcohols, and the reactions of hydroxymethyl 

radicals with nitric oxide were studied by infrared diode laser spectroscopy.  The kinetics of the 

reaction of CN with methanol were found to be fast, and it was found that the methyl hydrogen 

was preferentially abstracted over the hydroxyl hydrogen with approximately 92% selectivity. 

The kinetics of the reactions of CN with larger primary alcohols, such as ethanol and n-propanol, 

were found to be faster than the reaction of CN with methanol. This reaction provides a 

relatively clean, photolytic pathway to the hydroxymethyl radical, which may be of interest to 

atmospheric and combustion chemists.  The reaction of hydroxymethyl with nitric oxide 

probably undergoes adduct formation as the major channel, but significant amounts of isocyanic 

acid and nitroxyl were also detected. 
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