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CHAPTER 1

INTRODUCTION
1.1 Overview
The following study focuses on utilizing strong field ionization to detect
specific isomers during the flash pyrolysis of heptane structural isomers. Isomers
can play an important role in many different chemical reactions such as those in
biological systems. Common methods to detect and distinguish isomers include
nuclear magnetic resonance spectroscopy1, circular dichroism2, and mass
spectrometry.3 Mass spectrometry is able to detect gas phase species which
makes it ideal for the study of combustion.

1.2 Strong Field Ionization
Ionization occurs when an atom or molecule obtains a charge. This can
occur through the gain or loss of electrons resulting in formation of an anion or
cation respectively.

For a positive ion to be produced, energy is needed to

remove an electron from the atom or molecule. This quantity is known as the
electron binding energy. Multiphoton ionization occurs when the energy of the
photon does not match the electron binding energy and as such more than one
photon is needed to exceed the electron binding energy. Figure 1.1 illustrates
the types of multiphoton ionization that exist. The difference between the two
types of ionization depends on the laser intensity. At low laser intensities when
the wavelength matches a resonance, resonance enhanced multiphoton
1

ionization (REMPI) is dominant. Non-resonant multiphoton ionization may occur
when the laser is not resonant with particular molecular transitions. Strong field
ionization dominates at high laser intensities.4

Figure 1.1: Types of multiphoton ionization (Adapted from Nakashima, N.; Shimizu, S.;
Yatsuhashi, T.; Sakabe, S.; Izawa, Y., Large molecules in high-intensity laser fields. Journal of
Photochemistry and Photobiology C: Photochemistry Reviews 2000, 1 (2), 131-143. )

Tunneling ionization is the ionization mechanism in strong field ionization.
Tunneling ionization occurs because the coulomb potential becomes tilted in a
strong electric field, which creates a barrier through which an electron can tunnel.
This can be clearly seen in Figure 1.2.

The red line indicates the coulomb

potential of helium which has been titled due to a strong electric field indicated by
the green line.5

2

Figure 1.2: Illustration of Strong field ionization.( Adapted from Karamatskou, A.; Pabst, S.;
Santra, R., Adiabaticity and diabaticity in strong-field ionization. Physical Review A 2013, 87 (4),
043422.

There has been much theoretical work on understanding strong field
ionization. A parameter that helps to separate strong field ionization from MPI is
the Keldysh parameter6 developed in 1965. It is defined as the square root of the
ionization potential divided by the pondermotive energy.6 Tunneling ionization
dominates when the Keldysh parameter is less than one.6 Normal multiphoton
ionization occurs when the parameter is greater than one. This parameter was
further developed through the work of Perelemov, Popov and Terent’ev through
their research on the ionization of the hydrogen atom.7

Their work was

expanded upon to apply to more complex cases such as helium and argon by
Ammosov, Delone and Krainov in 1986, which became known as ADK theory.8
Several other theories have been built upon ADK theory in order to understand
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molecules in a strong laser field. Strong field ionization is a useful tool that can
probe chemical dynamics9 and has analytical uses.10

1.3 Saturation intensity
Strong field ionization is dependent on the pulse energy of the laser being
utilized. The relationship between the resulting ion signal and the laser energy
can be used to determine the saturation intensity as long as there is a Gaussian
laser radial profile.

The relationship between ion signal and laser intensity

becomes linear at high laser intensities11. Extrapolating this line until it intercepts
the x axis gives the saturation intensity as shown in Figure 1.3.

Figure 1.3: Intensity vs Ion Signal Dependence (Adapted from Hankin et al.Physical Review
Letters 2000, 84 (22), 5082-5085.)

Saturation intensity can be used to quantify how easy an atom or molecule
is ionized.11-12

This value has also been shown to correlate with ionization
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energy which is especially helpful for isomer identification.

It also has been

shown that molecules can give higher saturation intensity compared with atoms
that share the same ionization energy value.13

Figure 1.4: Strong Field Ionization of Molecules vs ADK theory (Adapted from Hankin, et al.
Nonlinear Ionization of Organic Molecules in High Intensity Laser Fields. Physical Review Letters
2000, 84 (22), 5082-5085.)

Figure 1.4 illustrates this relationship with several different organic molecules
such as aromatics, dienes and simple hydrocarbons. The black line indicates
what ADK theory predicts. As can been seen in Figure 1.4 there is a discrepancy
between the experimental data and theory.11
chlorine14 as well as oxygen14.

5

This has also been seen in

1.4 Detection of Isomers using Strong Field Ionization
Saturation intensity has been found to be useful in distinguishing isomers.
Tunable vacuum ultraviolet (VUV) ionization from synchrotron sources has been
shown to be able to detect specific isomers15 with the disadvantage being the
cost and limited access associated with these facilities. Strong field ionization
has been used in a similar manner as VUV ionization for detecting isomers only
at less cost and greater convenience. VUV has been shown to discriminate the
allene and propyne isomers of C3H4 found in a flame.15

In order to avoid

disadvantages associated with VUV detection, strong field ionization is being
developed as a useful alternative for isomer-selective detection. This technique
has been used to detect ortho- and para- xylene through the use of shaped laser
pulses.16

The effect of resonance on isomer-specific detection has been

investigated

using

1,3-cyclohexadiene

and

1,4-cyclohexadiene.17

Little

fragmentation of the parent molecule was seen with 1,3-cylohexadiene due to
there being no resonance of the initially formed cation with the laser wavelength.
These studies were used as inspiration for our group to use strong field ionization
in detecting isomers.
In our lab, the first study completed was on the separation of
isomer mixtures. Different mixtures of allene, propyne, acetone, propanol and
1,3-butadiene were analyzed using strong field ionization18.

Through linear

regression it was possible to determine the composition of each mixture. Figure
1.5 shows a composite spectra of a isomer mixture along with the mass spectra
of each component in the mixtures.18 Some of the peaks seen in Figure 1.5 can
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only be attributed to one of the isomers such as allene showing a parent ion peak
where as propyne only shows a peak at the parent mass minus one.18

Figure 1.5: Mass spectra of allene/propyne mixture and components (Adapted from Yan, L.;
Cudry, F.; Li, W.; Suits, A. G., Isomer-Specific Mass Spectrometric Detection Via “Semisoft”
Strong-Field Ionization. The Journal of Physical Chemistry A 2013, 117 (46), 11890-11895.)

The next study performed using strong field ionization was the analysis of
isomers formed during flash pyrolysis.19 Flash pyrolysis produces radicals which
play an important role in chemical reactions. Determining the specific radical
isomer can lead to a better understanding of chemical reactions such as those
that occur during combustion. Many methods exist for the production of radicals
such as shock tubes20 and flash pyrolysis21 but for our study we utilized a flash
pyrolysis molecular beam source developed by Chen.22

Acetone and isoprene

were the molecules studied. Figure 1.6 shows the candidate isomer structures of
different radical products of isomers. Suggested isomer assignments are shown
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in green. Therefore we were able to show that a correlation existed between
saturation intensity and ionization potential.19 This relationship can then easily
be used to assist in identifying isomers formed during a reaction.

Figure 1.6: Isomer detection of Radicals from the flash pyrolysis of isoprene. (Adapted from
Cudry, F.; Oldham, J. M.; Lingenfelter, S.; Suits, A. G., Strong-Field Ionization of Flash Pyrolysis
Reaction Products. The Journal of Physical Chemistry A 2015, 119 (3), 460-467.)

1.5 Pyrolysis of Heptane and its isomers
The focus of the next chapter will be on the pyrolysis of heptane
and its structural isomers.

Heptane is widely used as a reference in

combustion.23 As such, understanding the products produced under combustion
conditions can lead to more efficient combustion and reduced emissions.
Theoretical work performed on heptane has shown three key ranges in
pyrolysis.23 Low temperature tends to produce free radicals and alkenes. As the
temperature increases alkene formation dominates up until 2500 K. After that
the formation of alkynes dominates in the pyrolysis of heptane. A key fragment

8

observed during pyrolysis was the propyl radical which has two isomers: 1-propyl
and 2- propyl. Figure 1.1 shows the structure differences between the three
heptane isomers used. Heptane and 3-methyl hexane clearly produce the 1propyl radical where 2,3 dimethyl pentane produces the 2-propyl radical. The 2propyl radical produced from 2,3-dimethyl pentane comes from the bond
cleavage between the second and third carbon which can be seen in Figure
4.1C. The chemical structures of heptane and 3-methyl hexane clearly show that
1-propyl radical formation is most likely because homoltyic cleavage of the bonds
in the two structures will not produce a secondary radical. However, secondary
radical formation is possible for 2,3-dimethyl pentane. This is the reason that
these isomers were chosen out of the 9 possible structural isomers of heptane.
These two different radical isomers can lead to very different chemistry when it
comes to combustion. The goal of the experiment was to discriminate between
these radical isomers.

Figure 1.7 Chemical structures for A) n-heptane, B) 3-methyl hexane and C) 2,3-dimethyl
pentane along with homolytic cleavage shown.
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CHAPTER 2

EXPERIMENTAL METHODS

2.1 Instrument
The experiments were conducted in a 32 cm time-of-flight mass
spectrometer with a flash pyrolysis molecular beam source.

Ion optics were

located in the source chamber and the molecular beam was generated in the
source chamber as seen in Figure 2.1. Both the source and main chamber were
pumped down to 1x10-7 and 2x10-8 torr respectively using tubromolecular pumps
backed by a roughing pump.

The molecular beam was intersected

perpendicularly by a femtosecond laser beam. The laser system used was a 800
nm Ti:sapphire femtosecond laser from KM labs with a pulse duration of around
70 femtoseconds operating at 1 kilohertz. The laser beam was focused into the
main chamber using a 30 cm focal lens.

Laser power was adjusted during

experiments by using a thin film polarizer and half-plate plate. To ensure that our
laser would give reasonable saturation intensities for our noble gas system, the
pulse width were determined experimentally. Frequency-resolved optical grating
or FROG was used to determine the pulse duration of the femtosecond laser.
Figure 2.2 shows the program used to determine the duration of the laser pulse
which was found to be around 65 femtoseconds whereas the company
specification list the laser pulse duration at 45 femtoseconds. To determine the
laser intensity which was needed for the data analysis, a Gaussian beam was
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assumed.

The laser intensity as determined using the following formula:

𝐿𝑎𝑠𝑒𝑟 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =

(

𝑃𝑢𝑙𝑠𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 (𝐽)
)
𝑃𝑢𝑙𝑠𝑒 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐹𝑜𝑐𝑎𝑙 𝑆𝑝𝑜𝑡 (𝑐𝑚2 )

where the pulse duration was around 65

femtoseconds and the focal spot area was determined to be 15 cm2.

Figure 2.1: Example of experimental apparatus (Adapted from Lee et al. .Review of Scientific
Instruments 2014, 85 (12), 123303.)

11

Figure 2.2: Screen capture of FROG program used to determine the pulse duration
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2.2 Flash Pyrolysis
The flash pyrolysis apparatus is based on the design by Chen.22

Figure

2.3 shows the assembled apparatus installed in the source chamber of the
instrument.

Figure 2.3: Picture of the flash pyrolysis apparatus located in the source chamber which is
attached to the piezoelectric value.

The apparatus works by joule heating a hollow silicon carbide tube
(purchased from St. Gobain) between two copper terminals.

The maximum

current applied to the SiC tube was 1.5 amps during the experiment.

The

piezoelectric valve operating at 20 Hz was protected from the heat generated by
a ceramic shield and a cooling flow of water surrounding the copper jacket as
seen in Figure 2.3.
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2.3 Experiment Set-up
Heptane, 2,3-dimethyl petane and 3-methyl hexane were diluted to 1% in
krypton in a mixing bottle.

11

The backing pressure was 1.5 bar. During the

experiments the pressure in the source and main chamber was around 10 -5 and
10-7 torr respectively.

Laser power was adjusted from 0.8 mJ/pulse to 0.2

mJ./pulse in 0.1 mJ increments. 512 laser shots were acquired for each laser
power increment. The resulting signal from the photomultiplier tube was sent to
a TDS 3032 Tektronix oscilloscope. Data from the oscilloscope was transferred
to Labview where it was saved for further analysis. Matlab and Excel were then
used to analyze the resulting time-of-flight mass spectra. Figure 2.4 illustrates
the Matlab program that was utilized for converting time-of-flight to mass-tocharge ration. This program utilizes a Jacobian transform function to accomplish
this. As illustrated in figure 2.4 two known peaks are required before the function
can be applied. Figure 2.5 illustrates how the peak intensities were determined.
The time-of-flight ranges for each peak were determined manually and then
inputted into the program shown in figure 2.5 to determine the peak intensities.
The programs shown in figures 2.6 and 2.7 were used to graph the data for
analysis as well as show the effect of laser power on the mass spectra.
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Figure 2.4: Matlab program for Jacobian transformation of time-of-flight to mass-to-charge

Figure 2.5: Example Matlab program used to integrate peaks.
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Figure 2.6: Example Matlab program used to plot mass spectra taken at different laser powers on
the same graph.

Figure 2.7: Matlab program used to graph and analyze spectra.
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CHAPTER 3

RESULTS

The mass spectra of heptane, 2,3-dimethyl pentane and 3-methyl hexane
were collected with and without the pyrolysis unit on.

Figure 3.1 shows the

difference between these two conditions, which indicates strong neutral
fragmentation of heptane and its isomers under pyrolysis conditions.

Major

peaks arising from the pyrolysis of n-heptane were as follows: m/z 15, methyl
radical (CH3), m/z 27, vinyl radical (C2H3), m/z 29, ethyl radical (C2H5), m/z 41,
allyl (C3H5), m/z 43 propyl radical (C3H7). Water at m/z 18 as well as krypton at
m/z 84 was also observed in the mass spectrum. Krypton was used to calibrate
and adjust for differences of number density between the hot and cold
experimental conditions.

Similar results were seen for heptane’s isomers.

Signal intensity (Arb.)

However no parent molecule was observed even at low laser power.

0

10

20

30

40

50

60

m/z
Figure 3.1: TOF mass spectra of heptane. Red line indicates the mass spectra obtained from
flash pyrolysis of heptane.

Blue line indicates mass spectra obtained through strong field

ionization alone.
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Laser power also has an effect on the resulting spectra. Figure 3.2 shows
the mass spectra of n-heptane at different laser powers under cold conditions.
As can be seen, peak magnitude decreases as the laser power is reduced. The
green line indicates the highest laser power at 0.80 mJ/pulse and the blue line
indicates the lowest laser power at 0.20 mJ/pulse. At a certain point almost no
signal can be seen. High laser power can lead to broader peaks due to space
charge effects. However this can be misleading as the fragment relative intensity
are affected much more by the average power of the laser pulse24

Figure 3.2: Time-of-Flight mass spectra of heptane at different laser powers

Peak intensities were determined through peak integration using Matlab.
The resulting values were then plotted against the log of the laser intensity.
These plots allowed for the determination of saturation intensity for the fragments
seen in the mass spectra by extrapolating the linear region of the graph. Figure
3.3 shows the saturation intensity plot for the methyl radical obtained from the
pyrolysis of n-heptane. The black line indicates the best line fit of the linear
region. The intersection with the x axis gave a saturation intensity of 6.65 x10 13
W/cm-2 for the methyl radical.
18
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Figure 3.3 Isat plot of methyl cation from pyrolysis of heptane
Saturation intensities were calculated for all fragments seen in the mass
spectra of n-heptane, 2,3-dimethyl pentane and 3-methyl hexane. To make sure
only the products of pyrolysis were analyzed, a simple subtraction method was
employed. The peak intensity of the cold spectrum was subtracted from the
corrected peak intensity of a fragment from the pyrolysis at the same laser
power. This ensures that only products arising from pyrolysis will be analyzed.
Figure 3.4 shows the saturation intensity plots for the propyl radical for several
isomers of heptane. As discussed in earlier chapters, it has been shown that
saturation intensity tracks ionization energy. Therefore it is expected that since
the expected radicals from fragmentation of heptane isomers have different
ionization energies, this will be reflected in the saturation intensity. Figure 3.4
illustrates the different saturation intensities found for the propyl radical using
different heptane isomer precursors.
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5.34x1013 W/cm2

7.08x1013 W/cm2

5.89x1013 W/cm2

Figure 3.4: Isat plot for propyl radical (C3H7) for heptane and its isomers.
In summary, radicals produced from the pyrolysis of heptane and its
isomers were studied, with the focus here on propyl radicals. As seen in the
mass spectra seen in figure 3.1, only certain fragments can be seen. This is
20

much different than that seen in the electron ionization mass spectra available
through NIST. Numerous fragments can be seen attributed to consecutive loss
of methyl groups as well as hydrogen. Only four carbon and below fragments
can been seen in the mass spectra taken from our experiments. Due to the low
peak intensities seen and that our technique is considered “semi” soft compared
to electron ionization or impact, this might suggest a problem with the specific
chemicals utilized.

Saturation intensities of propyl radicals produced from

heptane isomer pyrolysis were able to be clearly identified through regression of
the linear portion of the plots seen in figure 3.4. This assumption on utilizing
saturation intensity for isomer discrimination will be discussed in the next
chapter.
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CHAPTER 4

DISCUSSION

4.1 Isomer Detection
Hydrocarbon radicals are key intermediates found in combustion
chemistry.25 Primary and secondary radicals can lead to very different product
formation in combustion chemistry. As such the pyrolysis of heptane as well as
the isomers 3-methyl hexane and 2,3-dimethyl pentane was studied since they
are precursors for propyl radicals. The mass spectra gave similar results among
the three compounds which are expected based on the NIST electron impact
mass spectra. Experimental propyl radical saturation intensities can be found in
Table 4.1 for all three compounds analyzed.
Table 4.1: Saturation Intensities of the propyl radical from heptane isomers

Saturation Intensity

n-heptane

3-methyl hexane

2,3-dimethyl pentane

6.31x1013 W

7.07x1013 W cm-2

5.88x1013 W cm-2

8.1eV

7.3 eV

cm-2
Ionization Energy

8.1 eV

Even though the mass spectra were similar, the results suggest the ability to
discriminate between distinct isomers using saturation intensities which can be
seen in table 4.1 along with their ionization energies. The saturation intensities
for the 1-propyl radical from the pyrolysis of n-heptane and 3-methyl hexane
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should be similar.

Instead they differ by quite a bit which indicates that

improvements to the experiment are needed.
Combustion is quite a complex phenomenon due to the numerous
reactions that take occur.

Many of these reactions produce chemical

intermediates with very short lifetimes which makes understanding them difficult.
As can been seen in our mass spectra, there are many possible reactions that
could have led to each ion seen. Both molecular and atomic hydrogen were
seen in the spectrum. This is consistent with theoretical work which determined
that the production of molecular hydrogen is one of the first reactions to occur.23
The same applies to atomic hydrogen. In addition there are numerous reactions
leading to the appearance of alkenes (vinyl and allyl) as well as alkynes
(propargyl). There was further evidence of carbon-carbon and carbon-hydrogen
bond breaking due to the appearance of methyl and ethyl radicals.
The propyl radical isomers can play an important role in combustion.26
Previously, ion imaging coupled with mass spectrometry has been used to better
understand the VUV photoionization efficiency of the propyl radical.27

The

difference between the earlier experiments and ours was that a 157 nm laser
was used to produce the radicals as well as the incorporation of direct current
slice ion imaging28. The propyl radicals they detected were determined to be from
ground electronic state dissociation.

Similar results between the two

experiments are to be expected since pyrolysis occurs from the ground electronic
state. The only difference between the two experiments was the laser utilized in
the imaging experiment deposited more energy into the molecule than pyrolysis.
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4.2 Experimental Critique
The data obtained from the pyrolysis experiments matched what was
expected however clear issues with the data were observed. Krypton was used
to account for changes in number density between the hot and cold runs. The
reason for this was that the number density becomes diluted at higher
temperatures so this must be addressed during the data analysis.

The

temperature of the silicon carbide nozzle varied and in some cases was not hot
enough during the pyrolysis experiments. Trials with a low krypton ratio were
excluded from the data analysis. Table 4.2 shows the selected cold/hot ratio of
krypton for different trials of heptane and its isomers obtained at high laser
intensities. The end result of this was that the signal intensity especially for 3methyl hexane and heptane was quite low. This can clearly be seen in Figure
4.1 Due to this, trials 1 and 2 were excluded from averaging for n-heptane as well
as trial 1 for 3-methyl hexane. Krypton hot/cold ratios were calculated at each
tested laser power resulting in different values for each. There was a general
decreasing trend of krypton ratios as the laser power was lowered. To improve
the data intensity, one cold/hot ratio was used throughout instead of using the
associated ratio at each laser power. Therefore this caused the peak intensities
to be higher at lower laser powers. However, the difference between the two
approaches resulted in similar saturation intensities with low percent differences.
Future experiments will use the krypton cold/hot ratio calculated at each laser
power. This will result in much more accurate and precise results.
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Table 4.2: Selected krypton cold/hot ratios

Trial

n-heptane

3-methyl hexane

2,3 dimethyl
pentane

1

1.63

2.13

2.04

2

2.07

2.41

2.94

3

2.63

2.46

2.78

In addition, only seven data points were taken for each trial. This can be
improved upon in the future by using a smaller laser power interval such as
collecting data over 0.05 mJ intervals as well as expanding the laser power range
used. We started collecting with a laser power of 0.8 mJ/pulse and ended at 0.2
mJ/pulse with 0.1 mJ intervals. This range can be greatly expanded to yield
more data points which will help to generate more reliable saturation intensities.
This will be achievable by finer control of the half-wave plate which combined
with a thin film polarizer allows the laser power to be raised or lowered.

A

motorized rotation stage for the quarter-wave plate will provide much more
precise control than is achievable with a manual rotation stage.

In addition,

longer averaging at each laser power will also be useful in reducing noise in the
saturation intensity plots.
Monitoring of the silicon carbide nozzle temperature will help to improve
the data as well.

This will ensure that the temperature is high enough for

pyrolysis experiments and could be achieved with using a ultra-high temperature
infrared thermometer for monitoring temperature. For propyl radical generation,
other precursors can be utilized other than heptane isomers. For example propyl
25

halides could be used to generate 1-propyl and 2-propyl radicals. The added
benefit to using these precursors would be a simpler spectrum compared to that
produced by heptane and its isomers. This can be clearly seen in figure 4.2
which shows the difference between the mass spectra of heptane and a selected
propyl halide (propyl iodide). Propyl iodide has the added benefit of having a
lower ionization energy as well as lower appearance energy for the propyl radical
compared to that of heptane. This could greatly result in higher intensities seen
for the propyl radical.

Figure 4.2: Electron Impact mass spectra of heptane and propyl iodide obtained from NIST.
26

4.3 Conclusions
Through the experiments and the analysis the results suggest the ability to
discriminate between gas phase isomers.

Our method uses a 800 nm

Ti:sapphire laser from KM labs which allows for convenient table top based
detection. It also provides much more information than other ionization methods,
such as electron impact which tends to completely break apart the molecule
being studied. This method was able to probe the pyrolysis of heptane as well as
two of its structural isomers. Propyl radical isomers were able to be detected,
however the specific propyl radical produced depends on the heptane isomer
undergoing pyrolysis.

The trends seen match the expectations but further

improvements are needed to the experimental set up to increase the quality of
the data obtained. As seen in other studies, this technique has great potential in
combustion chemistry as the experiment suggests discriminating between gas
phase isomers and providing specific information on the system being studied is
possible.
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ABSTRACT

ISOMER DETECTION OF RADICALS PRODUCED BY THE FLASH
PYROLYSIS OF HEPTANE AND ITS STRUCTURAL ISOMERS
by
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Radicals can play an important role in combustion chemistry as key
intermediates. As such studying them is vital in the study of combustion
chemistry. Our study focused on the production of the 1 and 2-propyl radical
from heptane isomers. Radicals were produced by flash pyrolysis which was
achieved by restively heating a silicon carbide tube through which a molecular
beam passed. Strong field ionization was utilized to discriminate between the
two propyl isomers. Results indicated the expected trend however the signal
intensity was quite low with significant noise. Further improvements are needed
to improve the quality as well as the quantity of the data.
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