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Abstract

This thesis describes the thermal, unimolecular decomposition pathways of the following potential

biofuels: cyclohexanone (C6H10 ––O), glycolaldehyde (HCOCH2OH), methyl acetate (CH3COOCH3),

and methyl butanoate (CH3CH2CH2COOCH3) as well as many products of their decomposition.

These fuels have been diluted in a buffer gas (less than 0.1% in He, Ne, Ar, or Kr) and decomposed

in a heated micro-reactor. The micro-reactor is a resistively heated silicon carbide (SiC) tube that

can be heated to temperatures of up to 1800 K; it is 2 - 3 cm long and 0.6 to 1 mm in diameter.

Residence times in the tiny reactor are roughly 25 - 150 microseconds. As the gas mixture exits

the reactor, it expands supersonically into a vacuum chamber (1 x 10−6 Torr), which effectively

quenches any further chemistry. Mass data of the products are provided by both tunable synchrotron

photoionization mass spectrometry (PIMS) conducted at Lawrence Berkeley National Laboratory’s

Advanced Light Source, and by pulsed, 10.487 eV PIMS conducted at the University of Colorado.

Vibrational spectra are collected utilizing matrix isolation infrared spectroscopy (IR). Attempts

to validate computational results of pressure within the reactor are also discussed, in which X-ray

fluorescence studies were conducted inside the reactor using Kr as a fluorescent tag. With internal

temperature and pressure characterized, the micro-reactor will also be a useful tool in determining

rate constants of decomposition reactions. The complementary diagnostics of PIMS and IR detect

all of the atoms, metastables, and radicals that results from pyrolysis of these fuels. Chemical

decomposition pathways are then constructed to justify the observed product distribution.
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Chapter 1

Introduction to Biofuel Pyrolysis

1.1 The Study of Biofuels

The main focus of this thesis is to determine exactly how biofuels decompose under intense

heat. Biofuels are fuels derived from living organisms, usually plant-like matter, that consume

CO2 during growth. Biomass based fuels form a closed, carbon neutral cycle, in which excess CO2

from combustion is recycled through the growth of renewable biomass. The exact environmental

consequences of massive anthropogenic CO2 emissions are currently uncertain. We do know, however,

that CO2 is a strong infrared absorber. This means that when sunlight hits CO2 its temperature

quickly rises, as opposed to N2 which composes over 70% of our atmosphere and is infrared inactive.

Solar and hydrogen powered vehicles are carbon neutral solutions capable of replacing fossil fuel

powered vehicles, however affordable consumer options are still being developed. In the interim, the

search continues for liquid renewable fuels that can replace fossil fuels in their existing infrastructure.

This replacement needs to be capable of being produced in extremely large quantities. Transportation

accounts for about one quarter of the total energy used according to the Department of Energy.

Domestic airline fuel consumption was 4 x 1010 liters in 2015 alone. Biomass is the only renewable

source of carbon-based fuel that is capable of meeting such a demand. In this thesis, I have studied

the thermal decomposition of three potential biofuels, as well as many stable products of their

decomposition. Cyclohexanone, described in Chapter 2, is a second generation biofuel derived from

ligno-cellulosic biomass, or woody crops and agricultural waste [118]. Glycolaldehyde, described in

Chapter 3, is a carbohydrate (C*H2O)n, one of the most abundant biomass materials on earth [117].

1



In Chapter 4, I discuss the decomposition of esters, a class of compounds that have potential as

biodiesel and can be derived from the membranes of biological species such as micro-algae.

The mechanisms I have derived for the decomposition of these potential biofuels are far from

the entire story. I focus on the decomposition initiation processes that happen within the first

25-150 microseconds of pyrolysis (thermal degradation in the absence of oxygen). In a standard

diesel engine, chemistry is initiated by compression ignition - a piston compresses air creating a

huge temperature and pressure spike, at which time fuel is injected and ignites. This ignition

releases a cascade of highly reactive species called radicals, or chemical species possessing unpaired

electrons. Also present in the engine will be short lived products that are thermally unstable, called

metastables, which will rapidly decompose to radicals or more stable species. Radicals initiate the

remaining chemistry, reacting with the starting material, oxygen, each other, and other intermediates.

The final products are exhausted from of the engine within a few milliseconds, and the process

immediately. The amount of heat released during that process, and therefore the engine efficiency,

is highly dependent upon the chemical reactions that take place during that short time period.

If we are to develop efficient, low emission combustion devices, then a quantitative description

of these chemical processes is essential. Computational modelers are currently working to replicate

experimental observations of fuel decomposition. This requires taking into account hundreds of

reactive intermediates and thousands of potential reaction combinations, a majority of which have

not been characterized experimentally. My goal is to identify every species of decomposition,

whether it be a stable, metastable, or radical intermediate, one biofuel at a time. Mixtures of

biofuels with oxygen (or each other) is the next step, however it is currently too complex to study

without understanding the simpler, primary reaction mechanisms. The silicon carbide micro-reactor,

described in detail in the next section, has been carefully designed to isolate and identify highly

reactive species produced in the first 25 - 150 µseconds of fuel decomposition.

1.2 Pyrolysis Experiments

1.2.1 The Micro-Reactor

The experiments included in this thesis come in three main forms, Table 1.1 summarizes the

experimental configurations. Fuels are diluted in a buffer gas, such as He, Ne, Ar or Kr, diluted to

2



less than 0.1% by pressure. Decomposition takes place when the gas mixture is passed through the

micro-reactor, the relative size of which can be pictured in Figure 1.1. The micro-reactor is a tube

composed of silicon carbide, and is about 2 to 3 cm long. This material can be resistively heated

to temperatures of up to 1800 K; the heated portion (between electrodes) is roughly 1 to 1.5 cm

long (red portion in Fig 1.1). The resistance of the tube can be adjusted for heating with SiC sand

blasting (to raise the resistance) and with pencil lead (graphite, to lower the resistance).

At the Advanced Light Source (ALS) at Lawrence Berkeley’s National Laboratory (LBNL), the

gas mixture is continuously supplied to a 0.6 mm i.d. SiC tube by mass flow controllers held at

280 sccm (standard cubic centimeters min−1) due to the nature of the ionization source. At the

University of Colorado, experiments are conducted with a 1 mm i.d. SiC tube and pulsed flow

at 10 Hz. Figure 1.2 shows the SiC tube inside the general pulsed valve assembly. The external

wall temperature of the reactor is monitored using a Type C thermocouple, which is spot-welded

to tantalum foil and attached to the tube exterior between electrodes with 0.005 inch tantalum

wire. The accuracy of the thermocouple is 1% from 270 to 2300 K (Omega Engineering). Copper

wire supplies current to two molybdenum electrodes, clamped to the exterior of the tube in two

locations by carbon discs, see Fig. 1.2. Heater and thermocouple electrical feeds are pictured in

Fig. 1.2 exiting a ceramic heat shield, which encloses the micro-reactor to minimize radiative heat

losses. This SiC tube, heat shield, thermocouple, and heater assembly is placed on a copper heat

sink and mounted to a Parker General Valve. Care must be taken to keep the valve operating under

temperatures of 400 K. A type K thermocouple is attached to the exterior of the pulsed valve to

monitor temperature, and a water cooling sleeve is placed in contact with the copper heat sink. A

heater can also be placed on the valve to prevent condensation of materials with low vapor pressures.

Typical residence times of target molecules within the reactor are 25-150 microseconds. [61]

At the reactor exit, the gas mixture supersonically expands (faster than the speed of sound) into

a vacuum chamber held at about 1 x 10−6 Torr. This expansion rapidly cools the rotational and

vibrational temperatures of the pyrolysis products, and effectively quenches chemistry by eliminating

further molecular collisions. The following sections describe the primary diagnostics used to identify

the products exiting the reactor, photoionization mass spectrometry (PIMS) and matrix isolation

infrared (IR) spectroscopy.
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Figure 1.1: Top: Reactor setup with pulsed valved pictured upstream, and expansion onto cold
window pictured downstream. The SiC tube is clamped by two molybdenum electrodes attached
to the tube with carbon disks, the heated region is shown in red. Bottom: The SiC micro-reactor
compared to a quarter and a piece of linguini.

Figure 1.2: The silicon carbide micro-reactor enclosed in a ceramic heat shield and mounted to a
pulsed valve assembly.

4



1.2.2 Photoionization Mass Spectrometry

Photoionization mass spectrometry experiments are carried out in two forms, one at the University

of Colorado and the other at the Chemical Dynamics Beamline at Berkeley’s ALS (see Table 1.1. In

both experiments, roughly 1 cm from the exit of the reactor, the molecular cloud of products is

skimmed through a 2 mm aperture, creating a slivered molecular beam that flies straight towards

the ionization region, see Figure 1.3. In Colorado, the ionization source is the 9th harmonic of a

Nd:YAG laser, 118.2 nm or 10.487 eV, which fires in tandem with the pulsed valve assembly at

10 Hz. The Nd:YAG laser emits photons at 1064 nm. This light is directed through a doubling

crystal which products 532 nm light, or the second harmonic of 1064 nm (1/1064 nm + 1/1064 nm

= 1/532 nm). The third harmonic is generated with a tripling crystal (1/1064 nm + 1/532 nm

= 1/355 nm) and the resulting 355 nm exits the laser head. This beam is directed and focused

with a fused silica plano-convex lens into a tripling cell, which contains roughly 150 Torr of a 10:1

Ar/Xe mixture. As the beam passes through this gas mixture, the 9th harmonic (of the original

1064 nm Nd:YAG output) forms a beam of 118.2 nm light, equivalent to 10.487 eV photon energy,

which is capable of ionizing most organic species. The 118.2 nm light is focused into the ionization

region using a biconvex MgF2 lens, but it is important to note that 355 nm light is still very

present as the conversion efficiency to 118.2 nm is very low (less than 10%). There it encounters the

skimmed molecular beam, and the resulting cations are extracted using dual-stage ion optics in

a Jordan reflectron time-of-flight mass spectrometer [152]. Time of flight is translated into mass

via simple calibration using mixtures of known masses. PIMS spectra are a composite of 1000

averaged scans, with a minimum mass resolution m/∆m of 400. Experiments at the ALS employ

experiment flow areactor light source inlet P boutlet P

PIMS at LBNLc Cont. (He) 0.6 x 15 VUV 500 MHz 100 - 300 2 x 10−4

PIMS in CO Pulsed (He) 1 x 15 118.2 nm, 10 Hz 1500 2 x 10−6

FTIR in CO Pulsed (Ar) 1 x 10 None 600 - 800 2 x 10−6

Table 1.1: Summary of Biofuel Pyrolysis Experimental Conditions

aHeated dimensions, inner diameter x length reported in mm.
bPressures are reported in Torr.
cAdvanced Light Source Beamline 9.0.2 at LBNL
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Figure 1.3: Photoionization mass spectrometry experimental configuration. The source chamber
houses the SiC reactor, which supplies molecular beam (in red) to the ionization region (red, green,
and blue intersection). The blue indicates the laser beam, which ionizes the organics. The resulting
cations are accelerated up the drift tube (green) and collected by time of flight and mass to charge
ratio.

a different ionization source, a 500 MHz tunable synchrotron. The quasi-continuous (500 MHz)

radiation can be tuned between 7.4 to 19 eV, allowing for additional qualitative results such as the

ability to characterize organic species by their ionization energy onsets. Gas flow to the reactor is

held at a continuous volumetric flow rate of 260 sccm (standard cm3 min−1) using an MKS P4B

(0 - 200 sccm N2) mass flow controller. Continuous flow and the high repetition rate increase the

PIMS signals by more than two orders of magnitude compared with the pulsed micro-reactor in

Colorado. Typical photon fluxes are roughly 1 x 1013 photons per second [154]. The start time for

the ion packet in the TOF spectrometer is provided by pulsing the repeller plate of the ion optics.

Photoionization efficiency curves are normalized by dividing the ion count by the photocurrent at

each photon energy.
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Figure 1.4: Matrix isolation infrared spectroscopy experimental setup.

1.2.3 Matrix Isolation Infrared Spectroscopy

To collect IR spectra of the initial reactive products of thermal decomposition, the technique of

matrix isolation is used. Typical buffer gases in these experiments are Ar or Ne; lighter inert gases

such as He cannot be frozen. Gas exiting the micro-reactor is directed toward a cold CsI window

placed about 3 cm from the reactor exit, see Figure 1.4. The CsI window is held at 20 K by a

dual-stage He cryostat (HC-2 APD Cryogenics). The diluted products of decomposition deposit in

a lattice of frozen argon onto the CsI window. The window can then be placed in the path of an

infrared absorption spectrometer for data collection. Deposition is typically 1 Torr/min, and data

are typically collected on 100-300 Torr of sample. Deposition is kept at a low rate so as not to impart

too much thermal energy on the window from products exiting the hot micro-reactor. Infrared

absorption spectra are collected with a commercial FTIR (Nicolet 6700) fixed with an MCT-A

detector (4000 - 650 cm−1). All IR spectra are averaged over 500 scans with 0.25 cm−1 resolution.

Something to note in all of the experiments included in this thesis is that the operating conditions

of each experimental setup described in Table 1.1 will be slightly different. Simulations [61] of the

fluid dynamics in the heated microreactors reveal that they are nonlinear devices. The chemistry

varies exponentially with the temperature (which is rising) and quadratically with pressure (which

is falling). Recent experimental results confirm calculated temperatures inside the reactor [6]. In

Chapter 5, I describe an experiment in which we attempt to measure the pressure within the reactor,
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however the most recent results are solely qualitative. The location and volume of this ’sweet spot’,

or position of maximum temperature and pressure in the tube, will differ depending on which buffer

gas is being used. Argon reaches notably lower temperatures than helium during the short residence

times experienced in the reactor, and SiC wall temperatures must typically be 200 K higher for

argon matrix experiments to see similar results to the helium run PIMS experiments. [61] The

combination of PIMS and IR molecular diagnostics still proves to be a powerful tool in the detection

of all of the pyrolysis products: atoms, organic radicals, and metastables.

1.3 Additional Projects

1.3.1 Methyl Allyl Radical Generation

As a graduate student, I worked on a number of projects that were not my own. My role in

these projects will be described in the remainder of this chapter. In my fourth year of graduate

school, I had the opportunity to work with Rob Tranter from Argonne National Labs (ANL) on

the generation of methyl allyl radicals. Rob was interested in studying the rate of recombination

and dissociation of 2-methyl allyl radicals, (CH2C(CH3)CH2). [147]. This species is an example of a

resonantly stabilized radical, and it is therefore expected to live a lengthy lifetime in its natural

environment in a combustion engine. A diaphragmless shock tube was used to study CH2C(CH3)CH2

decomposition at temperatures of 700 - 1350 K (ignition temperatures) and pressures of 60 - 260

Torr. A laser schlieren densitometry profile was measured to track the reaction inside the shock tube.

Rate coefficients for the dissociation of two distinct CH2C(CH3)CH2 precursors, recombination

of CH2C(CH3)CH2, and dissociation of CH2C(CH3)CH2 were obtained using high level a priori

calculations. My contribution to this work was designing a compound that would readily decompose

to CH2C(CH3)CH2 at low temperatures, and refining the synthesis of it.

Nitrites have commonly been used to create weak bonds that easily decompose into desired

reactive species. To create the CH2C(CH3)CH2 radical, the synthesis of 3-methylbut-3-enyl nitrite

and decomposition pathways are shown in Scheme 1.1. The synthesis was adapted from the synthesis

of methyl nitrite, a gaseous species [84], and work I had done on the synthesis of 2-phenoxyethyl

nitrite. A mixture of 3-methyl-3-butene-1-ol (37 mmol) and excess NaNO2 (74 mmol) was held in an

ice bath and stirred vigorously. 20 mL of 9.25% HCl was added dropwise to the mixture slowly, over
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Scheme 1.1: Synthesis of 3-methylbut-3-enyl nitrite, and 2 possible decomposition pathways.

the course of 5 minutes. During addition of the acid, the solution refluxed gently, and after a few

minutes, brown gas formed in the headspace above the solution (NO2). After the addition of HCl,

the solution continued to mix for 15 additional minutes and then allowed to settle into an organic

and aqueous layer. The blue-colored organic layer was collected and washed twice with saturated

NaCl solution and then dried over Na2SO4. Successful synthesis and product identification was

completed by Dr. John Randazzo via IR and H-NMR to confirm the presence of 3-methylbut-3-enyl

nitrite.

It was concluded that both precursors used in the experiment gave the same results for rate

coefficient determination in the shock tube. The decomposition of 3-methylbut-3-enyl nitrite had

the potential to go 2 different ways, see Scheme 1.1. Reaction 1 would begin with elimination of

NO by cleavage of the weak O-NO bond. The resulting CH2 ––C(CH3)CH2CH2O · radical then

readily eliminates formaldehyde (CH2 ––O) leaving behind the desired product, 2-methyl allyl

radical. Alternatively, the C-ONO bond is also weak and could cleave to eliminate NO2, see

Reaction 2. This radical will likely eliminate a hydrogen atom to produce 2-methyl-1,3-butadiene
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(CH2 ––CHC(CH3)CH2). Given that similar results were obtained using an alternative precursor,

2,5-dimethyl-1,5-hexadiene, Reaction 1 and therefore production of CH2C(CH3)CH2 is believed to

dominate in the decomposition of 3-methylbut-3-enyl nitrite [147].

1.3.2 Synchrotron Studies

I had the opportunity to study with Rob Tranter and X-ray beamline director Alan Kastengren

at Argonne’s Advanced Photon Source (APS). The efforts of this study were focused on determining

a pressure within the tiny micro-reactor. [148] Standard pressure measurement techniques are

impossible, and insertion of anything into the tube (1 mm I.D.) will disrupt gas flow and change

the gas phase dynamics dramatically. Reaction rates can be described by the well known Arrhenius

expression (rate = A e(−Ea/kBT )), which demonstrates that speed of reactions depend upon the

quadratic of the pressure (the ’A’ factor) and the square of the temperature. Consequently, changing

these variables even slightly will have drastic effects on product distribution. The results I present

about decomposition pathways of molecular species are even more useful when a temperature and

pressure can be reported. I helped build an experiment that utilized X-ray synchrotron radiation to

penetrate the walls of the SiC tube and ionize a tracer gas, krypton, which was diluted in a helium

buffer gas. Resulting Kr+ ions are very unstable, and can release energy in the form of fluorescent

photons that exit through the reactor walls to be collected by a detector. Using a known amount

of Kr in He, and normalizing the Kr based on fluorescent signal, in principle a known amount

of Kr atoms can be traced back to the inside of the tube. This experiment was the first in situ

measurement of fluid dynamics in an opaque body, and is discussed in great detail in Chapter 5.

I also had a few opportunities to travel out to the Advanced Light Source (ALS) at Lawrence

Berkeley National Laboratory (LBNL). Here I was able to conduct PIMS experiments with a tunable

vacuum ultra-violet (VUV) synchrotron light source. This replaced the lab ionization source of fixed

10.487 eV at a repetition rate of 10 Hz with energy tunability and a very rapid repetition rate (500

MHz). In addition to identifying thermal decomposition products by mass, with tunable radiation it

is possible to scan and identify a mass species based on its characteristic ionization energy (energy

of electron loss) for further validation. Projects conducted at LBNL are carried out in groups of two

or three. While there I contributed to Grant Buckingham’s studies over the thermal decomposition

of benzyl and tropyl radicals, both of which are very important species in combustion. [21,22]
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The remaining chapters of this thesis describe projects in which I played a primary role,

however many of these projects were drastically enhanced with the help of collaborators. In

Chapter 2, pyrolysis studies of cyclohexanone were supported with coupled cluster electronic

structure calculations that provided the heats of formation and energetics of different reaction

pathways [118]. These calculations were provided by Thanh Nguyen (University of Texas), Josh

Baraban (University of Colorado), and John Stanton (University of Texas). In Chapter 3, Josh

Baraban and Michael McCarthy (Harvard-Smithsonian Center for Astrophysics) calculated the

heat of formation (necessary to describe reaction energetics) and ionization energy (to support

experimental findings) of glycolaldehyde [117]. Another major contributor to this project was

Kathleen Morgan (Xavier University), who measured the heat of formation of glycolaldehyde

experimentally. Both of these projects were completed with data from the ALS at Berkeley.

Running experiments at Beamline 9.0.2 was made possible with the help and support of Musahid

Ahmed, Tyler P. Troy, and Oleg Kostko, each from the University of California at Berkeley.
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Chapter 2

Cyclohexanone

2.1 Introduction

Cyclohexanone, C6H10 ––O, is one of the many compounds under consideration as a second-

generation biofuel. [18] We have studied the thermal degradation of cyclohexanone, paying attention

to the first 150 µseconds of chemistry in the absence of oxygen, and have identified multiple

pyrolysis pathways. So far, it has been shown that a diesel engine produces less soot when blends

of cyclohexanone with synthetic Fischer-Tropsch fuels are used. [73] Additionally, the sooting and

chemiluminescence behaviors of bioderived fuels were studied in an optically accessible diesel engine,

from which it was determined that cyclic additives such as cyclohexanone are more efficient in soot

abatement than other oxygenated fuels. [18] The mechanisms by which cyclohexanone contributed

to such results are poorly understood.

There have only been two experimental [38, 133] and one modeling [175] study on the pyrolysis

or oxidation of cyclohexanone. The first study, back in 1970, [38] pyrolyzed cyclohexanone at 1300

K in ceramic tubes at pressures of 60 mTorr. The equation below shows the mole percent yield for

each of the products detected from the pyrolysis of cyclohexanone.

C6H10−−O(+ M)→CH2−−CH2(52),CH3−CO−CHCH2(15),CH3CHCH2(10),

CH2CCH2(4),CH2CH−CH2CH3(4),HC−−−CH(3),CH3CH3(2),

CH2CH−CHCH2(2), cyclopentane(2),CH2CH−CH2−CHCH2(2),

cyclopentadiene(1),CH2CH−CHO(1),C6H6(1)

(2.1)
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Ethylene, methyl vinyl ketone (MVK), and propene are the three most abundant species under

these conditions.

A jet-stirred reactor study has been reported on the kinetics of oxidation of cyclohexanone [133].

Samples of cyclohexanone (1000 -1500 ppm) in oxygen/nitrogen gas mixtures at 10 atm were heated

to temperatures of 530 -1220 K. After a fixed residence time of 0.7 s, the resulting products were

sampled and identified by both infrared (IR) and gas chromatographic analysis. Unlike the previous

pyrolysis experiments, [38] MVK was never found to be an important product in these oxidation

experiments, even under the richest fuel conditions.

2.2 Plausible Decomposition Pathways

Two potential decomposition pathways for cyclohexanone are shown in Scheme 2.1, and thermo-

dynamic quantities pertinent to the decomposition of cyclohexanone are summarized in Table 2.1.

Enols such as C6H9OH and CH2 ––C(OH)–CH––CH2 in the retro Diels-Alder reaction are typically

about 10 kcal mol−1 less stable than their corresponding ketones, cyclohexanone and MVK. Com-

mon conjectures [36,136,172,175,176] for the barriers of the gas-phase keto/enol tautomerizations

(>CH–CO- → >CH––C(OH)) are about 65 kcal mol−1.

One could anticipate [38] that the pyrolysis of cyclohexanone might begin with the isomerization

to the enol, C6H9OH, followed by a retro-Diels-Alder fragmentation. Alternatively, simple cleavage

of C-C bonds within C6H10 ––O could result in the formation of three different sets of diradicals. The

initial diradical products will be unstable; the fate of these radical species is explored in Scheme 2.2.

To estimate the thermochemistry for the cracking of C6H9 –OH, consider a similar alkene,

cyclohexene. Cyclohexene has been observed [72] to fragment via retro Diels-Alder reaction: the

∆rxnH298 (cyclohexene → CH2 ––CH2 + CH2 ––CH–CH––CH2) is 40.0 ± 0.3 kcal mol−1 and the

activation energy Ea is 62 kcal mol−1 (see entry 11 in Table 2.1). Consequently the threshold for

cyclohexanone pyrolysis to ethylene and CH2 ––C(OH)–CH––CH2 is estimated to be roughly 75 kcal

mol−1, a relatively low energy barrier. It’s also expected that the resulting CH2 ––C(OH)–CH––CH2

will subsequently isomerize to methyl vinyl ketone (MVK), CH3CO–CH––CH2.

The energy to fragment C-C bonds within the ring, see the bottom of Scheme 2.1 are difficult

to assess due to the highly unstable nature of the resulting diradicals. Based on known energetics
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Scheme 2.1: Two possible pathways for the thermal decomposition of cyclohexanone.

of model compounds listed in Table 2.1, CH3CHO, CH3COCH3, CH3COCH2CH3, we can estimate

the bond energetics of three distinct C-C sites within cyclohexanone. The bond energies of the α

C-H bonds of cyclohexanone are expected to be about 94 kcal mol−1 (entry 1 in Table 2.1), while

the three C-C bonds of the ring (α, β, γ) are likely to be lower in energy, around 84 kcal mol−1

(entries 2 - 6 in Table 2.1). Applying these estimates to the pathways in Scheme 2.1, we anticipate

cyclohexanone will initially isomerize and decompose to CH2 ––CH2 and CH2 ––C(OH) CH––CH2. At

slightly higher reactor temperatures, fragmentation of the cyclohexanone ring to diradicals should

ensue.

The likely fates of the radicals at the bottom of Scheme 2.1 are explored in Scheme 2.2. Fragmenta-

tion of the cyclohexanone α C-C bond produces the unstable diradical, [·CH2CH2CH2CH2CH2CO·].
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reaction kcal mol−1 refs.

1 DH298(CH3COCH2 –H) 96 ± 2 7,124

2 DH298(CH3CO–CH3) 84.5 ± 0.5 14,114

3 DH298(CH3COCH2 –CH3) 84 ± 2 14,114

4 DH298(CH3CO–CH2CH3) 83.6 ± 0.6 14,114

5 DH298(CH3 –CH2CH3) 89.1 ± 0.4 14,114

6 DH298(CH3CH2 –CH2CH3) 88.0 ± 0.6 14,114

7 DH298(CH2CH–CH2CH3) 100.0 ± 0.8 14,114

8 DH298(CH2CHCH2 –CH3) 76.4 ± 0.5 14,114

9 DH298(CH2CHCH2 –CHCH2) 87.3 ± 0.8 14,114

10 ∆rxnH298(CH2CHCH2 → H + CH2 ––C––CH2) 56.2 ± 0.5 14,114

11 ∆rxnH298(cyclohexene → CH2 ––CH–CH––CH2 + CH2 ––CH2)

40.0 ± 0.3 114

12 ∆rxnH298(s-cis-CH2 ––C(OH)–CH––CH2 → s-cis-CH3 –CO–CH––CH2)

-12 ± 1 this work

13 ∆rxnH298(cyclohexanone → CH2 ––C(OH) – CH––CH2 + CH2 ––CH2)

53 ± 1 this work, 114

14 ∆rxnH298(cyclohexanone → CH3COCH––CH2 + CH2 ––CH2)

41 ± 1 this work, 114

15 ∆rxnH298(cis-CH3COCH––CH2 → CH3CO + CH––CH2)

95 ± 1 this work, 14

Table 2.1: Thermochemistry of Cyclohexanone and Related Species

This species can either decompose to CH2 ––C––O and the [·CH2CH2CH2CH2·] diradical, or shed

carbon monoxide to produce the pentamethylene diradical, [·CH2CH2CH2CH2CH2·]. The pen-

tamethylene diradical can proceed to react in several ways. It can lose two H atoms via β-scission to

produce CH2 ––CHCH2CH––CH2 or ring close to produce cyclopentane. Pentamethylene could also

internally disproportionate to CH2 ––CHCH2CH2CH3 or extrude ethylene to form the trimethylene

diradical [·CH2CH2CH2·]. At the high temperatures of the micro-reactor, trimethylene diradical

is expected to lose an H atom to produce the allyl radical, CH2CHCH2. Cleavage of either the

α or β C-C bonds followed by the loss of CH2 ––C––O in Scheme 2.2 leads of the formation of

the tetramethylene diradical, [·CH2CH2CH2CH2·]. By analogy to the pentamethylene diradical,

the tetramethylene diradical could decompose in four ways. The tetramethylene diradical could
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eliminate two H atoms to produce CH2 ––CHCH––CH2 or ring close to produce cyclobutane. It

could also internally disproportionate to CH2 ––CHCH2CH3 or collapse into two alkenes, CH2 ––CH2.

Cleavage of the γ C-C bond in cyclohexanone in Scheme 2.2 yields a diradical that is anticipated to

undergo β-scission to CH2 ––C––O and CH2 ––CH2.

Scheme 2.2: Decomposition of cyclohexanone via α, β, and γ C-C- cleavage.

2.3 Secondary Decomposition

Decomposition of a number of primary products shown in Schemes 2.1 and 2.2 is also possible;

Scheme 2.3 shows the likely fate of these species. The pyrolysis of methyl vinyl ketone is presented at

the top of Scheme 2.3. Initial loss of H atom results in the formation of ketene CH2 ––C––O and vinyl

radical CH2CH. Similarly, loss of CH3 and CO also leads to the formation of vinyl radical. The vinyl

radical will quickly fragment into acetylene and H atom in the hot micro-reactor. The products of
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α and β-fragmentation are not stable and are also not expected to survive in the hot micro-reactor.

Decomposition of 1,4-pentadiene could produce CH2 ––CH-CH–CH––CH2 or CH2CHCH2 and vinyl

radical. Cyclopentane and 1-pentene are expected to fragment to the allyl (CH2CHCH2) and ethyl

(CH2CH3) radicals and ultimately to ethylene. Similarly, cyclobutane and 1-butene could crack

apart to allyl and methyl radicals. At higher temperatures, the allyl radical is likely to further

decompose by loss of an H atom to form allene, CH2 ––C––CH2.

Scheme 2.3: Further decomposition of primary products from cyclohexanone pyrolysis.
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2.4 Results

2.4.1 Theoretical Thermochemistry

The heats of formation of many of the species in Schemes 2.1 - 2.3 are available in Table 2.1.

Surprisingly, the heat of formation of CH3CO–CH––CH2 has not been measured; this is a very

important compound in atmospheric chemistry and combustion processes. The heats of formation

of MVK and its enol isomer have been calculated by Thanh Nguyen, Josh Baraban, and John

Stanton using a medium accuracy extrapolated ab initio thermochemistry protocol, which is a

modification of the HEAT method [17, 63, 143].The modified HEAT procedure is intended for

medium-sized molecular systems, and achieves a thermochemical accuracy of about 0.5 kcal mol−1

(see Table 2.6 in the Supplemental Information of this chapter) [106]. Further tests for a set of

molecules used in the HEAT protocol are in progress in order to validate the performance of this

procedure, and will be reported in due course. In this work, heats of formation of MVK and its

enol are computed using isodesmic reactions that are expected to give better results than those

derived simply from total atomization energies, owing to cancellation of systematic errors. Heats

of formation at 0 K (Table 2.2) are found to be: ∆fH0(cis-CH3COCH––CH2) = 22.5 ± 0.5 kcal

mol−1 and ∆fH0(s-cis-1-CH2 ––C(OH)CH––CH2) = -9.8 ± 0.5 kcal mol−1. Note that four distinct

enol conformers were characterized, see Scheme 2.1 for structure. With the thermochemical values

at 0 K in hand, heats of formation at the standard conditions (298 K and 1 atm) are then computed

using [92] Equation 2.2:

∆fH298(M) = ∆fH0(M) + (H298 −H0)(M)− ΣNAi(H298 −H0)Ai (2.2)

Here M denotes either MVK or enol, Ai represents an H, C, or O atom, and NAi is the number

of Ai atoms in the molecule. H298 - H0 is the thermal correction to the enthalpy, computed using

the partition functions for vibrations, rotations, and translations in the anharmonic oscillator (in

the VPT2 approximation [95]) and rigid-rotor approximation. [105] The heats of formation at 0

K and 298 K are ∆fH0(M) and ∆fH298(M). Table 2.3 shows the heat of formation obtained at

298 K to be -26.1 ± 0.5 kcal mol−1 for cis-MVK and -13.7 ± 0.5 kcal mol−1 for its enol form,

s-cis-1-CH2 ––C(OH)CH––CH2. In addition, the effects of two hindered internal rotations (HIR) in
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cis-MVK are also investigated. HIR affect zero-point vibrational energies and thermal corrections,

and therefore can influence thermochemistry. The effects of two HIRs in cis-MVK are moderate;

they shift heats of formation by less than 0.1 kcal mol−1 (see Table 2.3). It should be mentioned that

when the hindered internal rotors are involved, heats of formation of MVK include contributions of

both cis- and trans-conformers of MVK because the potential surface for hindered internal rotors

contains both conformers.

working reactions ∆rxH0 ∆fH0

trans-MVK + H2 → CH3CHO + C2H4 -0.13 -22.29

trans-MVK + CH4 → CH3CHO + C3H6 4.68 -21.82

trans-MVK + CH4 → CH3C(O)CH3 + C2H4 9.52 -22.18

trans-MVK + C2H6 → CH3C(O)CH3 + C3H6 -0.96 -21.96

s-trans-1-enol + CH4 → CH2 ––CH(OH) + C3H6 9.76 -12.26

s-trans-1-enol + CH4 → CH3OH + CH2 ––CH–CH––CH2 13.15 -12.37

average ∆fH of trans-MVK, trans-CH3 –CO–CH––CH2 -22.30 ± 0.24

average ∆fH of cis-MVK, cis-CH3 –CO–CH––CH2 -22.43 ± 0.24

average ∆fH of s-trans-1-enol, trans-CH2 ––C(OH)–CH––CH2 -12.32 ± 0.24

Table 2.2: Calculated Heat of Formation (kcal mol−1) of Methyl Vinyl Ketone and the s-trans-1-Enol
from Isodesmic Reactions

species ∆fH0 H298 −H0 ∆fH298

cis-MVK -22.4 ± 0.5 4.363 -26.2 ± 0.5

-22.5 ± 0.5 4.553 -26.1 ± 0.5

trans-MVK -22.3 ± 0.5 4.382 -25.8 ± 0.5

s-trans-1-enol -9.8 ± 0.5 4.135 -16.3 ± 0.5

s-cis-1-enol -9.8 ± 0.5 4.145 -13.7 ± 0.5

H 51.633 1.01 52.103

C 170.025 0.25 171.336

O 58.997 1.037 59.567

Table 2.3: Calculated Thermal Correction Energies (kcal mol−1) and Heats of Formation (kcal
mol−1) of MVK at 298 K. In the case of cis-MVK, two hindered internal rotors are assumed to
be separable from the remaining vibrations, and each one is treated as a separated ID-hindered
internal rotor.
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2.4.2 Photoionization

Three experiments have been conducted on the pyrolysis of cyclohexanone: photoionization

mass spectrometry (PIMS) at 10.487 eV in a pulsed reactor, PIMS with tunable VUV light in a

continuous flow reactor, and matrix isolation infrared spectroscopy using a pulsed reactor. All three

methods are described in Chapter 1 of this thesis. For the PIMS experiments both at CU and

LBNL, mixtures were 0.008 to 0.06% cyclohexanone in helium. A list of characteristic ionization

energies for relevant compounds to this study can be found on Table 2.4. Photoionization mass

spectroscopy is a convenient method to track the decomposition channels presented in Schemes 2.1 -

2.3. However, use of a fixed frequency VUV light source in PIMS (10.487 eV, 10Hz light at the

University of Colorado) can lead to problems with ion fragmentation.

The ionization energy (IE) of cyclohexanone [30,83] is 9.2 eV (see Table 2.4), and preliminary

PIMS spectra taken in Colorado employ a 118.2 nm laser (10.487 eV); see Fig. 2.1. Ionization is 1.3

eV above the threshold for cyclohexanone and consequently, the [cyclohexanone]+ radical-cation is

chemically activated and may fragment, a term labeled dissociative ionization.

C6H10−−O + ~ω118.2nm → [C6H10−−O∗]+ (m/z 98)→ daughter ions (2.3)

Figure 2.1 shows a normal mass spectrum at 300 K with only the parent species (m/z 98) present.

No dissociative ionization is evident. Pyrolysis of cyclohexanone in the pulsed reactor starts at 1000

K as shown by the presence of MVK, m/z 70, and CH2 ––C––O, m/z 42. Other prominent peaks are

m/z 55, m/z 69, and m/z 80. We believe that these and other ions result from fragmentation of

a mixture of the cyclohexanone radical cation, [C6H10 ––O]+ and the enol cation, [C6H9OH]+. A

more detailed discussion of dissociative ionization is deferred until the end of the paper following

the detection of the neutral enols, C6H9OH and CH2 ––C(OH)CH––CH2. Dissociative ionization can

be avoided using tunable synchrotron radiation, and in these studies this is provided by Lawrence

Berkeley National Lab’s (LBNL) Beamline 9.0.2.
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Figure 2.1: Photoionization mass spectrum from pulsed 118.2 nm PIMS. Mixture is 0.03% cyclohex-
anone in He heated up to 1100 K in a pulsed micro-reactor.

2.4.3 Product Identification with Tunable VUV Radiation

With synchrotron VUV radiation, photoionization mass spectrometry was used to observe the

decomposition of dilute samples of cyclohexanone in He (0.03%) at 1200 K. To confirm the retro-

Diels-Alder mechanism (Scheme 2.1), the characteristic enols of decomposition must be identified.

Figure 2.2 is a PIMS spectrum taken under continuous flow conditions at the ALS; the radiation is

tuned to 9.0 eV. The enol of MVK, CH2 ––C(OH)–CH––CH2 (m/z 70), has a measured ionization

energy of 8.7 eV (Table 2.4). Similarly, Table 2.4 shows the IE(CH2 ––CHOH) to be 1 eV below the

IE(CH3CHO). One might therefore expect that the enol of cyclohexanone (C6H9OH, m/z 98) would

ionize roughly 1 eV lower than the parent ketone, or around 8.2 eV (Table 2.4). Photoionization

efficiency curves (PIE) of the ionization thresholds further confirm the identity of both enols at m/z

98 and m/z 70 by providing characteristic appearance energies. The top insets in Fig. 2.2 show
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Figure 2.2: Products Arising from the Radical/Radical Disproportionation of the Three Sets of
Radical Pairs Produced by Fragmentation of the Cyclohexanone Ring

the PIE of m/z 98 and the appearance energy of 8.2 ± 0.1 eV is observed in the expected region.

The PIE of m/z 70 at the top of Fig. 2.2 displays an appearance energy of 8.8 ± 0.1 eV that is

characteristic of CH2 ––C(OH) CH––CH2 (see Table 2.1). The two features in Fig. 2.2 at m/z 98 and

m/z 70 cannot be the ions C6H10 ––O+ nor CH3COCH––CH2
+ because 9.0 eV is significantly below

their ionization thresholds. The m/z 98 and m/z 70 features are therefore assigned to the enols,

C6H9OH+ and CH2 ––C(OH)–CH––CH2
+. The other product of the retro-Diels-Alder reaction is

ethylene. At 1200 K, a PIE of m/z 28 finds an appearance energy that is characteristic of CH2 ––CH2

at 10.5 eV (see Supplemental Figure 2.12). All of the retro-Diels-Alder products in Scheme 2.1 have

been identified when cyclohexanone is heated to 1200 K.

Evidence for the ring cleavage channels begins with an intense feature in Figure 2.2 at m/z 41,

a signature of the allyl radical, CH2CHCH2. Allyl radicals originate from the (α and β) channels

described in Schemes 2.2 and 2.3. Figure 2.3 is a PIMS of cyclohexanone at 1200 K with the
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m/z species name IE / eV refs.

1 H H atom 13.59844 ± 0.00001 98

15 CH3 methyl radical 9.8380 ± 0.0004 15

26 HC–––CH acetylene 11.40081 ± 0.00001 119

28 CO carbon monoxide 14.0136 ± 0.0005 44

28 CH2 ––CH2 ethylene 10.51268 ± 0.00003 166

39 HCCCH2 propargyl radical 8.6982 ± 0.0005 54

40 CH2 ––C––CH2 allene 9.688 ± 0.002 173

40 CH3C–––CH methyl acetylene 10.3674 ± 0.0001 168

41 CH2CHCH2 allyl radical 8.13146 ± 0.00025 170

42 CH2 ––C––O ketene 9.6191 ± 0.0004 107

42 CH2 ––CH–CH3 propene 9.7435 ± 0.0005 24

43 CH3CO acetyl radical 6.95 ± 0.02 174

44 CH3CHO acetaldehyde 10.2295 ± 0.0007 74

44 CH2 ––CH–OH ethenol 9.33 ± 0.05 142

54 CH2 ––CH–CH––CH2 1,3-butadiene 9.082 ± 0.004 85

56 (CH2)4 cyclobutane 9.6 ± 0.1 12

56 CH2 ––CHCH2CH3 1-butene 9.63 ± 0.02 12

56 trans-CH3CH––CHCH3 trans-2-butene 9.1259 ± 0.0005 24

68 CH2 ––CHCH––CHCH3 1,3-pentadiene 8.61 ± 0.02 12

68 CH2 ––CHCH2CH––CH2 1,4-pentadiene 9.62 ± 0.02 12

70 CH3CO–CH––CH2 methyl vinyl ketone 9.65 ± 0.05 88

70 CH2 ––C(OH)CH––CH2 2-hydroxybutadiene 8.68 ± 0.03 151

70 CH2 ––CHCH2CH2CH3 1-pentene 9.52 ± 0.02 12

70 C5H10 cyclopentane 10.3 ± 0.1 12

98 C6H10 ––O cyclohexanone 9.16 ± 0.01 30

98 C6H9 –OH cyclohexen-ol 8.2 ± 0.1 this work

Table 2.4: Ionization Energies of Important Organics

synchrotron tuned to 9.7 eV. A new feature at m/z 42 is now apparent and is assigned to be

ketene, CH2 ––C––O. Fig. 2.4 shows the result of 10.1 eV PIMS of cyclohexanone heated to 1200

K. Several new features appear at m/z 15, 40, 43, 54, 55, and 56. The inset at the top of Fig. 2.4

shows the PIE scans for m/z 41 (CH2CHCH2) and m/z 42 (CH2 ––C––O); the thresholds for both
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Figure 2.3: Photoionization mass spectrum at 9.7 eV of cyclohexanone at 1200 K in a continuous
flow micro-reactor.

of these ions demonstrate the presence of allyl radical and ketene as products (see Table 2.4). (The

presence of both allyl radical and ketene are further confirmed by IR spectra, vide infra). The ion

at m/z 15 arises from the CH3 radical. While methyl is not present in Schemes 2.1 and 2.2, it is a

predicted product of the pyrolysis of MVK; see Scheme 2.3. This scheme predicts thermal cracking

of CH3CO–CH––CH2 to CH2 ––C––O and HC–––CH in addition to methyl radical.

Since PIMS confirms the formation of CH2 ––C(OH)–CH––CH2 from cyclohexanone heated to

1200 K, the fate of both MVK and its enol must be discussed. Fig. 2.5 is a 10.0 eV PIMS scan of

the products arising from an authentic sample of CH3COCH––CH2. The IE(MVK) is 9.65 ± 0.05

eV (see Table 2.4); at 300 K, there is no dissociative ionization and only ions at m/z 70 are detected.

Heating MVK to 1200 K produces faint signals at m/z 15, 18, and 55. As the temperature increases

to 1500 K, ions at 15, 27, 42, and 55 are clearly present. Fig. 2.6 shows scans of the PIE(m/z 70)

resulting from heating MVK to 1100 K and 1200 K. The threshold for PIE(m/z 70) at 1200 K
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Figure 2.4: Photoionization mass spectra at 10.1 eV of cyclohexanone at 1200 K in a continuous
flow micro-reactor. The inset at the top shows the PIE(m/z 41) and PIE(m/z 42); the thresholds
for both of these ions confirm the presence of CH2CHCH2 and CH2 ––C––O (see Table 2.4).

is consistent with the presence of the enol, CH2 ––C(OH)–CH––CH2. Fig. 2.7 shows scans of the

photoionization efficiency curves for m/z 15, 26, and 42. The thermal cracking of an authentic

sample of MVK at 1200 K would appear to confirm the chemistry in Scheme 2.3. The PIE(m/z 15),

PIE(m/z 26), and PIE(m/z 42) traces all show the proper appearance energies for CH3, HC–––CH,

and CH2 ––C––O. The species at m/z 27 (CHCH2
+) and 55 (CH2CHCO+) are due to dissociative

ionization from the MVK enol while m/z 18 is background H2O ionized by the higher synchrotron

harmonics.

In the remainder of this subsection, having confirmed the presence of all possible channels shown

in Schemes 1-3, the rest of the predicted products and observed PIMS peaks are discussed. Other

possible products in Fig. 2.4 resulting from Scheme 2 are cyclopentane (m/z 70), 1,4-pentadiene

(m/z 68), cyclobutane (m/z 56), 1-butene (m/z 56), and 1,3-butadiene (m/z 54). Cyclopentane

will be masked because m/z 70 also belongs to the enol CH2 ––CH–C(OH)–CH––CH2 which ionizes
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Figure 2.5: Photoionization mass spectra at 10.0 eV of an authentic sample of CH3COCH––CH2

(MVK) at room temperature, 1200 K, and 1300 K in a continuous flow SiC micro-reactor.

Figure 2.6: Photoionization efficiency curves for m/z 70 from an authentic sample of
CH3COCH––CH2 (MVK) at room temperature, 1100 K, and 1200 K in a continuous SiC micro-
reactor.

at 8.7 eV (see Table 2.4). The feature at m/z 56 in Fig. 2.4 could be due to either cyclobutane

or 1-butene; however the PIE(m/z 56) is inconclusive. The presence of 1,3-butadiene (m/z 54)

is confirmed by the PIE(m/z 54) scan with the proper appearance energy of 9.2 ± 0.2 eV (Fig.

2.13). Other small features in Fig. 2.4 are assigned to CH2 ––C––CH2 (m/z 40) and acetyl (m/z 43).
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Figure 2.7: Photoionization efficiency scans at m/z 15, m/z 26, and m/z 42 from a dilute (0.05 %)
sample CH3COCH––CH2 (MVK)/He at 1200 K in a continuous flow SiC micro-reactor.

Scheme 2.2 predicts the formation of allene from pyrolysis of allyl radical; the CH3CO+ ion is the

product of dissociative ionization of the enol of MVK.

Retro-Diels-Alder fragmentation (Scheme 2.1) and all of the radical channels in Scheme 2.2

predict the formation of ethylene. The bottom panel of Fig. 2.8 is a 10.7 eV PIMS scan of the

cyclohexanone pyrolysis products in a 1200 K continuous flow micro-reactor. The small feature

at m/z 43 is CH3CO+ while that at m/z 27 is HCCH2
+ and both arise from MVK dissociative

ionization (Scheme 2.7). There is also a small feature at m/z 18 that is H2O
+ resulting from

ionization of background water by synchrotron higher harmonics. The top panel of Fig. 2.8 is an

11.8 eV PIMS scan. In addition to the intense ethylene peak (m/z 28), a new feature is observed at

m/z 26 which is attributed to HC–––CH. Additional evidence for this assignment is a PIE with the

appropriate appearance energy of 11.4 ± 0.1 eV (see Fig. 2.12). PIMS of heated cyclohexanone
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with 11.8 eV is accompanied with extensive dissociative ionization that is the source of the intense

CH3CO+ feature at m/z 43. The feature at m/z 39 is HCCCH2
+ and this is probably from

dissociative ionization as well. The likely pathways for the formation of these daughter ions are

shown in the Schemes 2.6 and 2.7 in the supplementary material.

Figure 2.8: Photoionization mass spectrum (10.7 and 11.8 eV) of cyclohexanone heated to 1200 K
in a continuous flow micro-reactor.

2.4.4 Matrix Infrared Absorption Spectroscopy

To confirm the pathways derived by PIMS, matrix IR spectroscopy is used. Fig. 2.9 is the argon

matrix IR spectrum that results when 0.25% cyclohexanone is heated in Ar to 1300 K. Both the

retro Diels-Alder-Reaction and diradical cleavage pathways are open at 1300 K, as evidenced by

MVK and ethylene, as well as the allyl radical, respectively. The intense ν7(CH2 ––CH2) is detected;

the characteristic C=O stretch of MVK, ν6(CH3C––OCHCH2), as well as ν23(MVK) are also shown.

As in the 9.0 eV PIMS Figure 2.2, IR signals from the allyl radical appear in tandem with the

retro Diels-Alder products, signifying that all channels presented in Scheme 2.1 are active under
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the same reaction conditions. Fig. 2.10 confirms the production of acetylene, ketene, and allene:

ν3(HC–––CH), ν2(CH2 ––C––O), and ν6(CH2 ––C––CH2) are all observed. Acetylene arises from the

further decomposition of MVK (Scheme 2.3). The ν6 band for allene in Fig. 2.8 is the C=C=C

asymmetric stretch and is characteristic of cumulated double bonds. [134] The IR spectra confirms

the PIMS assignment of CH2 ––C––CH2 (m/z 40) in Fig. 2.4.

Figure 2.9: Infrared spectrum of cyclohexanone (0.025%) at 1300 K in a pulsed flow micro-reactor.
Features for ethylene, [134] ν7(CH2 ––CH2), methyl vinyl ketone, [77] ν6(MVK), and allyl radical, [103]
ν11(CH2CHCH2), are assigned. Green trace is Ar background heated to 1300 K.

2.4.5 H-Atom Catalysis

As mentioned earlier, the experiments (Fig. 2.2) provide strong evidence for the production

of the enols of cyclohexanone and MVK. These products, however, could also be a result of H

atom bimolecular chemistry. The formation of CH2CHCH2 radicals in Scheme 2.2 is accompanied

by production of H atoms, which are highly reactive. If the cyclohexanone samples undergoing

pyrolysis are not dilute enough, there is the possibility that H atoms could catalyze the keto/enol

isomerization:

C6H10−−O + H −−⇀↽−− [C6H10−OH]∗ → C6H9OH + H (2.4)
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Figure 2.10: Argon matrix IR spectrum of cyclohexanone at 1300 K in a pulsed flow micro-
reactor. Bands for acetylene, [134] ν3(HCCH), ketene, [97] ν2(CH2 ––C––O), and allene, [134]
ν6(CH2 ––C––CH2), are assigned. The green trace is Ar background heated to 1300 K.

The pyrolysis of a 50:50 mixture of cyclohexanone-d0 and cyclohexanone-d4 however, would reveal

the presence of hydrogen atom catalysis as described by Eq. 2.4. This cross-over experiment is

outlined in Scheme 2.4. H-atom catalysis in 50:50 mixture of cyclohexanone-d0 (m/z 98) and

cyclohexanone-d4 (m/z 102) would lead to a mixture of isotopomers at m/z (98, 99, 101,102).

Figure 2.11 shows the experimental result of the thermal cracking of a dilute mixture (0.06 % in

helium) of a 50:50 mixture of cyclohexanone-d0 and cyclohexanone-d4. In this experiment, the

cyclohexanone pyrolysis is carried out in a pulsed SiC micro-reactor (see entry 2 on Table 1.1). The

PIMS scan at 300 K and 10.487 eV shows only peaks at m/z 98 and m/z 102. Heating to 1200

K, where keto/enol isomerization is thought to occur, does not produce any signals at m/z 99 or

m/z 101. Consequently there is no evidence produced for H-atom catalysis in the decomposition of

cyclohexanone in our reactor at concentrations below 0.06% and it therefore seems that secondary

chemistry of this kind is not occurring under the reaction conditions used in our experiments.
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Scheme 2.4: Predicted cyclohexanone d0 and d4 H/D atom chemistry with H catalysis.

2.4.6 Discussion

Decomposition of cyclohexanone begins around 1200 K in the micro-reactor. All of the PIMS,

PIE, and IR spectra lead to the conclusion that cyclohexanone thermally fragments by the multiple

pathways, all of which are depicted in Schemes 2.1 - 2.3. Care has been taken to use dilute

cyclohexanone samples to avoid bimolecular chemistry, see details in the previous section. The

results of cyclohexanone pyrolysis are summarized in Table 2.5. Many of the predicted products

from Schemes 2.1 - 2.3 have been detected by at least two complementary measurements.

Thermochemical estimates discussed previously and a set of G3B3 calculations [175] suggest

the lowest pathway for cyclohexanone pyrolysis to be the keto/enol isomerization, followed by the

retro-Diels-Alder fragmentation, see Scheme 2.1. At higher energies (roughly 0.5 eV) the radical

channel pathways of Scheme 2.2 are predicted to appear; however, the experimental observations do

not reveal distinct onsets of these two pathways. Both the PIMS spectra in Figures 2.2 and 2.5

and the IR spectrum (Figures 2.7 and 2.8) clearly reveal the presence of allyl radical and ketene

(predicted from Scheme 2.2) as well as enols, C6H9OH and CH2 ––C(OH)–CH––CH2 (predicted by

Scheme 2.1), at 1200 K. The PIMS and IR spectra are consistent with simultaneous opening of the
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Figure 2.11: Photoionization mass spectrum of cyclohexanone d0/d4 crossover experiment at 118.2
nm (10.487 eV) in a pulsed micro-reactor. The feature at m/z 99 is the 13C isotope peak of
C6H10 ––O and m/z 101 is a contamination of cyclohexanone d4 sample.

pathways in Schemes 2.1 and 2.2.

At 1200 K, it is evident that some of primary cyclohexanone pyrolysis products continue to

decompose. The PIE scan in Figure 2.7 confirms that MVK decomposes to produce small amounts

of CH3, CH2 ––C––O, and HC–––CH. The 118.2 nm PIMS of 1-butene heated in a pulsed He reactor

(Figure S3 in the Supporting Information) shows extensive decomposition to methyl and allyl radicals

around 1200 K; however, authentic samples of CH––CH–CH––CH and cyclopentane are stable at

1200 K.

Problems of dissociative ionization can be better understood now. The essential factor driving

the fragmentation of the radical cations [cyclohexanone]+ and [methyl vinyl ketone]+ is the iso-

merization of the ketones to the enols. Because the ionization energies of the enols, C6H9OH and
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CH2 ––C(OH)–CH––CH2, are 1 ev below that of the ketones (see Table 2.4), photoionization by 118.2

nm photons leads to the highly chemically activated ions, [C6H9OH*] and [CH2 ––C(OH)–CH––CH2*].

Photoionization of cyclohexanone with 118.2 nm (10.487 eV) light is 1.3 eV above threshold and

Figure 2.1 displays no dissociative ionization. Heating C6H10 ––O to 1200 K triggers isomerization to

the enol, C6H9OH. Photoionization by 118.2 nm photons is 2.3 eV above the C6H9OH ionization

threshold and dissociative ionization ensues. The fragmentation of CH3COCH––CH2 in Figure 2.5

can be explained the same way. At 300 K there is no dissociation of CH3COCH––CH2
+. Heating

the sample to 1200 K isomerization MVK to CH2 ––C(OH)–CH––CH2 and lowers the ionization

energy by 1 eV. Photoionization with 10 eV light is 0.4 eV above the IE(MVK) but is 1.4 eV over

the ionization threshold of CH2 ––C(OH)–CH––CH2.

Examination of the 118.2 nm cyclohexanone PIMS in Figure 2.1 shows the 300 K scan to

be normal and only the parent ion [30, 83] of cyclohexanone, m/z 98, and the 13C-isotopomer

(m/z 99) are observed. Appreciable cyclohexanone fragmentation is first observed upon heating

to 1000 K when the enol, C6H9OH, is beginning to form. Both radical cations, (C6H9OH)+ and

(CH2 ––C(OH)–CH––CH2)+, would be expected to undergo a McLafferty rearrangement [90,91] and

produce the chemically activated ketones, [C6H10 ––O*]+ and [CH3 –CO–CH–– CH2*]+. Possible

pathways for dissociative ionization are shown in the Schemes 2.6 (cyclohexanone) and 2.7 (MVK),

which are included in the Supporting Information of this chapter.

There is one final complication that might affect the pyrolysis of cyclohexanone. The decomposi-

tion pathways in Scheme 2.2 show the three sets of diradicals (α, β, or γ) promptly extruding carbon

monoxide or ketene. We should consider the consequences that would ensue if these radical pairs

persisted long enough to react with each other. Recent shock tube studied [71] of the pyrolysis of cy-

clohexane reveal that around 1200 - 1300 K, c-C6H12 isomerizes to CH2 ––CH–CH2CH2CH2CH3. The

six-membered ring ruptures a C-C bond and produces the diradical, [ ·CH2CH2CH2CH2CH2CH2 · ],

which persists long enough for an internal radical to abstract a hydrogen atom and produce the

alkene, 1-hexene.

If any of the (α, β, or γ) diradicals in Scheme 2.2 live long enough to react with themselves,

the chemistry in Scheme 2.5 results. The α radical pair could disproportionate to the aldehyde,

CH2 ––CH–(CH2)3 –CHO, which is expected to decompose to the allyl radical (CH2CHCH2) and

acrolein (CH2 ––CH–CHO). Alternatively, the ketene (CH3CH2CH2CH2CH––C––O) could form and
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dcompose to methyl radical (m/z 15) and the CH2CH2CH2CH––C––O radical, m/z 83. Dispro-

portionation of the β radical pair yields the ketone, CH3CO–CH2CH2CH––CH2. Loss of allyl

radical produces the CH2COCH3, which is expected to fragment to CH3 and CH2 ––C––O. Dis-

Scheme 2.5: Diradical Disproportionation Pathways for Cyclohexanone

proportionation of the γ radical pair leads to the isomeric alkene, CH3CH2CH2COCH––CH2 and

CH2 ––CHCH2COCH2CH2. Both molecules are expected to dissociate to a mixture of (CH2CO,

CHCH2) and (CH2CHCH2, CH2CO, CH3).There are few unique products arising from the rad-

ical/radical disproportionations of the (α, β, or γ) radical pairs. Weak signals from m/z 83 are

present in Figure 2.1 at 1000 K that could be attributed to the CH2CH2CH2CH––C––O radical. It

will be difficult to identify much of the chemistry in Scheme 2.5.

The results of cyclohexanone pyrolysis in a micro-reactor provide insight regarding the previous
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pyrolysis study [38]. It is important to remember that these two experiments have significant

differences between them. The 1970 study carried out pyrolysis at 1300 K in a ceramic tube at low

pressures (60 mTorr) with exposure times of approximately 10 ms. The decomposition products

were collected and analyzed by electron impact mass spectroscopy and gas chromatography with

a flame ionization detector; consequently, the identification of metastables and radical products

is very difficult or simply impossible. Under these conditions, the products of thermally cracking

cyclohexanone were reported as listed in Eq. 2.1 [38].

The results from this study are largely comparable with the 1970 results. The microreac-

tor studies summaries in Table 2.5 include both ethylene and MVK, the two most important

products from the ceramic flow reactor [38]. The origin of propene in Eq. 2.1 can plausibly be

attributed to quenching of the CH2CHCH2 radicals. The radical channel in Scheme 2.2 is the

pathway for formation of CH2 ––C––CH2, CH2 ––CHCH2CH3, CH2 ––CH–CH––CH2, cyclopentane,

and CH2 ––CH–CH2CH––CH2. Recombination of CH3 radicals will produce the ethane in Eq. 2.1

and acetylene arises from the thermal cracking of MVK. The cyclohexanone pyrolysis results in

m/z species name PIMS PIE IR

15 CH3 methyl radical Figure 2.4 Figure 2.5
26 HC–––CH acetylene Figure 2.6 Figure 2.12 Figure 2.8
28 CH2 ––CH2 ethylene Figure 2.6 Figure 2.12 Figure 2.7
40 CH2 ––C––CH2 allene Figure 2.4 Figure 2.8
41 CH2CHCH2 allyl radical Figure 2.2 Figure 2.4 Figure 2.7
42 CH2 ––C––O ketene Figure 2.3 Figure 2.4 Figure 2.8
54 CH2 ––CH–CH––CH2 1,3-butadiene Figure 2.4 Figure 2.13
56 CH2 ––CHCH2CH3 1-butene Figure 2.4
56 C4H8 cyclobutane
68 CH2 ––CHCH2CH––CH2 1,4-pentadiene
70 CH2 ––CHCH2CH2CH3 1-pentene
70 C5H10 cyclopentane
70 CH3CO–CH––CH2 methyl vinyl ketone Figure 2.1 Figure 2.4 Figure 2.8
70 CH2 ––C(OH)–CH––CH2 1,3-butadiene-2-ol Figure 2.2 Figure 2.4
98 C6H9OH cyclohexene-1-ol Figure 2.2 Figure 2.3

Table 2.5: Detected Products from 1200 K Pyrolysis of Cyclohexanone

Table 2.5 are more difficult to compare to the recent C6H10 ––O oxidation study of the jet-stirred

reactor [133]. The conditions of the jet-stirred reactor (pressures of 10 atm, temperatures of 500 -

1200 K, and exposure times of 0.7 s) are significantly different from the microreactor studies here.

The jet-stirred reactor examined the products of oxidation, while the present study is only that of
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anaerobic pyrolysis.

Some of the products from cyclohexanone pyrolysis in the micro-reactor in Table 2.5 agree

with the predictions from the recent computational study [175]. This investigation examined the

unimolecular thermal decomposition of cyclohexanone by the means of DFT electronic structure

calculations and master equation simulations. Figure 2.2 in ref [175] explored several different

pathways for cyclohexanone decomposition and predicted the keto/enol isomerization to cyclohexen-

1-ol, followed by retro-Diels-Alder fragmentation.

This study of the pyrolysis of cyclohexanone demonstrates the simplifying power of tunable

synchrotron radiation as a VUV photoionization source. As the sample cyclohexanone is heated

by the micro-reactor, isomerization of the ketone begins. The fixed frequency 118.2 nm PIMS

spectrum in Figure 2.1 is cluttered with many ions that result from dissociative ionization of the

target cyclohexanone, Eq. 2.3. The daughter ions from [C6H9OH]+ fragmentation obscure many

of the pyrolysis products. The problems with dissociative ionization could be circumvented by

extensive use of matrix IR spectroscopy, and the effectiveness of a tunable VUV source offered

by a synchrotron is evident from Figures 2.2 - 2.6. With these tools I’ve been able to show that

both isomerization followed by retro-Deils-Alder reaction occurs with cyclohexanone upon heating.

Under the given micro-reactor conditions, allyl radical signifies that available radical channels are

also opened simultaneously.
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2.5 Supporting Information

A Brief Summary of the Modified HEAT - 345 Q Thermochemistry Calculation

1. Molecular geometries are optimized with all active electrons (AE)-CCSD(T)/cc-pVQZ level

of theory.

2. ZPEs are computed using second-order vibrational perturbation theory (VPT2). FC-

CCSD(T)/ANO1 harmonic and FC-CCSD(T)/ANO0 anharmonic force fields are used.

3. SCF-HF energies are calculated using the correlation-consistent basis sets cc-pVXZ (with X

= 3(T), 4(Q), and 5). These three energies are then extrapolated to the complete basis set limit in

order to obtain the SCF-HF energy.

EXHF = E∞HF + a ∗ exp(−bX)

4. CCSD(T) correlation energies are calculated using the basis sets cc-pVXZ (with X = 4 (Q)

and 5). The frozen-core (FC) CCSD(T) correlation energy extrapolated to the complete basis set

limit is then obtained.

∆EXCCSD(T) = ∆E∞CCSDT(T) + aX−3

5. Core-valence correction energies are calculated as the difference in energy between (all

electron) AE-CCSD(T)/cc-pCVTZ and FC-CCSD(T)/cc-pVTZ levels of theory.

∆Ecore = ∆Ecc-pCVTZ −∆Ecc-pVTZ

6. Triple excitation effects that are not included in the CCSD(T) treatment of correlation are

estimated as the difference in energy between FCCCSDT/cc-pVTZ and FC-CCSD(T)/cc-pVTZ

levels of theory.
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∆ET-(T) = ∆ECCSDT −∆ECCSD(T)

7. Non-iterative quadruple excitation corrections are obtained as a difference in energy between

FC-CCSDT(Q)/cc-pVDZ and FC-CCSDT/cc-pVDZ levels of theory.

∆E(Q) - T = ∆ECCSDT(Q) −∆ECCSDT

8. The diagonal Born-Oppenheimer correction (DBOC) is calculated using SCF-HF/aug- cc-

pVTZ level of theory. RHF and ROHF methods are used for closed- and open-shell systems,

respectively.

9. Spin-orbit corrections are taken from experiment whenever they are available. (No molecules

studied in this work are in degenerate electronic states, and so none exhibit a first-order SO effect,

but this factor is mentioned here for completeness.)

10. Scalar relativistic effects including one- and two-electron Darwin, and mass-velocity terms

are calculated using MP2/aug-cc-pCVTZ level of theory. The total energy by the modified-HEAT

method can be expressed as:

EmHEAT = E∞HF + ∆ECore + ∆ET - (T) + ∆E(Q) - T + ∆Erel + ∆EZPE + ∆EDBOC

+ ∆ESO
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Species TAE ∆fH0 ATcT

H2 103.34 -0.07 0.000

CH3 392.39 -15.84 -15.91 ± 0.01

C2H4 531.99 14.59 14.60 ± 0.04

C2H6 666.16 -16.31 -16.28 ± 0.04

C3H6 811.40 8.48 7.45 ± 0.08

CH3CHO 642.82 -37.24 -37.02 ± 0.08

CH3C(O)CH3 927.07 -48.20 -47.65 ± 0.09

CH3OH 481.38 -45.83 -45.37 ± 0.04

CH2 ––CH–CH––CH2 959.65 30.25 29.8 ± 0.1

CH2 ––CH(OH) 633.02 -27.44 -26.9 ± 0.2

cis-MVK 1071.7 -22.81

trans-MVK 1071.34 -22.45

Enol 1061.78 -12.88

H 51.63

C 170.02

O 59.00

Table 2.6: Calculated total atomization energies (TAE, kcal mol−1) and heats of formation (kcal
mol−1) at 0 K for various species using a modified HEAT-345-Q) method. ATcT values at 0 K are
included for comparison
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2.6 Supplemental Figures and Schemes

Scheme 2.6: Dissociative ionization of cyclohexanone
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Figure 2.12: Photoionization efficiency curve for m/z 26 and m/z 28 from cyclohexanone in He at
1200 K in a continuous flow micro-reactor.

Figure 2.13: Photoionization efficiency curve for m/z 15 and m/z 54 from cyclohexanone in He at
1200 K in a continuous flow micro-reactor.
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Figure 2.14: Photoionization mass spectrum temperature study of 0.05% 1-butene in He at 10.487
eV (see entry 2 Table 1.1)

Figure 2.15: Photoionization mass spectrum temperature study of 0.036% cyclopentane in He at
10.487 eV (see entry 2 Table 1.1).
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Scheme 2.7: Dissociative ionization of methyl vinyl ketone.
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Figure 2.16: Photoionization mass spectrum of 0.035% 1,3-butadiene in He (see entry 2 Table 1.1).
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Chapter 3

Glycolaldehyde

3.1 Introduction

The most common components of biomass are carbohydrates and lignins. In fact, carbohydrates

are one of the most abundant classes of organic compounds on the planet. [139] To explore the

pyrolysis mechanisms of carbohydrates, I have studied the flash pyrolysis of glycolaldehyde, the

simplest carbohydrate. A sugar is defined as a carbohydrate (C ·H2O)n with a a minimum of a

three carbon backbone (triose). D-glyceraldehyde, CHO–CHOH–CH2OH, is the simplest sugar;

it’s Fischer projection is shown in Figure 3.1. Even this structure is complicated and not well studied

experimentally. The gas-phase heat of formation, bond energies, precise molecular structure, and

ionization energy are not currently known. Glycolaldehyde, although not quite a sugar, is the only

possible diose (two carbon backbone). This simple carbohydrate must be understood before the

thermal decomposition of larger, proper sugars can be understood. Figure 3.1 relates glycolaldehyde

to glyceraldehyde. I have also described the thermal decomposition of glyoxal in this chapter, a

decomposition product of glycolaldehyde and of stand alone importance in atmospheric chemistry.

3.2 Pyrolysis Experiments

Chapter 1 describes the reactors used for this study in great detail, however a few modifications

needed to be made due to the high melting and boiling points of glycolaldehyde. Glycolaldehyde is

obtained as a solid dimer (see Figure 3.2) and glyoxal as the trimer dihydrate, both are from Sigma
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Figure 3.1: Chemical structures of glyceraldehyde and glycolaldehyde.

Figure 3.2: Structures of the trans-glycoladehyde dimers.

Aldrich. Samples with low vapor pressures do not easily go into the gas phase, so must be introduced

to the reactor by passing the carrier gas through a temperature-controlled vessel containing a few

milligrams of reagent. Photoionization mass spectrometry rapidly provides signal, allowing for the

sample probe temperature to be finely tuned (Love Controls Series 16A) to achieve a sufficient

signal while simultaneously maintaining the low concentrations needed to establish unimolecular

reaction conditions. Glycolaldehyde monomer was first observed at sample probe temperatures of

about 80◦C, and no evidence for the gas-phase dimer was found. Glyoxal was first observed from

the trimer dihydrate solid at sample probe temperatures of 120 ◦C.
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3.3 Heat of Formation of Glycolaldehyde

3.3.1 Calorimetry

Materials.Anhydrous ethylene glycol (>99.5%) was used as purchased and was handled under

argon. Solid glycolaldehyde dimer was recrystallized from boiling anhydrous methanol, under argon.

The solution was cooled to room temperature and then crystallized over several weeks at 4 ◦C. The

residual methanol was removed under vacuum, and the solid was stored in a desiccator.

The pre-weighed glass ampules for calorimetry runs [35] were first evacuated, heated to drive off

moisture, then refilled with argon. Ethylene glycol was added by oven-dried, argon-flushed pipet,

and the liquid was degassed before flame sealing under vacuum. The solid glycolaldehyde dimer

was added to the ampule in an argon-filled glovebag and then sealed under vacuum. A microgram

balance was used to obtain the sample mass to the nearest 0.000001 g, reproducible to ± 0.000005 g.

Reaction Calorimetry. The custom reaction calorimetry system has been described previously

[87, 99, 162] and is a Wads-style submarine solution calorimeter. [141] The argon-filled, airtight

reaction vessel, [102] already containing the sealed ampule, was charged with roughly 150 mL of

triethylene glycol dimethyl ether, dried using freshly activated alumina, and a solution of lithium

triethyl borohydride in tetrahydrofuran [163] (1.0 M, 4.7 mL; 0.0047 mol, 0.5 g of LiEt3BH).

The temperature is measured using a Hewlett-Packard quartz thermometer accurate to 0.0001

◦C, calibrated against a water triple-point cell at 0 ◦C. For each reaction run, an electrical calibration

is also performed. Each reaction was repeated multiple times to obtain the uncertainty in the

measurement, which is reported as twice the standard deviation from the mean, as suggested by

Rossini. [125]

Differential Scanning Calorimetry. The enthalpy of fusion of glycolaldehyde dimer was obtained

using the same recrystallized sample as was used for reaction calorimetry. The TA SDT Q600

DSC/TGA instrument was calibrated using an indium standard. The samples, in crimped aluminum

pans, were heated from room temperature to 125 ◦C at a rate of 1 ◦C/min, with a flow rate of 50

mL/min. The sample mass was also recorded during the experiment and was shown to be constant.
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3.3.2 Experimental Heat of Formation of Glycolaldehyde

The gas-phase heat of formation of glycolaldehyde, ∆fH298(CHO–CH2OH), was determined

experimentally using a combination of thermochemical methods. To start, the condensed-phase

heat of formation was obtained by reaction calorimetry. Combustion calorimetry has been used for

carbohydrates in the past but with mixed results. For example, three combustion studies [2] on

solid glyceraldehyde give combustion enthalpies over an unacceptably large range: - 336.9, - 346.1,

and - 348.9 kcal mol−1, and this technique was not used in this study.

The condensed-phase structure of glycolaldehyde is complicated [94]. The solid form of glyco-

laldehyde is a dimer that can adopt two distinct conformations (Figure 3.2). Careful recrystallization

can generate each structure separately [75].The X-ray crystal structure of the diaxial conformation

has recently been reported [96].The solid dimer is thought to be stable indefinitely at room temper-

ature [75].The melting point of the dimer is 80 - 90 ◦C, depending on the structure, and a viscous

liquid persists for days at room temperature, which eventually solidifies. The liquid is composed of

monomers, dimers, and potentially other structures such as oligomers [75, 94] whose composition at

room temperature presumably changes with time as crystallization occurs. As such, the stable and

well defined, solid dimeric form of glycolaldehyde was used for the reaction calorimetry experiments.

The heat of reduction (∆Hredn) of pure, solid glycolaldehyde dimer to pure liquid ethylene glycol

was obtained through a two-part thermochemical cycle. This reduction methodology has been

successfully used to determine the gas-phase heat of formation for aldehydes and ketones, [163]

esters, [164] lactones and epoxides, [99] with excellent agreement with existing experimental data

and high-level calculations [99,162].

In the first reaction, the enthalpy change is measured for the process in which solid glycolaldehyde

dimer is introduced to a solution of lithium triethylborohydride in triethylene glycol dimethyl ether,

eventually affording the dianion of ethylene glycol in solution, ∆H(2). Note that the dimeric

form of glycolaldehyde is in equilibrium with the monomer when dissolved in solution [94].In the

second reaction, the enthalpy change is measured for dissolving pure liquid HOCH2CH2OH in the

same reaction medium, yielding the same solution-phase dianion and hydrogen gas, ∆H(3). The

uncertainty in these measurements is twice the standard deviation from the mean [125].

48



glycolaldehyde dimer(s) 
 2 CHO−CH2OH(soln) (3.1)

2 CHO−CH2OH(soln) + 4 LiEt3BH(soln) → 2 LiOCH2CH2OLi(soln) + 2 H2 + 4 Et4B(soln) (3.2)

HOCH2CH2OH(l) + 2 LiEt3BH(soln) → LiOCH2CH2OLi(soln) + 2 H2 + 4 Et4B(soln) (3.3)

The enthalpies of reaction are measured to be ∆rxnH(1 + 2) = - 82.01 ± 0.34 kcal mol−1 [for

eqs 3.1 and 3.2] and ∆rxnH(3) = - 27.85 ± 0.08 kcal mol−1. Combining reactions 3.1 - 3.3 gives:

glycolaldehyde dimer(s) + 2 H2 → 2 ethylene glycol(l) (3.4)

It is important to note that the isolated species that result from each of the two experiments are

the same; hence, they cancel. The difference is the heat of reduction of pure solid glycolaldehyde to

pure liquid ethylene glycol:

∆Hredn(4) = ∆rxnH(1 + 2)− 2∆rxnH(3) = −26.32± 0.36 kcal mol−1 (3.5)

It is also true that the heat of reduction of the glycolaldehyde dimer is related to the heats of

formation.

∆Hredn(4) = 2∆fH(HOCH2CH2OH, l)−∆fH(glycolaldehyde dimer, s)

− 2∆fH(H2, g)

(3.6)

Ethylene glycol has been well-studied, and ∆fH(HO–CH2CH2OH, l) has been determined by

several research groups. [2].Using the value [33] of -108.73 ± 0.18 kcal mol−1, the heat of formation

of solid glycolaldehyde dimer is -191.14 ± 0.44 kcal mol−1. The gas-phase heat of formation of

glycolaldehyde is then determined by adding the heat of fusion (∆Hfus) and the heat of vaporization

(∆Hvap). The ∆Hfus of the solid glycolaldehyde dimer was obtained by differential scanning

calorimetry. Solid from the same recrystallized sample was used for this experiment as for the

reaction calorimetry, so that the ratio of the dimeric conformers was constant. It was important to

use a slow heating rate, 1 ◦C/min, because the endothermic melting process was followed by a weak
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exotherm attributed to the dissociation of liquid dimer to liquid monomer. At this scan rate, the

exothermic event was complete before sample evaporation occurred, and the final sample mass was

>99.5% of the original mass as determined by thermogravimetric analysis. It is also important to

note that there were no solid-solid transitions observed between room temperature and the observed

fusion. The standard deviation of the three measurements is 0.2 kcal mol−1. The ∆Hfus in (3.7)

depends on a calibration constant determined by melting a reference compound, (in this case indium

metal), and primarily because of this, the uncertainty of the measurement is increased to 0.4 kcal

mol−1, ∆Hfus, uncorrected (3.7) = 6.6 ± 0.4 kcal mol−1.

glycolaldehyde dimer(s) → 2 CHO−CH2OH(l) (3.7)

A temperature correction to 298.15 K should be applied to this ∆Hfus, which is valid at the

midpoint of the melting range, approximately 85 ◦C. The correction was made using the molar heat

capacities of the solid and liquid; this correction was especially important to consider in this case

because the structures of the solid dimer and liquid monomer are so different.

∆Hfus, 298.15 = ∆Hfus, uncorrected + (298.15− Tmid)(2Cpl − Csl) (3.8)

The heat capacities were obtained by group additivity. For the liquid monomer, the Chueh-

Swanson values were used, [122] giving 30.62 cal mol−1 K−1. For the solid dimer, the values tabulated

by Acree and Chickos were used, [1] giving 33.2 cal mol−1 K−1. The temperature correction is -1.7

± 0.3 kcal mol−1, so the corrected ∆Hfus, 298.15 (3.7) is 4.9 ± 0.5 kcal mol−1. The heat of formation

of two moles of liquid glycolaldehyde is then -186.2 ± 0.7 kcal mol−1, or ∆fHliq(CHO–CH2OH) is

-93.1 ± 0.4 kcal mol −1.

The ∆Hvap of glycolaldehyde can be calculated from vapor pressure versus temperature data

available in the literature [115].The linear data (r2 > 0.999) were fit to the Clausius-Clapeyron

equation and provide ∆Hvap = 16.9 kcal mol−1 at 325.9 K. This value can be corrected to 298.15

K using heat capacities, obtained as described above for the liquid phase and using the CBS-

APNO calculated value of 15.6 cal mol−1 K−1 for the vapor phase. The corrected ∆Hvap is 17.3

± 1.2 kcal mol−1; the uncertainty here is the same as in the literature data analysis. Together,

these data lead to an experimental value for the gas- phase heat of formation for glycolaldehyde,
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∆fH298(CHO–CH2OH), of -75.8 ± kcal mol−1.

The gas-phase ∆Hredn of glycolaldehyde to ethylene glycol can also be extracted from the

∆fH298(CHO–CH2OH) above and the ∆fHliq(HOCH2CH2OH). The ∆Hvap for ethylene glycol

15.6 ± 1.0 kcal mol−1 (obtained as described for glycolaldehyde) is added to the ∆fHliq noted

above. This gives the gas-phase ∆fH298(HOCH2CH2OH) of -93.1 ± 1.0 kcal mol−1 (which is in

excellent agreement with Pedley et al. [114]). The resulting ∆redH298(glycolaldehyde) is -17.3 ±

1.6 kcal mol−1 and compares quite favorably to the ∆redH298(glycolaldehyde) value, calculated

using CBS-APNO methodology, [109] of -17.1 kcal mol−1. In the CBS-APNO calculations, three

conformations of HO–CH2OH and 10 conformations of HOCH2CH2OH were considered [34] with

appropriate multiplicity in an energy-weighted average. The correction to ethylene glycol due to the

higher-energy conformations amounts to 0.2 kcal mol−1 (See the Supporting Information at the end

of this chapter for further details).

There have been earlier attempts [20, 43] to use electronic structure calculations to predict the

gas-phase heat of formation of glycolaldehyde. A G2 calculation reported ∆fH298(CHO–CH2OH)

to be -77.6 ± 1.2 kcal mol−1, while the G3/DFT prediction was -75.6 ± 0.8 kcal mol−1. Ab initio

calculation of the gas-phase heat of formation of glycolaldehyde were performed. The modified

HEAT protocol [106] (described above) found ∆fH0(CHO–CH2OH) = -73.1 ± 0.5 kcal mol−1 and

∆fH298(CHO–CH2OH) = -76.1 ± 0.5 kcal mol−1. There is good agreement between this completely

ab initio heat of formation (-76.1 ± 0.5 kcal mol−1) and the calorimetrically measured result (-75.8

± kcal mol−1).

Although the CBS-APNO method is a composite method and is ’slightly empirical’, we also

used this procedure to estimate the heat of formation of glycolaldehyde. Using the CBS-APNO

methodology, [51,109] the reduction to ethylene glycol was calculated.

CHO−CH2OH + H2 → HOCH2CH2OH (3.9)

The ∆fH298 (3.9) was calculated to be -17.1 kcal mol−1. Since the experimentally determined [33]

∆fH298(HOCH2CH2OH is -93.1 ± 1.0 kcal mol−1, the ∆fH298(glycolaldehyde) calculated by the

CBS-APNO method is -76 ± 1 kcal mol−1.
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3.3.3 Electronic Structure Calculations

The heat of formation (∆fH298) of glycolaldehyde was calculated using a modified HEAT

method. [106] The core correlation contribution used here was [AE-CCSD(T)/cc-pCVQZ-FC-

CCSD(T)/cc-pCVQZ], which reduces the uncertainty in the calculated heat of formation to 0.5

kcal mol−1. Anharmonic zero-point energies (ZPE) were calculated at the (frozen core) FC-

CCSD(T)/ANO0 level of theory with ANO1 harmonic frequencies. We also performed a full

FC-CCSD(T)/ANO1 anharmonic calculation and optimized an AE-CCSD(T)/cc-pCVQZ geometry

in the course of the structure reinvestigation described below. The adiabatic ionization potentials of

the two lowest states of the glycolaldehyde cation were calculated at the EOMIP-FC-CCSD/ANO1

level of theory, using ANO0 harmonic ZPEs. All calculations were performed using the CFOUR

program system. [138] Calculations were also performed using CBS-APNO methodology, [109] as

implemented in Gaussian 09W. [51] Structures were confirmed to be minima on the potential energy

surface by verifying that the frequency calculation had no imaginary frequencies. If appropriate,

exploration of molecular conformations was first done using lower-level theory in Spartan 08. [66]

3.3.4 Molecular Structure Results

The CCSD(T) calculations predict the ground state of CHO–CH2OH to be the hydrogen bonded

cyclic structure in Figure 3.1. The open-chain conformations are all more than 3 kcal mol−1 higher

in energy. The effective structure of glycolaldehyde has been determined previously by microwave

spectroscopy [27, 86]. Figure 3.3 shows the results of CCSD(T) electronic structure calculations

of the molecular geometry of CHO–CH2OH; the electric dipole moments are in Debye and the

experimental bond lengths (
◦
A) are shown in parentheses. [27, 86] The purely ab initio structure

is in good agreement with the microwave structure except for the OH bond length, which differs

by approximately 0.1
◦
A, as noted by Carroll et. al. [27]. Given the excellent agreement between

our calculations and the measured rotational constants for all isotopes and the dipole moment, we

reinvestigated the microwave structure determination using the published data [19,26,27,65] and our

calculated vibrational corrections to the rotational constants. We find that the large discrepancy in

the OH bond length between the earlier experimental determinations and theory is due to unusual

zero-point contributions to the moments of inertia that are inferred from the rotational constants;
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Figure 3.3: Molecular structures for 1A glycolaldehyde that result from CCSD(T) electronic structure
calculations of the molecular geometry of CHO–CH2OH. The values in parentheses are reported
from earlier analysis of the microwave spectrum. [27]

when these are taken into account the discrepancy is largely (but not yet completely) resolved. It

is important to be precise in terminology when discussing molecular structures because several

inequivalent types exist. [58] Generally speaking, structures are obtained from microwave data by

relating moments of inertia that are inferred from the rotational constants to the atomic positions.

The most conceptually straightforward procedure is to obtain data on isotopic species and solve

a least-squares problem relating the inferred moments of inertia to a (unique) structure, which

yields an effective r0 structure. Unfortunately, r0 structures make a number of assumptions- for

one, that the geometry of isotopically substituted species are identical after vibrational effects are

included- and so the ultimate goal is to determine the isotope-independent ’vibrationless’ re structure.

The earlier experimental glycolaldehyde structures employed the substitution method, [32] where

every atom is individually isotopically substituted to determine its position using the Kraitchman
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equations, [76,78] which permits- again, subject to approximations- their Cartesian coordinates in

the principal axis system to be obtained. As discussed by Costain [32] the resulting rs structure

generally benefits from cancellation of zero-point vibrational effects and produces structures closer

to re than the r0 method, because usually rs ∼= 1
2(re + r0).

However, the degree of agreement between rs, re, and r0 can vary, and the OH bond of

glycolaldehyde appears to be a case where it does so significantly. The controlling factors in that

relationship involve the ratios of the sum of the zero-point rotation-vibration corrections for each of

the 18 fundamental modes (12Σα) and of the rotational constants between pairs of isotopes in the

substitution method. [32,58] These ratios are all contained within a range of about 15% for the single

isotopic substitutions, except for the OH→ OD substitution where the zero-point rotation-vibration

correction to the A rotational constant (12ΣαA) falls more than five times outside the usual variation.

This extreme deviation appears to be caused primarily by αA1 , the rotation-vibration correction

associated with ν1, the OH stretch.

With the benefit of the ab initio vibrational corrections, we determine a semiexperimental rese

structure by correcting the experimental rotational constants for zero-point vibration and performing

a least-squares optimization of the 12 structural parameters. The OH bond length we obtain is

0.9528 ± 0.0005
◦
A, which while clearly in closer agreement with theory than the rs value, still

seems too short by roughly 0.01
◦
A. We also fit an r0 structure where ROH = 1.041 ± 0.006

◦
A,

in accordance with the previous rs structures. We therefore conclude that zero-point vibrational

effects are responsible for the previously noted discrepancy between theory and experiment (see the

Supporting Information for details at the end of this chapter). Nevertheless, the unusual magnitude

of the r0 - re shift and the short re OH bond length remain a curiosity, and further investigation is

warranted.

3.4 Ionization Energy of Glycolaldehyde

The ionization energy of glycolaldehyde was previously measured by threshold electron impact

ionization to be IE(CHO–CH2OH) ≥ 10.2 ± 0.1 eV [120]. Tunable VUV radiation was used to

confirm this value during the study of glycolaldehyde. Figure 3.4 shows the photoionization efficiency

curve, PIE(m/z 60), that results when glycolaldehyde (CHO–CH2OH) in He is heated to 400 K.
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Figure 3.4: Photoionization efficiency scan for the parent ion m/z 60 resulting from heating
glycolaldehyde in a continuous-flow He micro-reactor.

The appearance energy for CHO–CH2OH+ (m/z 60) fixes a lower bound on the ionization energy

of IE(CHO–CH2OH) ≥ 9.95 ± 0.05 eV, a slightly lower value than electron impact results [120].

This is a lower value due to the fact that there may be some vibrational and rotational energy

still in the molecule upon ionization, effectively lowering the ionization energy ever so slightly.

The electronic states of the CHO–CH2OH+ ion can be understood with generalized valence bond

(GVB) diagrams [57], pictured on Scheme 3.1. Ionization at the carbonyl group produces a 2A’

ion that relaxes to the nonplanar χ̃+ 2A+ cation. Photoionization of the carbohydrate produces

the Ã
+ 2A+ excited state; this is expected to be roughly 0.5 eV above the ground state. The ab

initio calculated ionization gives IE(CHO–CH2OH) = 10.0 ± 0.2 eV and is consistent with the

experimental spectrum in Figure 3.4. The ground state of the CHO–CH2OH+ is found to be the

nonsymmetric χ̃+ 2A state. The excited state, Ã+ 2A” (CHO–CH2OH+), is calculated to be 0.2

eV higher than the χ̃+ state.
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Scheme 3.1: Generalized Valence Bond Diagrams for the Ground and Excited States of the
CHO–CH2OH+ Cation

3.5 Results of Glycolaldehyde and Glyoxal Pyrolysis

Pyrolysis pathways can be estimated by use of the known [14] heats of formation of the radicals

and the measured ∆fH298(CHO–CH2OH). Table 3.1 is a gathering of most of the relevant energetics

for thermal fragmentation of glycolaldehyde and glyoxal. Scheme 3.2 shows the likely thermal

decomposition pathways of glycolaldehyde. Cleavage of the C-C bond requires 82 kcal mol−1, and

results in the very unstable radicals HCO and CH2OH. These radicals will quickly decompose

to H atom and CO, as well as H atom and CH2 ––O, repectively. A fair estimate for cleavage

of the HOCH2CO–H is 88 kcal mol−1; this leads to formation of the acyl radical, HOCH2CO·,

and H atoms [14]. Rapid decomposition of the acyl radical yields (OH and CH2 ––C––O) or (CO

and CH2OH). Finally, loss of the methylene C-H of glycolaldehyde generates H atom and the

HOCHCHO radical. Thermal cracking of the HOCHCHO radical makes H atoms and glyoxal,

HCO-CHO. This will proceed to cleave to two CHO radicals, ultimately forming CO and H atoms. It

is also possible that glycolaldehyde could isomerize to the enediol (HOCH––CHOH), or that it goes

through concerted reaction mechanisms, such as loss of water to form ketene. The unimolecular

fragmentation pathways in Scheme 3.2 all produce H atoms. It is known [155] that hydrogen atoms
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experimental thermochemistry, kcal mol−1 refs.

(1) ∆H298(CH3 –CH3) 90.2 ± 0.1 14,114

(2) ∆H298(CH3 –CHO) 83.8 ± 0.2 14,114

(3) ∆H298(CH3 –CH2OH) 87.2 ± 0.2 14,114

(4) ∆H298(trans-HCO–CHO) 70.8 ± 0.3 14,48,64,114

(5) ∆H298(CHO–CH2OH) 82 ± 1 this work

(6) ∆H298(H–CH2CH3) 101.1 ± 0.4 14,114

(7) ∆H298(H–CH2CHO) 96.1 ± 0.2 14,114

(8) ∆H298(CH3CO–H) 89.3 ± 0.4 14,114

(9) ∆H298(H–CH2CHO) 94 ± 2 14,114

(10) ∆H298(CH3 –CO) 11.1 ± 0.4 14,114

(11) ∆H298(H–CO) 15.6 ± 0.1 14,114

(12) ∆H298(CH2O–H) 30.2 ± 0.2 14,114

m/z species ionization energy refs.

1 H 13.59844 ± 0.00001 98

17 OH 13.01698 ± 0.00025 165

28 CO 14.0136 ± 0.0005 44

30 CH2 ––O 10.8850 ± 0.0002 130

32 O2 12.0696 ± 0.0002 146

42 CH2 ––C––O 9.6191 ± 0.0004 107

44 CH2 ––CHOH ≥ 9.33 ± 0.05 142

44 CH3CHO 10.2295 ± 0.0007 74

58 HCO–CHO 10.2 ± 0.1 23

60 CHO–CH2OH ≥ 9.95 ± 0.05 this work

Table 3.1: Thermochemistry and Ionization Energy of Important Organics

57



Scheme 3.2: Unimolecular Decomposition of Glycolaldehyde

are very reactive in these hot microreactors. Scheme 3.3 shows the likely products that result from

H atom chemistry with glycolaldehyde. The H atoms could add to the carbonyl C atom to produce

the HOCH2CH2O radical. This alkoxy radical is expected to rapidly fragment to CH2OH and

CH2 ––O. Alternatively, H atoms could add to the carbonyl O atom and generate the HOCH2CHOH

radical. Loss of OH leads to the enol, CH2 ––CHOH. Isomerization of the enol produces CH3CHO,

which fragments [154,156] in the hot microreactor. As stated in Chapter 1, fuel samples are kept

purposefully dilute in order to avoid such reactions as those listed in Scheme 3.3. It has been shown

that fuel mixtures of approximately 0.1% or less can lead to the suppression of the most expedient

bimolecular chemistry- H atoms reactions. In the case of glycolaldehyde, control over this dilution

is difficult due to the high boiling point and dimeric form of the species at room temperature. It

was possible, however, to turn the sample temperature up slowly until sufficient, but not too much,

signal was observed.

Figure 3.5 shows the 118.2 nm (10.487 eV) PIMS that results when glycolaldehyde is heated to

1400 K. The bottom scan is from a sample of the glycolaldehyde dimer heated to 80 ◦C. The inset

at the top reveals that there are no signals from the (dimer glycolaldehyde)+ at m/z 120, which

implies that this species does not survive in the beam. The spectrum shows an intense peak at
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Figure 3.5: 118.2 nm VUV PIMS scans resulting from heating glycolaldehyde in a pulsed He
micro-reactor.
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Scheme 3.3: Potential H Atom Chemistry

m/z 60 that is assigned to CHO–CH2OH+; this is consistent with the ionization threshold of 9.95

± 0.05 in Figure 3.4. The presence of the feature at m/z 32 demonstrates that CHO–CH2OH is

subject to dissociative ionization.

CHO−CH2OH + ~ω(118.2nm) → CHO−CH2OH+ → products (3.10)

Scheme 3.4 suggests dissociation pathways for the glycolaldehyde cation. The ground χ̃+ 2A state of

the CHO–CH2OH+ cation is subject to β-scission that could produce one of the stable ions HCO+

(m/z 29) or CH2 ––OH+ (m/z 31). Ionization of the alcohol produces the excited state Ã+ 2A”, which

could internally abstract at the acyl group and generate the metastable [H2O–CH2 –CO·]+ distonic

ion. Loss of water leads to the ketene radical-cation, CH2CO+ (m/z 42), or loss of CO generates

the [H2O–CH2·]+ (m/z 32) distonic cation. It is worth noting that in an earlier photoionization

study, [132] dissociative ionization of glycolaldehyde with loss of CO to produce m/z 32 was observed.

Due to the fact that splitting between the χ̃+ 2A and Ã+ 2A” states of the CHO–CH2OH+ is

about 240 meV, the 118.2 nm (10.487 eV) ionizing laser will produce both low-lying states of the

CHO–CH2OH+ cation. On the basis of these energetics and Scheme 3.4, we assign the dissociative

ion m/z 32 in Figure 3.5 to be the [H2O–CH2·]+ distonic cation. As the micro-reactor is heated to
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Scheme 3.4: Dissociative Ionization Pathways
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600 K a peak at m/z 31 appears (Figure 3.5). A possible explanation could be isomerization of

CHO–CH2OH to the enediol, HOCH––CHOH. Ionization energies of enols are roughly 1 eV below

the keto tautomer, so IE(HOCH––CHOH) is likely approximately 9 eV [118]. Photoionization of the

enediol produces the [HOCH––CHOH]+ cation, which is subject to rearrangement [90] to the χ̃+

2A [CHO–CH2OH]+ ion that is chemically activated by about 1.5 eV. In Figure 3.5 we assign the

feature at m/z 31 to the CH2 ––OH+ ion. As the reactor is heated to 1000 K, a peak at m/z 42 is

observed and is assigned to CH2CO+. This could be due to dissociative ionization of the enediol or

ketene as a thermal product. At 1200 K, m/z 42 becomes much more intense.

It is difficult to say if there is any H atom chemistry as described in Scheme 3.3. Addition of

H atoms to O atoms could lead to production of OH radicals and the enol, CH2 ––CHOH. There

are weak signals at m/z 44 when CHO–CH2OH is heated to 1200 K. These signals probably arise

from small amounts of CH2 ––CHOH but are unlikely to originate from CH3CHO. Acetaldehyde is

known [154,156] to thermally dissociate to CH3 and HCO radicals, but no methyl radicals (m/z

15) are ever detected. Any hydroxyl radicals that result from the H atom chemistry in Scheme 3.3

would form water by reaction with parent glycolaldehyde. [137]

One way to avoid the confusing PIMS signals that result from dissociative ionization is to use IR

spectroscopy as a diagnostic of the pyrolysis products. The IR spectrum of CHO–CH2OH has been

studied in the gas phase [94] and in matrices. [28]CCSD(T)/VPT2 calculations were performed for

the fundamental vibrational modes of glycolaldehyde. Table 3.2 compares the ab initio frequencies

with the experimental findings [28, 94] and the transitions observed in an Ar matrix. Figure

3.6 shows the IR spectrum that results when glycolaldehyde is heated to 1500 K. The presence

of formaldehyde is clearly demonstrated [135] by observation of ν1(CH2 ––O), ν2(CH2 ––O), and

ν3(CH2 ––O). The six modes of formaldehyde as observed in an Ar matrix are: ν1 (a1, CH2 sym st)

= 2798 cm−1, ν2 (a1, CO st) = 1742 cm−1, ν3 (a1, CH2 scis) = 1499 cm−1, ν4 (b1, CH2 umbrella)

= 1169 cm−1, ν5 (b2, CH2 a-st) = 2864 cm−1, ν6 (b2, CH2 rock) = 1245 cm−1. Glyoxal [135] is

identified as a thermal product by observation of ν10(HCO–CHO). Scheme 3.2 has a possible path

for glyoxal formation; however, the thermochemistry in Table 3.1 shows ∆fH298(HCO–CHO) to be

71 kcal mol−1. Because of the relatively low HCO-CHO bond energy, we expect (Table 3.1) that

most glyoxal will dissociate to a pair of HCO radicals, which in turn fragment to H atoms and

CO. Additional concerted reactions have been shown to predominate at lower temperatures; [50]
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mode CCSD(T)/ A gas phase [94] Ar matrix relative

VPT2 (km/mol) this worka intensity

A’ ν1 3557 39 3585/3565/3546 3551/3543/3535 10/25/23

ν2 2923* 10 2920 2911/2906/2895 2/2/3

ν3 2813/2842* 33/11 2835/2810 2853/2846/2835 5/6/2

ν4 1751/1692 83/11 1764/1753/1742 1767/1747/1697/ 3/186/18/

1695 9

ν5 1454/1429 7/16 1440/1468 1443/1429/1424 4/5/4

ν6 1404* 30 1410 1402 5

ν7 1366 14 1376/1359 1366/1365/1361 42/19/5

ν8 1284/1272* 11/21 1299/1282/1273/ 1272/1268/1266 6/25/19

1268/1266/1258

ν9 1112* 61 1117/1112/1110/ 1131/1112/1110/ 6/12/100/

1097 1108 45

ν10 853 43 871/861/859/845 860/858/857/ 7/18/12/

856/855 68/29

ν11 745 8 762/752/750/748/ 751/749 7/7

746/743/738

ν12 280 23

A” ν13 2873* 25 2880 2880* 1

ν14 1223* 2 1146 1251/1232/1228 2

ν15 1083 1 1070/1059/1050 1067 6

ν16 709 0

ν17 340 83

ν18 200 6

2ν7 2715 3 1717/1696 2713/1711 5/3

[ν12, ν18] + [ν11, ν16] 916 999/997/951/935 5/4/3/2

Table 3.2: Vibrational Frequencies and Assignments for Glycolaldehyde

aThe VPT2 calculations use CCSD(T)/ANO0 anharmonic constants and CCSD(T)/ANO1 harmonic frequencies.
Asterisks mark cases where resonances were treated by diagonalization. Potential combination/overtone bands for
unidentified observed peaks have also been reported. All Ar matrix frequencies reported to ± 0.3 cm−1
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Figure 3.6: Matrix IR spectra that result from heating glycolaldehyde in a pulsed Ar micro-reactor.
The black trace is the IR spectrum [135] of CHO–CH2OH produced by heating glycolaldehyde
dimer to 80 ◦C. The green trace is a background that results from heating Ar to 1500 K in the SiC
micro-reactor. Both formaldehyde [135] and glyoxal [42,135] are present.

however, little evidence is seen of this under our conditions at 1500 K in the Fourier transform

IR. There is a new >C––O band appearing to the blue of ν4(CHO–CH2OH), which is assigned

to an open-chain conformer of glycolaldehyde in Figure 3.1. An additional peak at 1737 cm−1

is observed and attributed to ν2 of the (CH2 ––O, H2O) dimer. [104]The unassigned peak at 1767

cm−1 observed at 300 and 1500 K is perhaps due to a similar interaction between water and

glycolaldehyde. Additionally, Figure 3.7 establishes the presence of ketene [55] as a thermal product

with detection of ν7(CH2 ––C––O), ν2(CH2 ––C––O), and ν3(CH2 ––C––O). To confirm the pyrolysis of

glyoxal HCO–CHO (+ M) −−→ [HCO + HCO] −−→ 2 H + 2 CO, an authentic sample of HCO-CHO

was decomposed in a hot SiC reactor (see Figure 3.6). The IE(HCO-CHO) is reported [23] to be

10.2 eV (Table 3.1). Figure 3.8 shows the PIMS of a dilute mixture of glyoxal in He is vaporized in

a micro-reactor at 120 ◦C (400 K), and the parent peak (m/z 58) is the dominant feature in the

spectrum. As the reactor is heated to 1200 K, the [HCO-CHO]+ m/z 58 signal begins to drop. By
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Figure 3.7: Matrix IR spectra that result from heating glycolaldehyde in a pulsed Ar micro-reactor.
The black trace is the IR spectrum [135] of CHO–CH2OH produced by heating glycolaldehyde
dimer to 80 ◦C. The green trace is a background that results from heating Ar to 1500 K in the SiC
micro-reactor. Ketene is clearly present. [55]
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Figure 3.8: 118.2 nm VUV PIMS scans resulting from heating glyoxal in a pulsed He micro-reactor.
The band at m/z 40 is a propyne background contamination.

1400 K in He, all signals fade from the 118.2 nm PIMS spectrum, because the pyrolysis products

of glyoxal, H, and CO in eq 3.10, cannot be photoionized by 10.487 eV radiation (see Table 3.1).

Figure 3.9 shows the IR spectra that result from heating glyoxal in Ar [42, 135]. By 1500 K, the

HCO-CHO is largely destroyed, and intense signals of CO are observed. Figure 3.9 shows the

appearance of clusters of carbon monoxide [81] that result from the pyrolysis of glyoxal. We do

not observe any formaldehyde that would arise from the previously observed glyoxal molecular

decomposition channels [50].

3.6 Conclusions

Pyrolysis of CHO–CH2OH in the heated micro-reactor was shown to produce H atoms, formalde-

hyde, glyoxal, and carbon monoxide. Scheme 3.2 provides the unimolecular chemistry that leads

to these results. Formaldehyde was shown to have intense IR absorption signal, consistent with
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Figure 3.9: Matrix IR spectra that result from heating glyoxal trimer dihydrate in a pulsed Ar
micro-reactor. The black trace is the IR spectrum [42, 135] of HCO-CHO produced by heating
glyoxal to 120 ◦C. The intense glyoxal fundamental ν10 is detected at 1724 cm−1, and the (water,
glyoxal) complex [100] is observed at 1717 cm−1. The green trace is a background that results from
heating Ar to 1500 K in the SiC micro-reactor.
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cleavage of the CHO–CH2OH C-C bond to make HCO and CH2OH. This ultimately results in the

products H atoms, CO, and formaldehyde (CH2 ––O), see Figure 3.6. Cleavage of the C-H methylene

bond in glycolaldehyde leads to the formation of HCO-CHO and H atoms. Lastly, loss of H atom

to form ·CO–CH2OH radicals generated CH2 ––O and ketene, CH2 ––C––O (Figure 3.7). Pyrolysis

of glyoxal independently was shown to decompose to a pair of formyl radicals that fragment to H

atom and CO, see Figure 3.9.

The molecular properties of glycolaldehyde are not well established, therefore both the gas-phase

heat of formation and ionization threshold for CHO–CH2OH have been measured and reported

here. The ∆fH298(CHO–CH2OH) was determined by a combination of calorimetric measurements

and ab initio electronic structure calculations. Calorimetric studies of the heat of reduction of

glycolaldehyde in solution lead to a determination of the heat of formation of solid glycolaldehyde

dimer to be - 191.1 ± 0.4 kcal mol−1. Measurement of ∆H(fusion) and ∆H(vap) results in a value of

the gas-phase heat of formation for glycolaldehyde, ∆fH298(CHO–CH2OH), as - 75.8 ± 1.3 kcal

mol−1. Electronic structure calculations predict values for the heat of formation of glycolaldehyde

that agree well with the experimental determination. The ∆fH298(glycolaldehyde) calculated by

the CBS-APNO method is - 76 ± 1 kcal mol−1. More precise, fully ab initio calculations using

the modified HEAT protocol [106] predict ∆fH0(CHO–CH2OH) of - 73.1 ± 0.5 kcal mol−1 and

∆fH298(CHO–CH2OH) of - 76.1 ± 0.5 kcal mol−1. The electronic structure calculations, both

CBS-APNO and modified HEAT, of the heat of formation for glycolaldehyde are in excellent

agreement with the calorimetrically determined result of - 75.8 ± 1.3 kcal mol−1.

Tunable synchrotron radiation was used to place a lower bound on the IE(CHO–CH2OH), see

Figure 3.4. The appearance energy of [CHO–CH2OH]+ gives an ionization threshold of ≥ 9.95 ±

0.05 eV, consistent with ab initio electronic structure calculations. Coupled cluster calculations

provide an ionization of glycolaldehyde of 10.0 ± 0.2 eV, also in agreement with Fig. 3.4. Coupled

cluster calculations were also used to analyze the molecular structure of glycolaldehyde and to revise

the geometry of this carbohydrate. It was found that equilibrium O-H bond length is considerably

shorter than suggested by experimental determinations of the effective r0 structure on account of

unusual zero-point contributions, primarily from the ν1 OH stretch. These successful efforts to

understand the thermal cracking and the molecular properties of both glyoxal and glycolaldehyde

are encourages for prospective future work on complex sugars.
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3.7 Supporting Information

1. Analysis of the Rotational Spectra of Glycolaldehyde:

Table 3.3: ab initio geometry

Table 3.4: ab initio rotation-vibration corrections

Table 3.5: Fitted geometries

N.B. Bond lengths in angstroms, angles in degrees, and rotational constants in MHz.

H

O 1 ROH

C 2 RCO1 1 A1

C 3 RCC 2 A2 1 D0

O 4 RCO2 3 A3 2 D0

H 4 RCH1 3 A4 2 D180

H 3 RCH2 2 A5 1 D1

H 3 RCH2 2 A5 1 M1

Table 3.3: AE-CCSD(T)/cc-pCVQZ structure
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ROH = 0.965391271210242

RCO1 = 1.395710672083639

A1 = 105.753645518439939

RCC = 1.502495632823179

A2 = 111.706140011703965

D0 = 0.000000000000000

RCO2 = 1.208231709793324

A3 = 121.678324959015256

RCH1 =1.101128822154100

A4 = 116.807970666716855

D180 = 180.000000000000000

RCH2 = 1.095901092506787

A5 = 111.242081800699253

D1 = 120.511546584198925

M1 = -120.511546584198925

Isotope Vibrational Correction

A B C

1,16,12,12,16,1,1,1 44.1062837 117.065605 70.212949

1,18,12,12,16,1,1,1 37.9721156 112.06835 67.5807516

1,16,12,12,18,1,1,1 46.4355946 110.44761 67.2840051

1,16,12,13,16,1,1,1 40.3002581 115.658899 69.0447772

1,16,13,12,16,1,1,1 41.1012071 115.030514 68.5492881

1,16,12,12,16,2,1,1 47.844386 109.963985 64.736091

2,16,12,12,16,1,1,1 70.5600479 106.032532 64.0509815

1,16,12,12,16,1,2,1 46.0516933 112.761627 67.5965934

1,16,12,12,16,2,2,1 47.3267 106.384917 62.4941155

Table 3.4: ab initio FC-CCSD(T)/ANO1 rotation-vibration corrections

2. Reaction Calorimetry:

glycolaldehyde dimer (solid) −−→ LiOCH2CH2OLI (sol’n)

-81,547.63 cal mol−1

-82,442.11

-81,799.66

-82,364.13

-81,918.43
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Parameter re sigma r0 sigma

ROH 0.952800866 0.000478 1.041482542 0.005715

RCO1 1.395726851 0.000168 1.401515053 0.001729

A1 106.6417314 0.032566 103.0005211 0.323204

RCC 1.50047276 0.000455 1.515369575 0.00459

A2 111.6847713 0.011435 112.5189181 0.114378

RCO2 1.208857832 0.000182 1.206968033 0.001808

A3 121.6669118 0.017788 121.2340232 0.179259

RCH1 1.101185371 0.000201 1.097162492 0.001996

A4 116.9073292 0.016353 116.1094319 0.166428

RCH2 1.096382033 0.000117 1.102252899 0.001191

A5 111.0475377 0.018287 110.6662866 0.186303

D1 120.6508306 0.026825 121.1848036 0.265543

M1 -120.6508306 0.026825 -121.1848036 0.265543

re : RMS error: 0.01 MHz / Maximum error: 0.22 MHz

r0 : RMS error: 0.14 MHz / Maximum error: 2.13 MHz

Table 3.5: Fitted geometries

ave: -82,014 ± 340 cal mol−1, molecular weight = 120.10

ethylene glycol(liquid) −−→ LiOCH2CH2OLi (sol’n)

-27,842.07

-27,926.37

-27,889.04

-27,732.76

ave: -27,847.56 ± 84 cal mol−1

Differential Scanning Calorimetry

glycolaldehyde, solid dimer −−→ 2 glycolaldehyde, liquid monomer

28.43 kJ mol−1

27.34

27.44

ave: 27.74 ±0.70 kJ mol−1 = 6.63 ± 0.17 kcal mol−1, molecular weight 120.10
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at Tmid = 85± 3◦C = 358.15 ± 3 K

Correction: ∆Hfus, 298.15 = ∆Hfus, uncorrected + (298.15−Tmid)(2Cp(l) − Cp(s))

= 6.6 kcal mol−1 + (298.15 - 358.15)(2*30.62 cal mol−1 K−1 - 33.2 cal mol−1 K−1)

= 6.6 kcal mol−1 - 1.7 kcal mol−1 = 4.9 kcal mol−1

Cp(l) = 10.7 (OH) + 7.26 (CH2) + 12.66 (CHO) = 30.62 cal mol−1 K−1

Cp(s) = 2*(23.5 (OH) + 11.7 (CH) + 24.6 (CH2) + 9.7 (O)) = 139.0 J mol−1 K−1

= 33.2 cal mol−1 K−1

Heats of Vaporization using data from [115]

Clausius-Clapeyron analysis (inP(mmHg) vs 1/T(K)) where slope = −∆Hvap/R at Tmid

Correction: ∆Hvap, 298.15 = ∆Hvap, Tmid + (298.15 - Tmid)(Cp(g) − Cp(l))

ethylene glycol: y = -7433.5x + 22.602 r2 = 0.999, Tmid = 346.1 K

∆Hvap, 346.1 = 14.7 kcal −1

∆Hvap, 298.15 = ∆Hvap, Tmid + (298.15 - Tmid)(Cp(g) − Cp(l))

Cp(g): experiment (NIST Webbook) 18.64 cal mol−1 K−1

CBS-APNO calculation: Cp = Cv + R = 15.67 + 1.987 = 17.7 cal mol−1 K−1

Cp(l): experiment (NIST Webbook) 35.8 cal mo−1 K−1

additivity: 2*(10.7 (OH) + 7.26 (CH2)) = 35.9 cal mol−1 K−1

Using experimental data:

∆Hvap, 298.15 = 14.8 kcal mol−1 + (298.15 - 346.1)(18.64 - 35.8)

= 14.8 kcal mol−1+ (-47.95K)(-17.16 cal mol−1 K−1) = 15.6 kcal mol−1
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Using additivity and calculated data:

∆Hvap, 298.15 = 14.8 kcal mol−1 + (298.15 - 346.1)(17.7 - 35.9)

= 14.8 kcal mol−1+ (-47.95K)(-18.2 cal mol−1 K−1) = 15.7 kcal mol−1

NIST Webbook: average of 13 values: 15.6 kcal mol−1

glycolaldehyde: y = -8523.5x + 25.246 r2 = 0.9995, Tmid = 325.9K

∆Hvap, 325.9 16.9 kcal mol−1

∆Hvap, 298.15 = ∆Hvap, Tmid + (298.15 - Tmid)(Cp(g) − Cp(l))

Cp(g): CBS-APNO calculation: Cp = Cv + R = 13.6 + 1.987 = 15.6 cal mol−1 K−1

Cp(l): 10.7 (OH) + 7.26 (CH2) + 12.66 (CHO) = 30.62 cal mol−1 K−1

∆Hvap, 298.15 = 16.9 + (298.15 - 325.9K)(15.6 - 30.62 cal mol−1 K−1) = 17.3 kcal mol−1
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Chapter 4

Methyl Esters

4.1 Introduction

This paper is an experimental study of the pyrolysis of two simple methyl esters: methyl acetate

and methyl butanoate. Methyl esters are believed to have similar combustion properties to petroleum

based fuels [121,160], making them a promising source of biofuels. These biofuels are derived from

triglyceride esters of fatty acids found in the membranes of biological species, see Scheme 4.1.

Transesterification of these triglycerides with methanol results in the formation of methyl esters of

fatty acids, such as such as methyl oleate CH3(CH2)7CH––CH(CH2)7COOCH3. Long chain fatty

acid esters are complex to study, so many have chosen the simpler compounds methyl acetate

(CH3COOCH3) and methyl butanoate (CH3CH2CH2COOCH3) for scrutiny as surrogate fuels.

An accurate model for the unimolecular decomposition of these fuels is an important first step in

the development of mechanisms for larger esters [47,68]. Methyl esters have been studied extensively,

with experiments dating back to as early as 1936 [13]. The pyrolysis of methyl acetate has been

studied in shock tubes [4, 45, 116, 123, 140], in a knudsen reactor [25], and in a flow reactor [167].

There have also been a number of computational studies [3, 144, 150]. Methyl butanoate has

been rigorously studied computationally, as the chain length of methyl butanoate seems to be the

proper length to reconcile computational size limits and carbon chain fatty acid characteristics

[3,31,41,47,59,60,68,80,82,145]. The pyrolysis of methyl butanoate has been studied experimentally

only by shock tube [45, 46, 112]. In addition to the pyrolysis experiments, there have been many

studies of the oxidation of these methyl esters [31,37,40,52,53,79,93,111,113,128,131,158,161,171,177].
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Scheme 4.1: Transesterification of triglycerides in methanol produces long chain fatty acid
methyl esters. Oleic acid is shown here, a methyl ester derived from transesterification of phos-
phatidylethanolamine [101].

In the present study, we focus on the dilute (0.06 - 0.13%), unimolecular thermal decomposition of

methyl esters in the heated micro-reactor described below.

4.2 Experimental

For the study of methyl acetate and methyl butanoate, experiments were conducted solely at

the University of Colorado. Photoionization mass spectrometry at 10 Hz and 10.487 eV is used in

tandem with matrix isolation infrared spectroscopy, see Chapter 1 for experimental details. Mass

spectra are averaged over 1000 scans, with a mass resolution ∆m/m = 400. Infrared spectra are

averaged over 500 scans with a 0.25 cm−1 step size.
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4.3 Plausible Decomposition Pathways

4.3.1 Methyl Acetate

The thermochemistry of ester decomposition is collected in Tables 4.1 and 4.2. Some of these

entries are experimental values but most result from electronic structure calculations. This is due

to the fact that the ∆fH298(CH3CH2CH2COOCH3) has not been measured. There is another

complication that is peculiar to methyl esters, RCOOCH3 [45, 56, 68, 89]. Step-wise cleavage to

produce the methyl radical or the alkyl radical leads to production of the oxycarbonyl radical,

RCO2 · , or the acyl radical, ·COOCH3. Neither of these species are stable molecules. The properties

of the formyoxy radical have been explored by negative ion chemistry and spectroscopy of the

formate anion, HCO2 · , but the HCO2 · radical decomposes to CO2 and H atom. If the ·COOCH3

and RCO2 · radicals are not stable species, the calculations of the bond energies R–COOCH3 and

RCOO–CH3 will be approximate. For methyl acetate, one could imagine fragmentation via three

different pathways, see Reactions (1) - (3) on Scheme 4.2. It is difficult to calculate the energetics of

reactions (1-3). The only thing that is certain is ∆rxnH298(CH3COOCH3 → 2 CH3 + CO2) = 74.9

± 0.3 kcal mol−1.

Reaction (4.1) in Scheme 4.2 is a 1,4 Woodward-Hoffman forbidden elimination, however it

has the lowest calculated energetic barrier (see Tables 4.1 and 4.2) to produce ketene (CH2 ––C––O)

and methanol (CH3OH). In Reaction (4.2), cleavage of the weak methoxy O–CH3 bond results in

loss of methyl radical CH3 to form the acetoxy radical [CH3CO2 · ]. The acetoxy radical has two

resonantly identical oxygens, and will proceed to fragment into CO2 and CH3. Slightly higher in

energy is Reaction (4.3), cleavage of the C-C bond, which produces the C(O)OCH3 radical. This

radical can continue by either eliminating CO ultimately creating formaldehyde and H atoms, or by

fragmentating to CH3 and CO2.

Bond energies well above 90 kcal mol−1 do not typically decompose in the reactor [21,110,118,

129, 156]. We will consider, however, cleavage of the higher energy C-H bonds the experimental

BDEs in methyl acetate and methyl butanoate are currently unknown. Elimination of a methoxy H

atom, shown in Reaction (4.4), will create a highly unstable radical [CH3C(O)OCH2 · ]. This will

quickly collapse to CH3, CO and CH2 ––O. Alternatively, loss of a methyl H atom shown in Reaction
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Scheme 4.2: Alcohol and Radical Fragmentation in the Pyrolysis of Methyl Acetate

Reactions 1 - 12 aEa ∆rxnH298 K refs.

CH3COOCH3 → CH2 ––C––O + CH3OH 73 39.4 ± 0.5* 5,14,108,
116,150

CH3COO–CH3 → CH3CO2 + CH3 86 116

CH3 –COOCH3 → CH3 + COOCH3 93 116

CH3COOCH3 → CH2COOCH3 + H 94 est.

CH3COOCH3 → CH3COOCH2 + H 97 150

CH3CH2CH2COOCH3 → CH3CH2CH––C––O + CH3OH 74 ± 1 40 ± 1 41

CH3CH2CH2COOCH3 → CH2 ––CH2 + CH2 ––C(OH)OCH3 68 ± 1 53 ± 1 41

CH3CH2 –CH2COOCH3 → CH3CH2 + CH2COOCH3 84 ± 1 41

CH3CH2CH2COO–CH3 → CH3CH2CH2CO2 + CH3 87 ± 1 41

CH3 –CH2CH2COOCH3 → CH3 + CH2CH2COOCH3 89 ± 1 41

CH3CH2CH2COOCH3 → H + CH3CH2CH–COOCH3 94 ± 1 41

CH3CH2CH2COOCH3 → H + CH3CH2CH2COOCH2 99 ± 1 41

Table 4.1: Experimental, Calculated, and Estimated Thermochemistry for Rxs (1) - (12)
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Additional reactions, kcal mol−1 aEa ∆rxnH298 K refs.

HCO–OCH3 → HCO + OCH3 100 ± 2* 5,14,62,67,150

HCOO–CH3 → HCO2 + CH3 90 ± 3* 5,14,62,67,150

HCOOCH3 → COOCH3 + H 88 est.

HCOOCH3 → HCOOCH2 + H 96 est.

CH2 ––CHCH3 → CH2 ––CHCH2 + H 88.6 ± 0.5* 14,114,149

CH2 ––CHCH3 → CH2 ––CH + CH3 101.3 ± 0.7* 14,114

CH3COOCH3 → CH2 ––O + CH3CHO 32.8 ± 0.4* 5,14

CH3COOCH3 → CH2 ––C(OH)OCH3 71 29 116

CH3CO–OCH3 → CH3CO + OCH3 100.5 ± 0.7* 5,14

CH3COO–CH3 → CO2 + 2 CH3 74.0 ± 0.1* 5,33,127

CH3CH2CH2CO–OCH3 → CH3CH2CH2CO + OCH3 101 ± 1 41

CH3CH2CH2COOCH3 → CH3CH2CH2 + COOCH3 93 ± 1 41

CH3CH2CH2COOCH3 → CH3CH2CH––C(OH)OCH3 74 ± 1 41

CH3CH2CH2COOCH3 → CH3CH2CH2CHO + CH2 ––O 77 ± 1 33 ± 1 41

CH3CH2CH2COOCH3 → CH3CH––CH2 + HCOOCH3 105 ± 1 81 ± 1 41

Table 4.2: Additional Thermochemistry

aEa energies of activation are reported at 298 K.

(4.5) creates the unstable radical [ ·CH2(O)OCH3]. This will likely form ketene CH2 ––C––O and

methoxy radical OCH3, which will then proceed to eliminate H atom to form formaldehyde.

4.3.2 Methyl Butanoate

Potential decomposition pathways of methyl butanoate are summarized in Schemes 4.3 -

4.5. The lowest energy rearrangement is shown in Reaction (4.6), which forms ethylketene

(CH3CH2CH––C––O) and methanol. Loss of CO from ethylketene followed by a rapid H atom

shift leads to propene. This has the potential for multiple, additional H atoms losses, resulting

first in allyl radical CH2CHCH2, then allene CH2 ––C––CH2, and lastly propargyl radical HCCCH2.

Alternatively, elimination of methyl radical and H atom from ethyl ketene will leave propadienone

CH2 ––C––C––O. This will continue to decompose, losing CO to form the carbene [:C–––CH2], which

will quickly rearrange to acetylene HC–––CH [29]. Methyl butanoate could also eliminate ethylene

via a Cope rearrangement [39], see Reaction (4.7). Any methyl acetate produced will continue to

decompose as discussed in the previous section. It has also been proposed that a rearrangement to
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Scheme 4.3: Part 1 Decomposition Pathways of Methyl Butanoate

butyraldehyde CH3CH2CH2CHO and formaldehyde CH2 ––O faces a low barrier of activation [41,116],

however we see no evidence that this reaction is important under the given conditions.

Higher in energy is cleavage of the C-C and C-O bonds, see Tables 4.1 and 4.1. Cleavage of the

Cα − Cβ results in Reaction (4.8); ethyl radical CH3CH2 will quickly eliminate H atom forming

ethylene CH2 ––CH2. The CH2C(O)OCH3 radical will decompose to ketene and methoxy radical,

which ultimately leads to formaldehyde and H atom. Cleavage of the O-C bond shown in Reaction

(4.9) forms a methyl and a CH3CH2CH2CO2 radical. The CH3CH2CH2CO2 radical will readily

eliminate CO2 leaving the propyl radical, which can omit an H atom to make propene CH3CH––CH2

or cleave to methyl radical and ethylene. Cleavage of the terminal Cβ−Cγ bond, see Reaction (4.10),

forms methyl radical and the CH2CH2C(O)OCH3 radical, which could proceed to fragment in two

different ways. Elimination of ethylene is followed by loss of CO or CO2, which ultimately results in

formaldehyde and H atom, or a methyl radical, respectively. The CH2CH2C(O)OCH3 radical could

instead remove a hydrogen via β-scission to form methyl acrylate, CH2 ––CH–COOCH3.

Highest in energy will be cleavage of C-H bonds, see Tables 4.1 and 4.2. There are two C-H

bonds that will be lower in energy due to resonance stabilization of the resulting radical, see

Reactions (4.11) and (4.12). In Reaction (4.11), loss of H atom from the α carbon results in the
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Scheme 4.4: Part 2 Decomposition Pathways of Methyl Butanoate

Scheme 4.5: Part 3 Decomposition Pathways of Methyl Butanoate
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[CH3CH2CH–COOCH3] radical. This unstable species can proceed in three potential ways. Loss of

methyl radical ultimately forms methyl acrylate CH2 ––CH–COOCH3, elimination of H atom results

in crotonic acid CH3CH––CH–COOCH3, or elimination of methoxy radical leads to ethyl ketene, H

atom, and formaldehyde. Reaction (4.12) shows loss of a methyl group hydrogen, and produces the

[CH3CH2CH2COOCH2] radical which could decompose in three ways. Elimination of formaldehyde

followed by ketene leaves the ethyl radical, which ultimately forms H atom and ethylene H2C––CH2.

Elimination of formaldehyde followed by CO produces the propyl radical, which can proceed as

previously discussed.

Previous work [41, 112] suggests that isomerization reactions of the methyl esters to their

respective enols (see Reactions (4.1) and (4.6)) face low barriers of around 70 kcal mol−1 [41,112].

These, however, will be difficult to discern given the current experimental setup due to similarities

in mass and lack of vibrational data on these products. Using tunable synchrotron radiation in

future studies, enols could be identified by their characteristically lower ionization energies than

their carbonyl parents [118]. Alternatively, isotopic labeling studies would be useful to determine if

these reactions are significant. One could at least estimate that the O-C single bond would still be

somewhat weak in both enols. Loss of methyl radical from the enol of methyl acetate would result

in further decomposition: CH2 ––C(OH)O–CH3 → CH3 + [CH2 ––C(OH)O · ] → CH2 ––C––O + OH.

Similarly if there were loss of methyl from the enol of methyl butanoate: CH3CH2CH––C(OH)OCH3

→ CH3 + [CH3CH2CH––C(OH)O · ] → CH3CH2CH––C––O + OH. The hydroxyl radical, OH, is the

only unique product of this process, and this cannot be ionized at 10.487 eV.

4.4 Results

4.4.1 Methyl Acetate

We begin our study with the analysis of photoionization mass spectra, see Table 4.3 for a list of

ionization energies for important organic species. Figure 4.1 shows the result when methyl acetate

(m/z 74) is diluted to 0.07% in helium and heated up to 1600 K. The spectrum is strikingly simple,

with thermal decomposition beginning around 1000 K. At 1300 K onward, the only masses evident

are m/z 42 and 15. A number of the predicted products from Reactions (4.1) through (4.5) are not

expected to ionize at 10.487 eV (see Table 4.3). We assign m/z 42 to ketene produced by Reactions
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(4.1) and (4.5), and m/z 15 to methyl radicals products by Reactions (4.2) - (4.4). Methyl acetate

appears to be completely decomposed by 1600 K in helium.

In all matrix spectra presented, room temperature methyl acetate is shown in black and heated

argon (1400 K) is shown in green for reference. Strong evidence for Reaction (4.1) is shown in

Figures 4.2 and 4.3 with the infrared spectra that result when 0.13% methyl acetate in argon is

heated at 1200 K and 1500 K. The presence of ketene is clearly indicated in Figure 4.2 by the

absorption bands ν1 (3062 cm−1), ν2 (2142 cm−1) and ν4 (1381 cm−1) ; these are compared to an

authentic sample of ketene shown in blue [97]. Figure 4.3 shows strong absorption bands of methanol,

ν3 (2848 cm−1) and ν8 (1033 cm−1); these are compared to an authentic sample of methanol shown

in blue [135] .

The remaining products in the pyrolysis of methyl acetate are not unique to any particular

pathway. Reactions (4.3) - (4.5) predict the formation of formaldehyde. Figure 4.4 displays three of

the observed absorption features of formaldehyde ν1 (2798 cm−1), ν2 (1742 cm−1), and ν3 (1499

cm−1), respectively [104]. Figure 4.5 displays the carbonyl region, where the C=O stretch of ketene

(ν2) is displayed again as well as evidence for CO and CO2. On the right hand side of Fig. 4.5 are

the intense monomer and multimer absorption bands [81] of carbon monoxide at 2149 cm−1 and

2139 cm−1, produced by Reactions (4.3) and (4.4). On the left hand side, a CO2 monomer band at

2345 cm−1 and two multimer bands at 2340 cm−1 and 2339 cm−1 [49] are displayed, produced by

Reactions 4.2 and 4.3. It is interesting to note that both panels in Fig. 4.5 are shown to scale; it

appears as though CO formation becomes more important at 1500 K. This will be addressed in the

Discussion section below.

4.4.2 Methyl Butanoate

Figure 4.6 is the resulting photoionization mass spectrum when 0.06% methyl butanoate (m/z

102) is heated in helium up to 1500 K. The fragment at room temperature m/z 74 is the result of

dissociative ionization. Methyl butanoate, with an ionization energy of 10 eV, is imparted 0.487 eV

excess energy upon ionization (see Table 4.3). This leads to dissociative ionization of the methyl

butanoate cation via the McLafferty rearrangement [91], with charge retention on methyl acetate

(m/z 74): [CH3CH2CH2C(O)OCH3
+] → [CH3C(O)OCH3

+] + H2C––CH2.

Thermal decomposition begins around 800 K when m/z 70 appears in Fig. 4.6. We assign this
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m/z species name IE/eV refs.

1 H H atom 13.59884 ± 0.00001 98

15 CH3 methyl radical 9.8380 ± 0.0004 15

26 HC–––CH acetylene 11.40081 ± 0.00001 119

17 OH hydroxyl radical 13.01698 ± 0.00025 165

28 CH2 ––CH2 ethylene 10.51268 ± 0.00001 169

28 CO carbon monoxide 14.0136 ± 0.0005 44

30 CH2 ––O formaldehyde 10.8850 ± 0.0002 130

31 CH3O methoxy radical 10.726 ± 0.008 126

32 CH3OH methanol 10.85 ± 0.01 11

39 HCCCH2 propargyl radical 8.7006 ± 0.0002 54

40 CH2 ––C––CH2 allene 9.6880 ± 0.0020 173

41 CH2HCCH2 allyl radical 8.13146 ± 0.00025 170

42 CH3CH––CH2 propene 9.7435 ± 0.0005 24

42 CH2 ––C––O ketene 9.6191 ± 0.0004 107

44 CO2 carbon dioxide 13.778 ± 0.002 157

44 CH3CHO acetaldehyde 10.2295 ± 0.0007 74

70 CH3CH2CH––C––O ethylketene 8.8 16

72 CH3CH2CH2CHO butyraldehyde 9.73 ± 0.03 30

74 CH3C(O)OCH3 methyl acetate 10.25 ± 0.05 9

86 CH2 ––CHC(O)OCH3 methyl acrylate 10.74 153

100 CH3CH––CHCOOCH3 methyl crotonate

102 CH3CH2CH2C(O)OCH3 methyl butanoate 10.07 ± 0.03 159

Table 4.3: Mass and Ionization Energies of Important Organics
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Figure 4.1: Photoionization mass spectrum of 0.07% methyl acetate in helium heated up to 1600 K
in the micro reactor.
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Figure 4.2: Matrix infrared spectrum of 0.13% methyl acetate heated to 1200 and 1500 K in argon.
An authentic sample of ketene is shown in blue for reference, however the carbonyl stretch at 2142
cm−1 oversaturated the detector and is not displayed.
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Figure 4.3: Matrix infrared spectrum of 0.13% methyl acetate heated to 1200 and 1500 K in argon.
In blue is an authentic sample of methanol for reference.
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Figure 4.4: Matrix infrared spectrum of 0.13% methyl acetate heated to 1200 K and 1500 K in
argon. In blue is an authentic sample of formaldehyde for reference.
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Figure 4.5: Matrix infrared spectrum of 0.13% methyl acetate heated to 1200 K and 1500 K in
argon.
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to ethylketene produced by Reaction (4.6), and do not expect to ionize methanol (IE = 10.85 eV).

At 1300 K, m/z 42, 28 and 15 appear. Ketene produced by Reaction (4.8) and propene produced

by Reactions (4.6) and (4.9) are both assigned to m/z 42. Small amounts of hot ethylene produced

by Reaction (4.8) and (4.9) can be seen coming from the micro-reactor at 1300 K and 1500 K at

m/z 28 (IE = 10.51 eV). Methyl radical at 1300 K onward is assigned to m/z 15 from Reactions

(4.6) and (4.9) - (4.12). We cannot say definitively whether there is evidence for the production of

methyl acetate via Reaction (4.7) due to the presence of m/z 74 at room temperature, this will be

discussed in more detail later.

As temperatures approach 1500 K, we can see additional decomposition of primary products.

Propene (m/z 42) in a series of H atom eliminations produces allyl radical (m/z 41), allene (m/z 40)

and propargyl radical (m/z 39). Additional evidence for this is provided by an independent PIMS

of 0.07% propene in He, see Figure 4.7. The bond energy to lose methyl (m/z 15) from propene

is too high for the micro-reactor to break, so we believe m/z 15 is formed via H atom addition to

propene followed by methyl radical elimination. In contrast to methyl acetate, methyl butanoate is

almost completely decomposed by 1300 K in helium, see Fig. 4.1.

Strong support for Reaction (4.6) was found in the infrared and is shown in Figures 4.8 through

4.12. Absorption features of methanol ν3 (2848 cm−1) and ν8 (1033 cm−1) are clearly present in Fig.

4.8; these are compared to an authentic sample of methanol shown in blue [135]. Reaction (4.6)

also predicts the formation of ethylketene (CH3CH2CH––C––O) and it’s products of decomposition:

CH3, CH2 ––C––C––O, CO, HC–––CH, and CH2 ––CHCH3. Figure 4.9 displays the carbonyl stretching

region, where we see a strong feature at 2122 cm−1 that decreases in intensity from 1100 K to

1600 K; this is assigned to ethylketene [69]. The shoulder of this peak at 2125 cm −1 is assigned to

propadienone (CH2 ––C––C––O). The absorption bands for propadienone and ethylketene decrease in

intensity from 1100 to 1600 K, and consequently we see the bands for acetylene grow in at higher

temperatures, see Figure 4.10. The acetylene doublet ν3 is observed at 3289 and 3240 cm−1 and ν5

is observed at 737 cm−1 [135].

We also see evidence for propene as ethylketene decomposes, see Figure 4.11 for the observed

bands ν7, ν18, and ν19 at 1453, 998, and 908 cm−1 respectively. Two of the pyrolysis products

of propene, allyl radical and allene, were also observed in the argon matrix. Figure 4.12 shows

the presence of allyl radical CH2CHCH2 with absorption bands ν1 at 3112 cm−1 and ν11 at 801
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Figure 4.6: Photoionization mass spectrum of 0.06% methyl butanoate in helium heated to 1600 K
in the micro-reactor.
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Figure 4.7: Photoionization mass spectrum at 10.487 eV (118.2 nm) of 0.07% propene heated in
helium up to 1500 K.
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Figure 4.8: Matrix infrared spectrum of 0.13% methyl butanoate heated in argon to 1000 K and
1600 K. An authentic sample of methanol is shown in blue.
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Figure 4.9: Matrix infrared spectrum of 0.13% methyl butanoate heated in argon to 1100 K and
1600 K.
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Figure 4.10: Matrix infrared spectrum of 0.13% methyl butanoate heated in argon to 1000 K, 1200
K and 1600 K. Evidence for acetylene HCCH.
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CH3COOCH3 (+M) → products

Species (1) (2) (3) (4) (5) PIMS FTIR

H X X X

CH3 X X X Fig. 4.1

CO X X Fig. 4.5

CH2 ––O X X X Fig. 4.4

CH3OH X Fig. 4.3

CH2 ––C––O X X Fig. 4.1 Fig. 4.2

CO2 X X Fig. 4.5

Table 4.4: Summary of Detected Pyrolysis Products of Methyl Acetate

cm−1. Loss of H atom from allyl radical leads to allene CH2 ––C––CH2, for which ν6 at 1957 cm−1 is

displayed on the right hand side of Fig. 4.12. Propene could also have been produced by Reactions

(4.9) and (4.12), which would give rise to the same results presented in Figs. 4.11 and 4.12.

The remaining products are not unique to any particular pathway. Evidence for ketene from

Reactions (4.8) and (4.12) is displayed in Figure 4.13, with ν1 (3062 cm−1), ν2 (2142 cm−1) and ν4

(1381 cm−1) compared to an authentic sample of ketene shown in blue [97]. Reactions (4.8) and

(4.10) - (4.12) are predicted to form formaldehyde, and Figure 4.14 shows it’s strong absorption

features ν1 and ν2 at 2798 cm−1 and 1742 cm−1, respectively [104]. Reactions (4.8) - (4.10) and

(4.12) all predict ethylene as a product, and Fig. 4.14 displays the strongest absorption band ν7

at 947 cm−1 [135]; multiple bands were observed. Lastly, CO2 is expected to form via Reactions

(9) and (10), and the monomer (2345 cm−1 and multimer absorption bands (2340 cm−1 and 2339

cm−1) are shown in Figure 4.9.

4.5 Discussion

Many of the reactions listed in Schemes 4.2 and 4.3 predict the same products, making isolation

of individual decomposition pathways difficult. Tables 4.4 and 4.5 provide a summary of reactions,

products, and how they were detected for methyl acetate and methyl butanoate, respectively. From

Table 4.4 it can be seen that only Reaction (4.1) has a unique product, methanol. Every other

product could be made by at least one additional reaction, and consequently Reactions (4.1) through

(4.5) are all still considered possibilities in the thermal decomposition of methyl acetate.
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Figure 4.11: Matrix infrared spectrum of 0.13% methyl butanoate heated in argon to 1300 K and
1600 K. Evidence for propene CH3 –CH––CH2.
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Figure 4.12: Matrix infrared spectrum of 0.13% methyl butanoate heated in argon to 1000 K, 1300
K and 1600 K.
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Figure 4.13: Matrix infrared spectrum of 0.13% methyl butanoate heated in argon to 1000 K and
1600 K. An authentic sample of ketene CH2 ––C––O is shown in blue for reference.
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Figure 4.14: Matrix infrared spectrum of 0.13% methyl butanoate heated in argon to 1000 K and
1600 K.
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CH3CH2CH2COOCH3 (+M) → products

Species (6) (7) (8) (9) (10) (11) (12) PIMS FTIR

H X X X X X X

CH3 X X X X X Fig. 4.6

HC–––CH X Fig. 4.10

CO X X X Fig. 4.9

CH2 ––CH2 X X X X X Fig. 4.6 Fig. 4.14

CH2 ––O X X X X Fig. 4.14

CH3OH X Fig. 4.8

CH2 ––C––O X X Fig. 4.6 Fig. 4.13

HCCCH2 X X X Figs. 4.6, 4.7

CH2 ––C––CH2 X X X Figs. 4.6, 4.7 Fig. 4.12

CH2CHCH2 X X X Figs. 4.6, 4.7 Fig. 4.12

CH3CH––CH2 X X X Figs. 4.6, 4.7 Fig. 4.11

CO2 X X Fig. 4.9

CH2 ––C––C––O X Fig. 4.9

CH3CH2CH––C––O X X Fig. 4.6 Fig. 4.9

CH2 ––C(OH)OCH3 X

CH3COOCH3 X

CH2 ––CH–COOCH3 X X

CH3CH––CH–COOCH3 X

CH3CH2CH––C(OH)OCH3 X

Table 4.5: Summary of Observed Pyrolysis Products for Methyl Butanoate
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There are a handful of previous studies with similar conditions to the micro-reactor. Back

in 1981, Carlsen used a Knudsen reactor to pyrolyze methyl acetate and detected at moderate

temperatures (1043 - 1404 K) and low pressures (1 x 10−3 Torr) exchange of the methyl group

between oxygens [25]. They also observed traceable evidence for alcohol formation, but do not

report on radical formation. Yang, using an atmospheric flow reactor from 500 - 1150 K, concluded

that both radical and alcohol channels were important [171]. Ren most recently found that 92%

of the oxygen recovered was through radical channels in a shock tube at 1406 - 1605 K and 1.5

atm [123]. Peukert also concluded that radical formation was primarily important using a shock

tube at 1194 - 1371 K and 0.5 atm [116]. Annesley agreed, claiming that 83 - 88% of methyl acetate

decomposed to CH3 and CO2 in a single pulse diaphragmless shock tube at 1492 - 2266 K and low

pressures of 62 and 122 Torr [4].

Sulzmann reported the only conditions for strictly radical formation, with extreme shock tube

conditions of 1425 - 1844 K and 1.17 - 5.65 atm [140]. The current study seems to fall into the mid

pressure (200 Torr), mid temperature (1000 - 1600 K) range. Molecular products from Reaction

(4.1) appear to be just as prevalent as radical products, which qualitatively agrees with the pressure

trends in the literature and estimated energetics.

Another interesting observation was made by Ren, who observed higher concentrations of

CO than CO2 at 1605 K [123]. Figure 4.5 shows that at 1500 K, the multimer band of (CO)n

becomes much more intense than at 1200 K, while the CO2 absorption appears to decrease at higher

temperatures, in line with these findings [123]. We believe we have direct, unambiguous evidence

that the products of methyl acetate decomposition come from both alcohol (Reaction 4.1) and

radical (Reactions (2) through (5)) fragmentation pathways under the given reactor conditions.

Methyl butanoate has previously been studied by shock tube twice by Farooq et. al., however

they did not consider alcohol formation products ethylketene and methanol [45, 46]. Paradaman

studied 2% methyl butanoate in argon behind reflected shockwaves at 1229 - 1427 K and detected

the major products CH4, C2H4 and HC–––CH by gas chromatography and FTIR. At these higher

concentrations, CH4 was likely formed by H atom abstraction from the parent by CH3, C2H4 was

either formed by CH3 recombination followed by loss of H2 or from previously discussed pathways,

and HC–––CH was likely formed by the decomposition of the intermediate ethylketene.

All products of alcohol fragmentation (Reaction (4.6)) have been observed by FTIR, PIMS, or
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both except for H atom and the enol of methyl butanoate (1-methoxy-1-buten-1-ol). Acetylene

and methanol are both unique products to Reaction (4.6), see Figs. 4.8 and 4.10. As discussed

previously, 1-methoxy-1-buten-1-ol could be identified by it’s characteristic ionization energy using

tunable synchrotron radiation [118], however that is for another study. Reactions (4.1) and (4.7)

also have enols that could be identified in the same manner, however there is also no vibrational

data available on these enols.

Care was taken to study low temperature rearrangements (1000 K) of methyl butanoate in the

matrix to identify intermediates before they decomposed. Reaction (4.7) predicts the formation of

the enol of methyl acetate (1-methoxy-ethen-1-ol), which could then isomerize to methyl acetate.

Methyl acetate has a very strong carbonyl stretch in the infrared [135] at 1760 cm−1, and no evidence

of this stretch was seen in the matrix between 1000 - 1600 K. This Cope rearrangement was concluded

by El-Nahas et.al. to contribute to less than 1% of the overall product distribution in methyl acetate

pyrolysis [41]. This leads us to believe Reaction (4.7) is insignificant under these conditions, however

to be certain one would need the matrix infrared frequencies of 1-methoxy-ethen-1-ol. It remains

possible, though unlikely, that methyl acetate is produced and then rapidly decomposes to common

products.

Other cyclic rearrangements have been proposed for methyl butanoate by structural theorists,

see Table 4.1 [3, 41, 112]. Specifically, decomposition of methyl butanoate to butyraldehyde and

formaldehyde was considered, however no evidence of butyraldehyde was found in the PIMS or

FTIR. It has also been proposed that methyl butanoate could rearrange to methyl formate and

propene, however the strong carbonyl stretch of methyl formate was never observed in the FTIR.

4.6 Conclusions

The unimolecular thermal decomposition of methyl acetate and methyl butanoate has been

studied in a heated micro-reactor. Methyl acetate decomposition first began in helium around

1000 K and resulted in the following products by 1600 K: H atom, CH3, CO, CH2 ––O, CH3OH,

CH2 ––C––O and CO2. Under the given conditions, we believe these products are formed primarily

through Reactions (1) - (3) with Reactions (4) and (5) being more important at higher temperatures

and pressures. This is the first time that formaldehyde, methanol, and ketene have been observed
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directly by FTIR in the pyrolysis of methyl acetate.

Methyl butanoate has been observed to decompose (beginning around 800 K) in helium to the fol-

lowing products by 1600 K: H atom, CH3, HC–––CH, CO, CH2 ––CH2, CH2 ––O, CH3OH, CH2 ––C––O,

HCCCH2, CH2 ––C––CH2, CH2CHCH2, CH3CH––CH2, CO2, CH2 ––C––C––O, and CH3CH2CH––C––O.

We believe the main pathways for this product distribution come from Reactions (6) and (8) -

(10), with no evidence for the low energy rearrangement Reaction (7), and Reactions (11) and (12)

being more important at higher temperatures and pressures. This is the first time that CH2 ––O,

CH3OH, and CH2 ––C––O have been detected by FTIR, and this is the very first direct observation

of HCCCCH2, CH2 ––C––CH2, CH2CHCH2, CH2 ––C––C––O, and CH3CH2CH––C––O in the thermal

decomposition of methyl butanoate. Radical fragmentation and alcohol fragmentation have both

been shown to be important unimolecular pathways in the thermal decomposition of methyl acetate

and methyl butanoate.
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Chapter 5

X-ray Fluorescence Studies

5.1 Introduction

The previous chapters have discussed the thermal cracking of a number of potential biofuels. If

these biofuels are going to become actual liquid fuels for transportation, then extracting reliable

chemical kinetic data for their complex decomposition reactions is essential. The speed at which

highly reactive radicals and intermediates are formed in an engine, as well as the heat released

when they continue to react, are critical for evaluating the efficiency and viability of any fuel.

Capturing this kinetic information really means deriving rate constants, gas laws as a function of

temperature and pressure. This of course is only attainable for the micro-reactor if the gas pressure,

temperature, flow conditions, and residence times are known. In situ, non-invasive measurements of

the micro-reactor’s internal conditions are difficult for two reasons. First, the micro-reactor being

composed of opaque SiC cannot be probed with conventional optical techniques. Second, inserting

a probe into the 1 mm in diameter tube would severely disrupt the gas flow dynamics.

In collaboration with Professor John W. Daily (Mechanical Engineering, University of Colorado),

computational fluid dynamics (CFD) simulations [61] have provided estimates of the internal

reactor conditions. These simulations reveal highly non-linear axial temperature and pressure

distributions that are strongly dependent upon buffer gas and flow conditions. Baraban et. al.

recently constructed an optically accessible micro-reactor [6] for measuring the reactor’s internal

temperature to compare to these CFD simulations. The reactor, composed of optically transparent

quartz, was heated with a cleverly constructed clover shaped set of infrared mirrors. Gas flow
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through the reactor was 5% NO in argon, and laser induced fluorescence using the well known

A2Σ+ −X2Π band system of nitric oxide was used to extract the internal temperature of NO as a

function of external wall temperature. The resulting temperature profile inside the reactor matched

the CFD simulation results [6, 61]. The pressure profile also needs to be measured before biofuel

decomposition rate constants can be obtained.

Experiments aimed at measuring the internal pressure of the micro-reactor were conducted

at the Advanced Photon Source (APS) at Argonne National Labs in Chicago, IL [148]. Density

profiles (which can be translated into pressure) of flowing gases within the opaque micro-reactor

were measured for the first time using X-ray fluorescence (XRF) spectroscopy with krypton as the

fluorescent species. In order to make in situ measurements in the SiC micro-reactors, two obstacles

must be overcome. First, SiC is a very opaque material such as metal or ceramic, which eliminates

the use of standard optical techniques. Second, the inner diameter of the tube is so small (0.6 to 1

mm) that a probe cannot be inserted without severely disrupting the internal flow field. Typically,

as seen in Chapter 1, an inlet and outlet pressure, flow rate, and external wall temperature are

reported with experimental data. Using this information, estimates can be made for residence time

(of the target molecule inside the heated reactor) and internal gas temperature and pressure. These

can only be estimated assuming either laminar or plugged flow. However, this has been shown by

Guan et. al. to be an inaccurate assumption [61].

In the remainder of this chapter, non-intrusive XRF measurements are conducted on He/Kr flow

inside the SiC micro-reactor at varied wall temperatures. Direct measurements of gas density within

the SiC tube as well as the nearly supersonic jet that exits the reactor are measured with XRF.

X-ray absorption measurements complement the XRF studies, and reveal a very intricate internal

wall structure. The results provide relative gas density and future improvements are discussed that

can yield absolute density measurements.

5.2 Experimental

A schematic is shown in Figure 5.1 along with a coordinate system for the experiment. The SiC

tube was vertically suspended in a vacuum chamber with a highly focused X-ray beam (5 m x 7 m)

aligned and focused on the tube center. One end of the tube was connected to a gas supply line,
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Figure 5.1: The experimental geometry for X-ray studies of Kr fluorescent tags in the microreactor

where helium and krypton were independently regulated by mass flow controllers. The other end

was open to the vacuum chamber. A total flow rate of 187 sccm was used. Signal trapping at the

reactor exit was not as troublesome as it was inside the tube, where photons can be absorbed by

the tube walls. Therefore studies done inside the tube required 57% Kr by mass, whereas studies

of the eluting jet required only 6% Kr by mass. This Kr concentration was selected to provide

sufficient fluorescent signal as well as reasonable collection times of 30 seconds per data point. Inlet

pressures (Pinlet) were measured using capacitance manometer, and the vacuum chamber pressures

were measured with a MicroIon gauge (Granville Phillips) reported as Poutlet in Table 5.1. The

vacuum chamber was held at 1 x 10−7 Torr by a 550 L/s turbo pump. This was around 1 x 10−3

Torr under gas load. Table 5.1 summarizes experimental conditions for two different SiC tubes used

in this study.

The SiC tube was heated in the region between the two electrodes, and the distance between

electrodes is contained in Table 5.1. A thick layer of graphite pencil lead was applied to obtain

appropriate resistance for heating, as noted in Chapter 1. About 1 mm of the tube extended beyond

the electrodes, and was therefore not heated resistively. This section of the tube still appeared to be
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i.d./mm L/mm ∆L/mm Twall/K Pinlet/Torr Poutlet/Torr

#1 0.6 30 18 300 25 1.4 x 10−3

1090 65 1.3 x 10−3

#2 1.0 25 13 300 23 1.4 x 10−3

800 48 1.4 x 10−3

925 52 1.3 x 10−3

Table 5.1: SiC tube dimensions and experimental ranges. Gas flow was held at 187 sccm. Here, L
represents tube length, ∆L represents distance between electrodes.

heated due to heat transfer from the flowing gases, reducing gas temperatures near the reactor exit.

The temperature was monitored by Type K thermocouple, as opposed to the typically used Type

C, and this was fastened to the tube exterior with 0.25 mm tantalum wire without any tantalum

foil support. The tube, electrodes, and thermocouple had to be placed in the chamber carefully,

as not to obstruct the paths of incoming or exiting photons. After about 24 hours of heating, a

hole developed in tube #1. The replacement was shorter, forcing the electrodes closer together,

see Table 5.1 for tube #2 dimensions. The thermocouple unfortunately interfered excessively with

raster scans of tube #2, and we report only the freely expanding jet downstream of the tube.

5.2.1 X-ray diagnostics

These experiments were conducted at beamline 7-BM-B at the Advanced Photon Source (APS),

a schematic including the X-ray beam is shown in Figure 5.2. The beamline was composed of a

nearly collimated X-ray beam at 15 keV (mean photon energy). Two different measurements were

conducted using either an unfocused or focused beam. The unfocused monochromatic beam was

used to obtain a series of absorption images (1.3 mm in X, 1.75 mm in Y, see Fig. 5.4) of tube #1,

using a LYSO:Ce scintillator (100 µm thick) and an optical microscope.

Most experiments used a focused beam to simultaneously measure fluorescence from Kr in

the tube and absorption by the tube walls. The beam was focused using a pair of 300 mm long

Kirkpatrick-Baez focusing mirrors. The resulting beam cross section was 5 by 7 µm at full width

half maximum. This remained a relatively constant size throughout the 1 mm tube. The incident

flux was roughly 1.6 x 1011 photons/s, monitored by diamond photodiode (52 µm thick) prior to

the reactor, see Fig 5.2. The absorption was determined with a silicon PIN photodiode (300 µm

thick) placed in the beam path after the reaction chamber. This absorption proved very useful in
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Figure 5.2: The experimental geometry for X-ray studies of Kr fluorescent tags in the microreactor

better understanding the internal shape of the tube.

Krypton has a K-edge energy of 14.325 keV; this is the energy at which a 1s electron will be

removed due to absorption of an incident X-ray photon [8]. A resulting [Kr+]* cation has excess

energy, which can be relieved by Auger emission (another electron fills it’s place, releasing energy and

emitting an Auger electron) or by fluorescence at 12.649 keV (KrKα1) [8]. The X-ray fluorescence

is directly proportional to the initial X-ray flux and path length integrated density of kyrpton in

the beam path. The fluorescence signal can therefore be used as a direct measure of the gas density.

Each element emits fluorescent photons at a unique energy, allowing the Kr signal to be separated

from other elements, see Figure 5.3

Previously, argon has been used as an XRF tracer, with a Kα2 = 2.995 keV [70]. It was

important for this experiment, however, that the X-rays were of sufficient energy to penetrate the
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Figure 5.3: Example of fluorescence signal from 15 keV X-rays, used to penetrate the SiC walls and
ionize Kr inside the tube.

SiC walls. The resulting fluorescence also needed to meet this requirement. In these experiments

the tube walls were roughly 500 µm thick, and transmission through one tube was was 0.325 at

15 keV (absorption coefficient = 7.48 cm2/g [10]). The X-ray transmission is much lower at the

KrKα1 energy, only 0.153 around 12.7 keV (absorption coefficient of 12.45 cm2/g [10]). Although

the incident and fluorescent photons have enough energy to transmit through the walls of the tube,

corrections are still needed due to signal trapping.

X-rays were able to enter and exit the chamber thanks to thin (0.127 mm) polyimide windows,

which absorb a very small but known amount of X-ray photons. To detect the fluorescent photons,

a silicon drift diode detector was used, which was place at a 90◦ from the propagation direction of

the incident beam, see Fig. 5.2. The position X = 0.0 mm was defined on the centerline of the tube,

with raster scans taken from X = -1.5 mm to 1.5 mm at 0.5 mm intervals. Vertical steps in the Y

direction were 1 mm over the length of the tube. Translation of the tube around the fixed beam

was accomplished by mounting the vacuum chamber onto precision step motors that moved the

vacuum chamber in the X and Y directions. The tube remained fixed with respect to the beam axis

Z. Y = 0.0 mm was defined as the upstream edge of the downstream electrode, see Fig. 5.1. Full

raster scans (0.5 mm steps from X = -1.5 to 1.5 mm) took about 8 hours for each Y position.

Figure 5.3 shows a sample signal from the fluorescence detector. Peaks from Compton and

elastic scattering are obsered along with the Kr fluorescence signal. These are primarily due to the
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stainless steel chamber walls, excited by scattering X-rays, or due to contaminants in the pencil

lead souce of graphite used to alter the resistance of the tube (see Experimental section of Chapter

1). Calibration attempts were made by operating the tube under incompressible flow conditions

(i.e. slowly eluting Kr/He mixture through the tube at atmospheric pressure). Buildup of Kr in the

chamber, however, made extraction of calibration signal difficult. In future attempts, the SiC tube

will be capped and loaded with known about of Kr/He to obtain a calibration curve that can be

used in extraction of absolute Kr densities.

5.3 Results

The analysis of absorption signal is straight forward, and described in great detail here [148]. A

detailed composite radiograph is shown in Figure 5.4 where X-ray absorption by the tube at 15 keV

is evident. The upstream edge of the downstream electrode is the black vertical line on the left side

of the image. The lightest gray color at the top and the bottom of the image highlight the edges of

the tube, hence the light color due to lack of absorption. The darker horizontal lines represent the

tube walls, with the bottom wall in this image clearly thicker than the wall shown on top. A raster

scan image of the absorption signal from room temperature tube #1 is shown in Figure 5.5a, and in

5.5b the same image is shown with an external wall temperature of 1090 K. Here the background

is in black, and the SiC is shown absorbing incoming X-rays in yellow orange and red. The white

spot on the right side of Fig. 5b located at Y = -12 mm is absorption due to the thermocouple,

which reoriented itself a bit upon heating. These two images are essentially a vertical cross section

of the SiC tube, with the tube inlet located at the most negative Y values. The geometry of the

tube leads to the longest path-length, and therefore most X-ray absorption, to be through the walls

in the Z direction (same direction as the beam). The thicker wall in this image is shown on the

right hand side, highlighted in yellow and white. In contrast, the thinner wall is located on the left.

The tube interior is clearly not smooth, with bumps on the order of 0.1 x tube i.d.

Figure 5.6 shows the extracted fluorescence signal from within the tube, again at room tempera-

ture (5.6a) and 1090 K (5.6b). This was a bit more challenging to obtain because as can be seen in

Fig. 5.3, the tail of the Compton scattering interferes with the comparatively weak Kr signal. For

details on extraction of the fluorescence signal, see 5.5. The black horizontal lines in these images
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Figure 5.4: Composite radiograph of the SiC tube #1. The upstream edge of the downstream
electrode is in the image in black on the left edge.

Figure 5.5: Absorption raster scans of SiC tube #1, gas flow is in the Y = -18 mm → Y = 0 mm
direction. External wall temperature measured by Type K thermocouple: a) 300 K and b) 1090
K. The tube exit is a few mm downstream towards Y = +3 mm; the bottom of this image is the
upstream edge of the downstream electrode. SiC wall thickness is highlighted in yellow and white,
with the wall on the right being thicker than on the left.
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Figure 5.6: Krypton fluorescence images captured sat the same time as absorption images shown in
Fig. 5.5. The black horizontal lines are regions obscured by the thermocouple. Gas mixture is 67%
Kr diluted in He by Mass. a) 300 K and b) 1090 K.

are due to absorption of fluorescent photons by the thermocouple wrap. It is clear that the signal

decreases as the gas flows downstream (towards Y = 0). This is consistent with calculations by

Guan et. al. [61], and is due to the fact that the gas is expanding (becoming less dense) as it passes

through the SiC tube toward the vacuum chamber exit. Caution should be taken when evaluating

these images however, because the entire tube is an absorber. As the beam moves away from X = 0,

the cylindrical geometry of the tube leads to a a longer effective path length for the incident X-ray

beam to travel through (longest path length at the walls around X = ± 0.75 mm), which will also

increase the overall X-ray absorption.

A plot is shown in Figure 5.7 of the X integrated Kr fluorescence signal with respect to each Y

position. It is very clear here again that the gas density is decreasing towards the tube exit. The

rate of this decrease in density is considerably greater for the tube at 1090 K than at 300 K. This

indicated greater expansion of the gas, again consistent with calculations by Guan et. al. [61].

Figure 5.8 is a composite image of the absorption and fluorescence data. The background in this

image has been reduced to a single shade (black) to allow the tube walls, indicated in light blue, to

be seen clearly. The non-uniformity of the tube wall thickness is very prominent in this composite

image. It is clear that the gas flow is heavily influenced by the wall shape as well. There appears to

be a thin layer of low density gas flush against the walls of the reactor, perhaps a boundary layer.

There are also pockets of low density gas following divets in the walls of the reactor, particularly in
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Figure 5.7: Integration of relative Kr density across X as a function of vertical position Y.

the bottom right half of Fig 5.8.

Raster scans were also taken of the jet eluting from the reactor, see Figure 5.9. Tube #1

eventually developed a hole, and tube #2 was used for images of the expanding jet. The pressure

differential (see Pinlet and Poutlet on Table 5.1) at the entrance and exit of the tube was not large

enough for a true supersonic jet to form, although it should be noted that chamber pressure and

outlet pressure will not be identical. The conditions of this experiment most likely lie somewhere

between an effusive and supersonic jet. The strong jet, shifted slightly towards the positive X,

persists for roughly 2 mm before dissipating for several millimeters. Above room temperature,

images show a similar structure. An additional takeaway from this experiment is that the ideal

location for the skimmer in PIMS experiments under these experimental conditions is within 1-2

mm of the tube exit if maximum signal is to be obtained. This is much closer than expected for a

true supersonic jet.

5.4 Conclusions

Gas density maps have been successfully obtained for the first time with XRF of krypton inside

a heated, opaque SiC micro-reactor. This is also the first time images of such a low pressure jet have

been taken. Useful information about the flowfields inside the reactor have been obtained, as well

an evaluation of the non-uniformity of the SiC tube interior. Quantitative data can be made with a
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Figure 5.8: Composite image of Kr fluorescence and X-ray absorption data. Vertical blue lines
represent absorption due to walls of SiC tube, vertical black is the background, and horizontal black
line is absorption due to the thermocouple. Kr fluorescence is shown increasing from black to red
to yellow to white. The tube exit is around Y = + 3 mm; this image stops at Y = 0 mm at the
upstream edge of the downstream electrode.

Figure 5.9: Composite image of Kr fluorescence and X-ray absorption data
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few modifications to the experiment. A tube with uniform wall thickness and smooth wall interior

would improve the signal trapping model. Calibrations could be made by capping the end of the

tube and filling it with a known gas mixture. X-ray tomography would be well-suited for providing

high resolution tube density in three dimensions and improving the signal trapping model. Removal

of the Compton scattering that is adjacent to the Kr fluorescence peak could be achieved using an

Se- or Br- containing filter between the reactor and the detector. Chemically pure graphite could

remove some of the interfering fluorescent signal as well. Higher energy X-rays could be used, with

lower absorption through the SiC walls, and the fluorescent detector could be placed closer to the

reactor. With these improvements, it seems likely that density measurements with ± 5% precision

or better are possible in future measurements. This will effectively make the SiC an invaluable tool

not only useful for chemical decomposition studies, but also for rate determination studies that are

important if this chemistry is to be applied to further studies on combustion.
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