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Experimental studies of high-temperature thermal
dissociation of iso-propanol†

John H. Kim, *a Keunsoo Kim,b Qinghui Meng,a Ashish Sutar,c

Margaret S. Wooldridgead and Robert S. Tranter b

iso-Propanol is an important biofuel for transportation and industrial applications, as well as a canonical

compound for understanding alcohol reaction chemistry. There are few studies of the thermal

decomposition of iso-propanol, hence the objective of this work was to investigate the mechanism of iso-

propanol pyrolysis at high-temperature conditions. Shock tube studies were used to investigate the thermal

decomposition of iso-propanol and identify the dominant reaction pathways and the intermediate species

present in the temperature range of 1395–2053 K and at pressures of 0.3–4 bar. Time-resolved mass

spectra were obtained from pyrolysis experiments in shock tube/mass spectrometer apparatuses using

electron impact ionization or synchrotron vacuum ultraviolet photoionization. The relative concentrations of

the intermediate species were used to identify the dominant reaction channels. iso-Propanol dissociated by

water loss to propene and by elimination of a methyl radical yielding a 1-hydroxyethyl radical at the

conditions studied. The time-dependent mass spectra allowed secondary products to be identified along

with the orders of appearance. Notably, peaks at m/z = 50 and 52 were observed providing insight into

secondary reactions. These features have not been previously reported in propanol-pyrolysis literature.

1. Introduction

Biofuels have attracted considerable attention from the energy
sector. The U.S. Department of Energy’s Co-Optimization of Fuels
and Engines program identified four alcohols (ethanol, methanol,
iso-propanol, and n-propanol) in a list of the ten most promising
biofuels with the potential to deliver high engine efficiency and
other benefits.1 Methanol and ethanol have been blended with
gasoline for many years. However, longer chain alcohols have
many desirable characteristics as alternative biofuels including
larger lower heating values, favorable boiling points, better mis-
cibility with conventional fuels, and lower corrosivity in engines.2

Branched alcohols have some advantages over linear alcohols
as fuels and additives, including low pour point, biodegradability,
and greater solubility in hydrocarbon fluids.3 iso-Propanol, the
smallest branched alcohol, can be produced commercially from
bio-feedstocks or petrochemical ones providing flexibility in
supply4 and is a promising low carbon fuel or fuel additive.5

Blends of iso-propanol and gasoline have been studied in

engines6–9 and showed reductions in pollutants including CO,
unburned hydrocarbons (HC), and NOx. The studies also
showed that addition of iso-propanol reduced knocking com-
pared with n-butanol when advanced combustion strategies
were used.8 However, there are some shortcomings to using iso-
propanol including increased carbonyl emissions.10,11

In contrast with other alcohols, and despite its industrial
scale potential, there are few chemical kinetic studies of the
pyrolysis12–19 or oxidation17–23 of iso-propanol. Bui et al. indicate
the primary thermal decomposition reactions of iso-propanol are
H2O elimination, reaction (R1),

iC3H7OH 2 C3H6 + H2O DHr,298K = 12.1 kcal mol�1 (R1)

and C–C bond scission, (R2),

iC3H7OH 2 sC2H4OH + CH3 DHr,298K = 87 kcal mol�1

(R2)

similar to other alcohols.15 Bui et al.15 calculated the rate
coefficients of (R1) and (R2) (i.e., k1 and k2 respectively) for
the low-pressure limit, the high-pressure limit, and at 50 Torr and
760 Torr using variational RRKM theory. They found that the
water elimination reaction, (R1), proceeds via a four-member-
cyclic transition state and was the dominant path for pressures
lower than 760 Torr and 500–2500 K. Elimination of the methyl
group, (R2), was predicted to be dominant at high pressures and
temperatures exceeding 1200 K.

a Department of Mechanical Engineering, University of Michigan, Ann Arbor, MI,

USA. E-mail: johnhw@umich.edu
b Chemical Sciences and Engineering Division, Argonne National Laboratory,

Lemont, IL, USA
c Department of Mechanical Engineering, University of Illinois, Chicago, IL, USA
d Department of Aerospace Engineering, University of Michigan, Ann Arbor, MI, USA

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5cp00562k

Received 11th February 2025,
Accepted 18th March 2025

DOI: 10.1039/d5cp00562k

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 8
/2

/2
02

5 
8:

41
:5

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0003-3306-7941
https://orcid.org/0000-0003-0225-3880
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cp00562k&domain=pdf&date_stamp=2025-03-24
https://doi.org/10.1039/d5cp00562k
https://doi.org/10.1039/d5cp00562k
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp00562k
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027014


7410 |  Phys. Chem. Chem. Phys., 2025, 27, 7409–7420 This journal is © the Owner Societies 2025

Three prior experimental studies have focused on iso-
propanol pyrolysis at conditions relevant to the current work.
Heyne et al.16 used a variable pressure flow reactor to study iso-
propanol dissociation at 12.5 atm and 976–999 K. Heyne et al.
measured k1 and k2. While k2 compared favorably with the
calculated value from Bui et al., the Heyne et al. values for k1

were approximately four times faster than the theoretical pre-
dictions of Bui et al.15 Li et al.18 studied the pyrolysis of iso-
propanol in a flow tube over 900–1350 K and 0.04–1 atm with
photoionization mass spectrometry. The species concentration
profiles obtained were simulated with a reaction mechanism
the authors created based on analogies with butanol pyrolysis
chemistry. Burnett et al.12 measured stable products formed
from iso-propanol pyrolysis using a fast sampling method to
extract gases from a rapid compression facility (T = 965 K to
1193 K, P = 4.4 to 10 atm). The results showed good agreement
with the reaction mechanism for C3–C4 alcohols developed by
Saggese et al.2

Unlike pyrolysis, the oxidation of iso-propanol has been
studied experimentally over a broad range of temperatures
and pressures. Ignition delay time (IDT) measurements were
made by several groups. Johnson et al.20 used CH* emission
(1 atm and 1400–1900 K). Man et al.21 used OH* emission (1.2–
16 atm and 1100–1500 K) and also developed a reaction
mechanism. CO absorption (3.5–11 atm and 1150–1500 K)
was used by Jouzdani et al.17 who compared their results to
simulations based on mechanisms from Johnson et al.,20 Man
et al.21 and Sarathy et al.23 Jouzdani et al. found that predictions
of IDTs with the Man et al. mechanism showed negative
sensitivity to CH3 and HO2 radicals in contrast with the other
mechanisms. Cooper et al.19 conducted shock tube/laser
absorption experiments (1127–2162 K, 1.42 atm) to investigate
the pyrolysis and oxidation of iso-propanol by monitoring water
and CO formation. The measurements were in good agreement
with simulations using reaction mechanisms from Li et al.18

and Saggese et al.2 Cheng et al.24 used pressure measurements
in a rapid compression machine to measure IDTs (780–950 K,
20 and 40 bar). iso-Propanol was also studied in a counter flow
burner by Frassoldati et al.22 (1000–1100 K, 1 atm) who
extended chemical kinetics studies from methanol and ethanol
to n-propanol and iso-propanol. Saggese et al.2 compared
predictions of IDTs using their reaction mechanism for C3–
C4 alcohols with experimental datasets from Man et al.21 and
Cheng et al.24 with good agreement.

These works collectively provide important insight into iso-
propanol chemistry, connecting theory with experimental
results. However, the experimental data to date, cover limited
temperatures and pressures. In particular there are no time-
resolved speciation data at elevated temperatures and pressures
that can provide insight into the reaction mechanisms. To
address this lack, the current study used two shock tubes
coupled via molecular beam sampling interfaces to time-of-
flight mass spectrometers to obtain time-dependent species
concentrations over a broad range of temperature and pressure.
The results are used to identify intermediate species produced
during iso-propanol pyrolysis and hence the main reaction

paths. The data provide insights into the pyrolysis mechanism
of iso-propanol and the relative importance of key primary and
secondary reactions.

2. Experimental
methods, experimental
2.1. Shock-tube facilities

Pyrolysis of iso-propanol was conducted behind reflected shock
waves in a diaphragmless shock tube, DFST, and miniature high
repetition rate shock tube, HRRST. Both shock tubes are con-
nected to time-of-flight mass spectrometers (TOF-MS) using
differentially pumped molecular beam sampling (MBS) systems.
The HRRST and DFST generate very reproducible reaction con-
ditions which allow signal averaging over many experiments.
Both apparatuses have been fully described previously and brief
descriptions are given here.

The DFST25,26 consists of two main parts: a driver section
and a driven section. The driver section is a stainless-steel tube
with a length of 58 cm and an inner diameter of 22 cm. The
driven section is a B7.5 m long stainless-steel tube with an
inner diameter of 6.35 cm. A custom built pneumatically-
actuated valve separates the driver and driven sections at the
start of an experiment. The driven section is filled to pressure
P1 with the reagent mixture and the driver section to pressure
P4 with helium, where P4 c P1. (Standard shock wave notation
is used throughout the manuscript.) The conditions generated
by the reflected shock wave, temperature T5 and pressure P5,
are determined by the ratio P4/P1. In the driven section, three
pressure transducers (PCB 132A35) are positioned at intervals
of 76.2 mm, with the last transducer located 25.4 mm from the
endwall of the shock tube to monitor the passage of the shock
wave. The known distances and time intervals between the
triggering of each pressure transducer are used to calculate
the incident shock velocity which is extrapolated to obtain the
shock velocity at the end wall. The temperature and pressure
behind the reflected shock waves are calculated using the shock
velocity at the end wall, the initial temperature, pressure and
mixture composition of the driven gas, the specific heat capa-
city of the driven gas, and ideal normal-shock relations.

The HRRST27–29 is a miniature fully automated shock tube
which is typically fired once every second. The driver and driven
sections of the HRRST are separated by a solenoid-actuated
valve.28 The driver section has an internal volume of approxi-
mately 100 cm3, and is linked to a 1 L reservoir, ensuring an
almost constant P4 over many cycles of the HRRST. The driven
section has an internal diameter of 6.35 mm and a length of
879 mm. It is built in a modular fashion and contains pneumatic
valves for filling and venting. The firing sequence is described in
ref. 27. The reagent mixture is supplied at P1 via one of the
pneumatic valves and the mixture is prepared automatically on-
demand in a mixing rig.30 The driven section is equipped with
six evenly-spaced piezoelectric pressure transducers (Dynasen
CA1135) at 50 mm intervals, with the last pressure transducer
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positioned 75 mm from the nozzle. The methodology used to
calculate T5 and P5 is similar to that used with the DFST.

2.2. Time-of-flight mass spectrometry

The DFST and HRRST are coupled to TOF-MSs (Kasedorf CB-5) by
differentially-pumped molecular-beam sampling interfaces (MBS).
Although the shock tubes are different, the MBSs are very similar,
see Tranter et al.27,31 and Banyon et al.32 The driven section end-
wall of each shock tube is equipped with a small nozzle (300 mm
orifice in the DFST, 200–300 mm in the HRRST) through which
gases continuously elute generating a supersonic jet that quenches
the reactions initiated in the shock heated gases. A skimmer
(Beam Dynamics Model 2, orifice: 0.5 mm DFST; 0.2 mm HRRST)
samples gases from the core of the jet creating a molecular beam
that is directed into the ion source of the TOF-MS. In this study,
electron-impact ionization (EI) in the laboratory (DFST) and photo-
ionization (HRRST) at the advanced light source (ALS), Lawrence
Berkeley National Laboratory (LBNL), were used to create cations
in the molecular beam. The cations were extracted into the mass
spectrometer by pulsing the voltages applied to the repeller
and extractor plates. The extraction period was 1 ms and the
frequency was 100 kHz providing a time resolution of 10 ms. For
each experiment, mass spectra were obtained for 3 ms (providing
a total of 300 mass spectra) that spanned the pre- and post-shock
regions. The ionized species were detected by a multichannel
plate (MCP) detector. The analog signals from the MCP detector
passed through a preamplifier (ORTEC VT120A) and were digi-
tized at 1 GS per s with a 12-bit data acquisition board (GageAp-
plied PCIe EON series).

2.2.1. DFST-EI experiments. Table 1 shows the mixture
composition and state conditions for the reflected shock wave
DFST/TOF-MS experiments. The electron energy used in the EI
experiments was 24.0 eV. Neon was used as the bath gas due to
its relatively high ionization energy (IE) (21.6 eV33), which
resulted in a small peak in the mass spectra. The sharp increase
in the neon signal due to the rapid increase in pressure caused
by the shock wave was used to differentiate the pre-shock and
post-shock regions in the acquired data. The electron energy
was sufficiently low to somewhat reduce fragmentation of iso-
propanol and the products while still giving sufficient signal/

noise (S/N) for single shot experiments. The low values for P5

serve two purposes. They broaden the range in this work and
are similar to those used in a complementary study that
obtained kinetic data for pyrolysis of iso-propanol that will be
presented elsewhere.

2.2.2. HRRST-PI experiments. HRRST/TOF-MS experiments
were conducted at the T4 end station of the chemical dynamics
beamline (9.0.2) at the ALS. The beamline supplies highly tunable
vacuum ultraviolet (VUV) light that photoionizes molecules in the
TOF-MS. An argon-gas filter in the beamline removes the majority of
the higher harmonic photons that are created along with the
fundamental in the undulator. The beamline also incorporates a
monochromator that facilitates precise selection of the photon
energy and removes residual high harmonic photons that escape
the gas filter. Photoionization energies spanned from 9.5 eV to
12.8 eV with incremental steps of 0.1 eV for experiments with T5 =
1481 K and 1660 K, and steps of 0.25 eV for T5 = 2053 K. The
experimental conditions and mixture compositions are given in
Table 2.

Each dataset contains a series of experimental results all at the
same conditions and mixture compositions, but with different
values of photon energy, PE. At each PE, data from 500 shocks
were acquired. The mass spectra for each photon energy were
averaged to improve signal-to-noise ratios. Similarly, the reaction
conditions were averaged over all photon energies for a nominal
set of temperatures and pressures. The information for each
dataset along with uncertainty bounds is given in the ESI;† from
hereon only the nominal T5 and P5 are given. A baseline correction
code34 was applied to the averaged mass spectra to eliminate
background features that may interfere with peak identification.

The measured signal (S) is a function of m/z, PE and reaction
time, t. The data obtained at each T5 and P5 form a multi-
dimensional dataset as described in Banyon et al.32 The data set
can be processed in various ways yielding different insights into
the reaction chemistry. The most useful subsets are two-
dimensional (2D) plots of t vs. m/z, referred to as XT, and PE
vs. m/z, referred to as EX. The XT data can be obtained for
individual PE or a range of PE. Similarly, the EX datasets can
represent a range of time or an individual time, t. From the XT
plots, time-dependent signal intensities for each m/z can be
extracted. These are equivalent to concentration versus time
data. Additionally, at each t, S versus m/z data can be obtained
which are equivalent to classical mass spectra. From the EX
datasets, photoionization spectra (PES), S vs. PE, are obtained
for individual masses.

The measured signal is directly proportional to the concen-
tration (x) of a species, the photoionization cross section of the

Table 1 Experimental conditions for DFST/TOF-MS experiments

P5 (Torr) T5 (K) Composition

236 1673 1% iso-propanol, 1% Kr, 98% Ne
176 1395

Table 2 Experimental conditions for HRRST/TOF-MS experiments. P5 and T5 are mean values and sP5
and sT5

are the standard deviations for N
experiments

Set N P5 (bar) sP5
(bar) T5 (K) sT5

(K) hn (eV) Composition

1 7500 4.4 0.31 2053 90.4 9.45–12.8 0.25% iso-propanol, 99.75% Argon
2 18 500 3.9 0.14 1660 33.2 9.3–12.8
3 17 500 3.7 0.18 1481 35.8 9.5–12.8

N = number of experiments; hn = range of photon energies.
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species at the PE (shn), and the photon flux (F) at the PE. A
photodiode (OSI Optoelectronics, XUV-100C) connected to a
picoammeter (Keithley 6485), was used to monitor the photon
flux for T5 = 1481 K. The current values (I) measured by the
picoammeter are proportional to F and are used to scale the
signal intensity to account for variations in F. This approach
provides an estimate of the effective concentration of a species
via eqn (1).

x p S/Ishn (1)

Determining the absolute concentrations of species is more
challenging and requires the mass discrimination factor and
instrument-specific constants as discussed in ref. 32. Addition-
ally, the photon flux was not measured for all experiments,
although for a given PE it is reasonably stable for the duration
of the experiments.

2.3. Reagents

For the DFST/TOF-MS studies, iso-propanol was mixed with
krypton and neon in a 50 L glass mixing tank using a partial
pressure method. The small amount of krypton, Table 1, acted as
an internal standard to account for pressure variation in the ion
source of the mass spectrometer.31 The mixing tank was evacu-
ated to B10�5 Torr prior to preparing a mixture. iso-Propanol was
degassed through repeated freeze–pump–thaw cycles using liquid
nitrogen. The reagent mixture consisted of 1% of iso-propanol
(99% purity, Sigma Aldrich), krypton (99.999%, Airgas), and neon
(99.999%, Airgas). Helium (99.996%, Airgas) was the driver gas.

For the HRRST/TOF-MS experiments, helium (99.999%, Air-
gas) was the driver gas, and the reagent mixture consisted of
0.25% iso-propanol (99% purity, Sigma-Aldrich) diluted in
argon (99.999%, Airgas). iso-Propanol was placed in a high
pressure bubbler and the mixture was prepared on demand in a
mixing rig using the method described by Dalmiya et al.30

3. Results and discussion
3.1. Pre-shock region

Mass spectra of iso-propanol from the pre-shock region (i.e.,
prior to reaction) at PE = 10.7 eV and 12.8 eV are shown in
Fig. 1. The mass spectra have been normalized to the largest
peak in the displayed range. At both PE, the dominant peak is
m/z = 45 (C2H5O+) and there is only a minor peak at m/z = 60,
the parent mass. The ionization energy (IE) of iso-propanol is
10.17 eV,33 and the appearance energy (AE) of m/z = 45 is
10.20 eV. The ratio of m/z = 45 to m/z = 60 is reduced at
10.7 eV indicating dissociative ionization (DI) is less significant.
The mass spectra are consistent with the literature 70 eV EI
spectrum,33 although the photoionization spectra have fewer
DI products as expected. At PE = 12.8 eV, a peak is observed at
m/z = 18. Potentially, this could be water from dissociative
ionization. However, DI creates a neutral water molecule and a
C3H6

+ cation (AE B 12.0 eV33). Thus m/z = 18 is attributed to
background water vapor in the chamber (H2O, IE = 12.6 eV35).
Similarly, the peak at m/z = 32 is from background O2 (IE =

12.07 eV33) in the chamber. In Fig. 1b, peaks at m/z = 43, 44, and
59 are also observed. The AE of m/z = 43 and m/z = 59 are close
to or greater than 10.7 eV and hence these fragments are not
seen in Fig. 1a. Conversely, m/z = 44 is stronger relative to m/z =
45 in Fig. 1a than Fig. 1b suggesting the process forming it, CH4

elimination, becomes less favorable at higher PE.
In Fig. 2 the photoionization spectra for iso-propanol, m/z =

60, and the products of dissociative ionization are shown. Each
spectrum was normalized to its maximum signal. Spectra with
the original signal intensities are provided in the ESI† to allow
direct comparison of the relative fragment intensities. The sharp
increase in the m/z = 60 signal between 10.1 and 10.2 eV is in
good agreement with the IE of Refaey et al.36 of 10.12 eV for iso-
propanol. The appearance energies of the DI products at m/z =
43, 44 and 45 are also in good agreement with literature values.33

3.2. Dissociation of iso-propanol

Pyrolysis of iso-propanol produced several species which varied
in concentration and identity depending on the reaction condi-
tions. The following discussion focuses on the higher-pressure
PI experiments and a comparison with the low pressure EI data
is made in Section 3.5. Mass spectra at PE = 10.7 eV and 12.8 eV
from the post-shock region for iso-propanol at 1481 K and 3.7
bar and 2053 K and 4.0 bar are shown in Fig. 3 and 4,
respectively. Mass spectra at other photon energies and reaction
conditions are provided in the ESI.† In addition, a table sum-
marizing all observed m/z values, their species identifications,

Fig. 1 Mass spectra in the pre-shock region with photon energy of (a)
10.7 eV and (b) 12.8 eV. The signal levels at 10.7 eV are weaker than those at
12.8 eV and noise from pulsing the repeller and extractor plates is seen at
o20 amu in panel (a). M denotes the ion of iso-propanol, M–X denotes the
fragments generated from dissociative ionization of iso-propanol, and X
denotes non-ionized species. The mass spectra are normalized to the
largest peak in each plot.
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chemical formulae, and ionization energies is provided in the
ESI† for reference. The mass spectra were obtained by integrat-
ing over the first 500 ms after the arrival of the shock wave, i.e.,
the start of reaction.

The dehydration reaction, R1, and the Ca–Cb bond scission
reaction eliminating CH3, R2, were identified by Bui et al.15 as the
initial dissociation channels for iso-propanol and are discussed in
the following sections. For reference, values of the rate coefficients
for R1, R2 and other important reactions during iso-propanol
pyrolysis are provided in Table 3 for T = 1400 K and 2000 K. For
pressure-dependent reactions, the rate coefficients were calculated
at 4 atm and 200 Torr, corresponding to the conditions studied
here, using the expressions in the cited sources.

3.2.1. R1, H2O elimination from iso-propanol. The primary
dissociation reactions of iso-propanol at the conditions studied
are expected to be reactions R1 and R2. The R1 water elimina-
tion reaction also produces propene (C3H6). Fig. 6 shows the
time histories of m/z = 18 and 42 at 12.8 eV for 1481 K. The
signals for each m/z have been normalized by their maximum
values. Prior to formation of the shock wave (t = 0), water from
background gases in the TOF-MS is detected. As reaction starts,
the water signal increases due to the decomposition of iso-
propanol. If water was not produced from iso-propanol then the
m/z = 18 signal would remain constant in the pre- and post-
shock regions.45 Thus, the post-shock m/z = 18 signal is
attributed to background water and products from R1, and
the product concentrations can be obtained by subtracting the
pre-shock signal. The m/z = 42 signal is almost negligible in the
pre-shock region, but increases simultaneously with the
increase in the water signal in the post-shock region. Poten-
tially, m/z = 42 could consist of contributions from C3H6

isomers. However, although the ionization energies of propene
(9.73 eV46) and cyclopropane (9.86 eV47), and ketene (9.61 eV48)
are similar, the photoionization spectrum (shown in Fig. 5)
closely matches the PES reported by Cool et al.46 indicating that
m/z = 42 is solely due to propene. The simultaneous formation
of water and propene, as shown in Fig. 6, confirms R1 is an
active channel for the initial dissociation of iso-propanol.

The products of R1 are stable over most of the temperature
range of this study. However, at the highest temperatures
studied in the current work propene can decompose by two
channels yielding allyl + H, and vinyl + methyl.49 Propene also
reacts readily with H-atoms at elevated temperatures to yield
ethylene (C2H4) R3 or allyl radicals (C3H5) R4. From Table 3

Fig. 2 Photoionization spectrum of non-reacting iso-propanol and iso-
propanol DI products.

Fig. 3 Mass spectra at T5 = 1481 K integrated over the first 500 ms of
reaction in the post-shock region with photon energy of (a) 10.7 eV and (b)
12.8 eV. The mass spectra are normalized to the largest peak in each plot.

Fig. 4 Mass spectra at T5 = 2053 K integrated over the first 500 ms of
reaction in the post-shock region with photon energy of (a) 10.7 eV and (b)
12.8 eV. The mass spectra are normalized to the largest peak in each plot.
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k3/k4 varies from 2.9 to 1.6 over 1400–2000 K. Potentially,
propene can also be removed by reaction with a CH3 but, k is
B4.0 � 109 1.9 � 1011 cm3 mol�1 s�1 for propene + CH3 over
1000–2000 K50 or at least two orders of magnitude lower than k3.

From reactions R3 to R5, ethylene (IE = 10.5 eV, m/z = 2851)
and allene (IE = 9.7 eV, m/z = 4048) and/or propyne (IE =
10.36 eV, m/z = 4051) will be formed. Fig. 7 shows the PES for
m/z = 28 and 40 at 1481 K and 3.7 bar in the post-shock region.
The observed IE for m/z = 28 is consistent with ethylene. For
m/z = 40 there is a noticeable increase in signal starting at
9.9 eV. This is 0.2 eV higher than the IE of allene and 0.46 eV
below the IE of propyne. However, the photoionization cross-
section of allene is very small (o1 Mb) below 9.8 eV.48 Conse-
quently, the increase at 9.9 eV is likely due to allene, and the
second increase observed at 10.4 eV due to propyne. Thus, the
m/z = 40 peak is attributed to both isomers of C3H4 and from here
on C3H4 will be used to represent a mixture of allene and propyne.

In Fig. 8, relative concentrations for ethylene and C3H4 at
1481 K and 3.7 bar are shown as a function of reaction time.

Table 3 Key reactions involved in thermal dissociation of iso-propanol and the corresponding rate coefficients at 1400 K and 2000 K. For pressure-
dependent reactions, the rate coefficients at 4 atm are listed in non-italicized font and the values at 200 Torr are provided in italicized font in parentheses.
Species identified in the current work are highlighted in bold font. Units are cm, s, and mol

Reaction k1400K k2000K Ref.

R1 iso-Propanol 2 C3H6 + H2O 4.84 � 10+3 (2.45 � 103) 1.10 � 106 (3.18 � 105) 16
R2 iso-Propanol 2 sC2H4OHa + CH3 2.06 � 103 (4.51 � 102) 9.61 � 105 (9.90 � 104) 15
R3 C3H6 + H 2 C2H4 + CH3 9.67 � 1012 (1.18 � 1013) 1.75 � 1013 (2.44 � 1013) 37
R4 C3H6 + H 2 C3H5 + H2 4.03 � 1012 1.53 � 1013 37
R5 C3H5 2 C3H4 + H 1.74 � 109 (4.21 � 108) 2.47 � 1011 (3.34 � 1010) 38
R6 sC2H4OHa 2 CH3CHO + H 1.77 � 108 (9.11 � 107) 5.48 � 109 (1.38 � 109) 39
R7 sC2H4OHa 2 C2H3OH + H 5.12 � 107 (9.56 � 106) 9.58 � 108 (8.37 � 107) 39
R8 2CH3 2 C2H6 1.44 � 1013 (1.44 � 1013) 1.15 � 1013 (1.14 � 1013) 40
R9 iso-Propanol + H 2 tC3H6OHa + H2 7.05 � 1012 1.95 � 1013 41
R10 iso-Propanol + CH3 2 tC3H6OHa + CH4 4.81 � 1010 2.93 � 1011 41
R11 iso-Propanol + H 2 C3H6OH-2-1a + H2 5.41 � 1012 2.95 � 1013 41
R12 iso-Propanol + CH3 2 C3H6OH-2-1a + CH4 4.76 � 1010 4.75 � 1011 41
R13 tC3H6OHa 2 CH3COCH3 + H 7.14 � 107 (1.26 � 107) 4.20 � 108 (4.72 � 107) 42
R14 C3H6OH-2-1a 2 C2H3OH + CH3 1.09 � 109 3.40 � 1010 43
R15 C2H3OH 2 CH3CHO 1.98 � 104 (7.85 � 103) 1.53 � 106 (3.76 � 105) 44

a sC2H4OH = H3CCH(OH), tC3H6OH = H3CC(OH)CH3, C3H6OH-2-1 = H3CCH(OH)CH2.

Fig. 5 Photoionization spectrum of m/z = 42 obtained from current study
(solid line) at T5 = 1481 K in the post-shock region and the reference data for
photoionization spectrum of propene (dash line) reported by Cool et al.46

Fig. 6 Time histories of the peak intensities of m/z = 18 (12.8 eV) and
m/z = 42 (12.8 eV) at 1481 K and 3.7 bar based on PI data. Time t = 0 ms
corresponds to the start of reaction, i.e., the arrival of the reflected shock.
The as-recorded signals have been normalized, and the lines are moving
5-point averages for clarity.

Fig. 7 Photoionization spectra of m/z = 28 and = 40 at T = 1481 K in the
post-shock region.
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Ionization energies of 11.7 eV and 11.0 eV were selected for
m/z = 28 (s11.7eV = 8.42 Mb51) and m/z = 40 respectively.
The C3H4 data include both allene and propyne. For propyne,
s11.0eV = 43.84 Mb51 and is considerably larger than that of
allene. Consequently, the m/z = 40 signal in Fig. 8 was calculated
assuming only propyne contributes to the signal and is thus an
upper limit. The data show ethylene and C3H4 are produced
simultaneously about 70 ms after reflection of the shock wave.
Production of both species ceases after around 210 ms with
around six times more C2H4 being formed than C3H4.

3.2.2. R2, Ca–Cb bond scission reaction. The C–C bond
scission reaction of iso-propanol produces 1-hydroxyethyl radicals
(sC2H4OH, H3C-CH-OH) and methyl radicals. 1-Hydroxyethyl
radicals decompose rapidly, see Table 3, at the reaction
conditions, leading to the release of H atoms and formation of
acetaldehyde (CH3CHO, IE = 10.23 eV46) or ethenol (C2H3OH, IE =
9.3 eV46) via reactions R6 and R7 respectively. Isomerization
between ethenol and acetaldehyde occurs via R15 and strongly

favors acetaldehyde formation under the conditions of this study
(e.g., equilibrium constants K1400K E 39.26 and K2000K E 10.86).
From the PES of m/z = 44 in Fig. 9, it is evident the signals
are nearly zero below 10.2 eV, indicating only acetaldehyde
contributes to m/z = 44. Similar observations were made at all
reaction conditions (see ESI†). Similar to m/z = 18, m/z = 44 also
appears in the pre-shock region due to the dissociative ionization
of iso-propanol. Thus, above 10.2 eV the PES of m/z = 44
represents a convolution of acetaldehyde as a product and m/z =
44 ions from dissociative ionization of iso-propanol.

3.3. H-abstraction from iso-propanol

Reaction R2 and subsequent reactions R5 to R7 release H and CH3

atoms during the dissociation of iso-propanol. H-abstraction
reactions by these early-generated radicals play a significant role
in the consumption of iso-propanol, particularly at high pressures
that favor bimolecular reactions. The radical H3C-C(OH)-CH3 is
produced by the abstraction of a secondary hydrogen via reactions
R9 and R10, while reactions R11 and R12 involve the abstraction
of a primary hydrogen to form the radical H3C-CH(OH)-CH2. The
radicals generated from the H abstraction reactions rapidly dis-
sociate by the b-scission reactions R13 and R14, Table 3, yielding
acetone (m/z = 58) + H and ethenol (m/z = 44) + CH3, respectively
and are chain-propagating reactions.

Burnett et al.12 identified acetone (m/z = 58) as a major stable
species from iso-propanol pyrolysis at low temperatures (T =
965 K to 1193 K, P = 4.4 to 10 atm). However, in this work the
m/z = 58 signal at 1481 K and 3.7 bar is low, Fig. 3, and at 2053 K and
4.0 bar it was almost negligible, Fig. 4. The experiments by Burnett
et al. were at long residence times and much lower temperatures
than the present work, which probably accounts for the differences
in m/z = 58. At the highest temperatures of the current work, acetone
dissociates readily to acetyl (CH3CO) and methyl radicals (Saxena
et al.52 k E 2.11 � 103–4.91 � 106 s�1 for 1400–2000 K and 4 bar).
Followed by the subsequent rapid dissociation of CH3CO to CO and
CH3 (Senosiain et al.53 k 4 1010 s�1).

The b-scission reaction of C3H6OH-2-1, R14, generates ethe-
nol and methyl radicals. As previously discussed, ethenol
isomerizes to acetaldehyde and the m/z = 44 signal includes
acetaldehyde generated from H-abstraction reactions as well as
the dissociation of iso-propanol via R2 followed by R6.

3.4. Secondary reactions

In addition to the primary stable species and radicals pre-
viously discussed, secondary reactions also yield distinct spe-
cies. The mass spectra in Fig. 3 and 4 show peaks at m/z = 26
and m/z = 50 for 1481 K and 2053 K, with an additional m/z = 52
peak observed solely at 1481 K. Photoionization spectra of m/z =
26, 50, and 52 at 1481 K are shown in Fig. 10. These indicate
that m/z = 26, 50 and 52 correspond to acetylene (C2H2, IE =
11.4 eV), diacetylene (C4H2, IE = 10.17 eV), and vinylacetylene
(C4H4, IE = 9.58 eV), respectively.51 A peak at m/z 74 was also
observed, see Fig. S1–S3 (ESI†). This feature is barely discern-
able in 1481 K data but becomes more significant as T5

increases. The peak is assigned to 1,3,5-hexatriyne (C6H2, IE =
9.5 eV54). Photoionization spectra of m/z = 74 are provided in

Fig. 8 Time histories of relative concentrations (i.e., concentrations cor-
rected for photon flux and photoionization cross section) of ethylene
(11.7 eV) and C3H4 (11 eV) at T = 1481 K (based on PI data). The points and
lines represent the as-recorded experimental data and a five-point moving
average of the as-recorded data, respectively. Time t = 0 s corresponds to
the passage of the shock wave and the start of reaction.

Fig. 9 Photoionization spectra of m/z = 44 and m/z = 30 at T = 1481 K in
the post-shock region.
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Fig. S6 and S7 in the ESI† to support this assignment. Addi-
tional PES of m/z = 26, 50, 52 and 74 at 1660 K and 2053 K are
provided in the ESI† and are similar to Fig. 10.

The time histories of vinylacetylene and diacetylene at
1481 K and 3.7 bar are shown in Fig. 11. Vinylacetylene does
not appear until about 100 ms and is clearly not a primary
product. Diacetylene lags in time relative to the production of
vinylacetylene. Li et al.18 provide an explanation for the relative
orders of appearance via the sequence C3H4 - C3H3 - C3H2

followed by C3H2 + CH3 - C4H4 + H where C4H4 is vinylace-
tylene. Vinylacetylene undergoes H-abstraction ultimately yield-
ing diacetylene. In the 1660 K and 2053 K experiments, the
m/z = 52 peak becomes diminishingly small suggesting that
under these conditions C4H4 is either consumed much more
rapidly than at 1481 K or the sequence of reactions leading to
C4H4 is interrupted at higher temperatures. As noted earlier,
Saggese et al.2 recently proposed a C3–C4 alcohol reaction
mechanism. However, the mechanism does not account for

the chemistry of C4H2 and C4H4 and therefore fails to explain
the appearance of m/z = 50 and m/z = 52 observed in this study.

3.5. Comparison of EI and PI spectra

The DFST/EI experiments covered much lower pressures, B200
Torr, than the HRRST/PI experiments, B4 bar, although similar
temperatures were used. In Fig. 12, EI mass spectra are com-
pared with PI mass spectra. The temperatures are similar, but
the pressures are significantly different and the iso-propanol
concentrations differ by a factor of four.

As seen in Fig. 12, the PI and EI spectra are quite similar,
although there are some key differences. The EI pre-shock mass
spectra include a signal at m/z = 29; that is absent from the PI
mass spectra. The discrepancy can be attributed to the appear-
ance energy of m/z = 29, which is B12.5 eV and s12.8eV =
0.54 Mb.47 Additionally, m/z = 18 and 32 are present in the PI
spectra due to background water and oxygen. While the base
pressures in the EI and PI TOF-MS chambers are similar back-
ground gases are rarely observed in the DFST/EI experiments.
This difference is mainly due to the PI mass spectra being

Fig. 10 Photoionization spectra of m/z = 26, m/z = 50, and m/z = 52 at
T5 = 1481 K in the post-shock region.

Fig. 11 Species time histories of m/z = 50 and 52 at T = 1481 K based on
PI data. The plots represent the relative order of appearance of each
species rather than relative concentrations. The points and lines represent
the as-recorded experimental data and a five-point moving average of the
as-recorded data, respectively. Time t = 0 ms corresponds to the passage
of the reflected shockwave and the start of reaction.

Fig. 12 Mass spectra from photoionization (PI) and electron-impact ioni-
zation (EI) experiments in the (a) pre-shock and (b) post-shock regions.
PI mass spectra integrated over the first 500 ms of reaction were taken at
T = 1660 � 40 K, P = 3.9 � 0.1 bar, 0.25% iso-propanol/99.75% Ar, and
12.8 eV. EI mass spectra integrated over the first 1000 ms of reaction were
taken at T = 1673 K, P = 0.31 bar (236 Torr), 1% iso-propanol/1% Kr/98%
Ne, and 24 eV.
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averaged over hundreds of experiments whereas the EI spectra
are from single experiments. In Fig. 12b, neon, the bath gas
used in EI experiments, forms the peak at m/z = 20, and a small
peak due to the 22Ne isotope is seen. The features at m/z = 30
and 40–44 are absent from the EI spectra, while the m/z = 50
peak is strong in the EI mass spectrum. The stable species
represented by m/z = 40–44 have IEs that are considerably lower
than the electron energy used and thus should be observable in
the EI experiments if they are formed. While fragmentation may
decrease the intensity of the parent ion peaks, the literature 70 eV
mass spectra for these species still show a strong parent ion peak.
Thus, the absence of m/z = 40–44 peaks in the post-shock EI mass
spectra suggests the species if formed are below the detection
limit. Similarly, m/z = 30 and 29 which are characteristic of,
ethane33 were not observed in the EI mass spectra whereas m/z
30 was assigned to ethane in the PI data. As discussed above,
diacetylene serves as an indication of the water elimination
reaction and the differences in the m/z = 50 peak between the
DFST and HRRST experiments suggest that the water elimination

reaction, R1, is more dominant at lower pressures, which is
consistent with the values of the rate coefficients in Table 3.

Fig. 13 shows the time histories and sequential appearance
of several species from the PI and EI experiments. From the
PI experiments acetylene, ethylene, ethane, and diacetylene
appear in that order.

The reaction pathways active during thermal decomposition
of iso-propanol were further considered using reaction path
analysis based on the reaction mechanism by Li et al.18

A reaction path diagram is presented in Fig. 14 for 2% iso-
propanol at 1600 K and 4 bar, 20 ms after the start of reaction.
The analysis indicates iso-propanol is primarily consumed
through H abstraction reactions by H and CH3 radicals and
by the water elimination reaction, R1. Recombination of methyl
radicals produces ethane, followed by production of ethylene
from the dissociation of ethane and also propene. Although the
reaction mechanism includes pressure-dependent reactions,
the predicted reaction pathways remain largely unchanged
between 4 atm and 200 Torr. At higher temperatures, the
reaction pathway also remains largely unchanged, except the
water elimination and C–C bond scission reactions become
more significant, and the recombination of methyl radicals is
moved to later times. Consequently, based on the simulation
results one would expect to observe ethane in the 200 Torr
experiments contrary to the experimental results. This suggests
that there may be inadequacies in the reaction mechanism.

While the reaction mechanism by Li et al.18 includes ther-
modynamic data and reactions for the formation of vinylacety-
lene and diacetylene, the reaction channels are negligibly small
compared with the overall reaction pathways for iso-propanol
and their pathway fluxes are below the 10% cutoff limit used to
highlight the primary reaction paths in Fig. 14. Using photo-
ionization cross sections at 10.7 eV for propene (11.9 Mb46),
diacetylene (24.14 Mb51), and vinylacetylene (38.97 Mb51),
effective concentrations of 0.045, 0.02, and 0.005, respectively,
are obtained. While vinylacetylene is a relatively minor species
diacetylene is much more abundant.

4. Conclusions

The thermal decomposition of iso-propanol was systematically
investigated using time-of-flight mass spectrometry in diaphragm-
less and high-repetition-rate shock-tube studies. Electron impact
ionization and photoionization techniques were applied to obtain
high-fidelity spectra that provided direct measurements of inter-
mediate species produced during iso-propanol pyrolysis. In addi-
tion to the identification of key species, the dominant reaction
pathways were determined by evaluating the relative concen-
tration of intermediate species from the mass spectra. The main
observation is that at high pressures iso-propanol dissociates by
both R1 and R2. Whereas at low pressures, the lack of m/z = 30
indicates formation of methyl radicals is suppressed. As R2 is the
primary source of methyl this indicates that the C–C scission
channel is minor at low pressures. These observations are con-
sistent with those of Bui et al.15 However, the literature chemical

Fig. 13 Time histories of acetylene, ethylene, ethane, and diacetylene
from PI and EI. The PI data were taken at T = 1660� 40 K, P = 3.9� 0.1 bar,
0.25% iso-propanol/99.75% Ar, and 11.7 eV. The EI data were taken at T =
1673 K, P = 236 Torr, 1% iso-propanol/1% Kr/98% Ne, and 24 eV. Ethane
was absent from the EI datasets. The plots represent the relative order of
appearance of each species. The lines are the moving averages of the
species measurements (symbols).
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mechanisms for iso-propanol pyrolysis indicate that significant
amounts of ethane should be formed at 200 Torr on the experi-
mental timescale.

Reaction R1 produced propene and water, both of which
were observed. The data indicate that propene dissociated into
ethylene and methyl radicals, or underwent hydrogen elimination
to yield C3H4, with the latter being favored at high temperatures.
Reaction R2, a C–C bond scission reaction, produced the
1-hydroxyethyl radical, which was expected to rapidly dissociate
to acetaldehyde through b-scission reactions. However, the m/z =
44 peak in the mass spectra, associated with acetaldehyde, also
contained dissociative ionization products from iso-propanol
rendering it difficult to assess the acetaldehyde concentration.
While H-abstraction reactions of iso-propanol were expected to
yield acetone and ethenol, there was little indication of these
species. For ethenol, this is likely due to rapid isomerization to
acetaldehyde. The lack of an m/z = 58 peak suggests acetone was
not formed, contrary to a lower temperature study by Burnett
et al.12 Finally, peaks were observed in both PI and EI experiments
at m/z = 50 and 52. Based on the photoionization spectra, these
were assigned to diacetylene and vinylacetylene, respectively. Prior
studies of iso-propanol have not observed these species, and they
are likely produced from secondary reactions initiated from
propene. Comparison of the experimental results with model
predictions indicates discrepancies with the ethane, diacetylene
and vinylacetylene reaction pathways in the available reaction
mechanisms and highlight areas for future focus. The observation

of 1,3,5-hexatriyne is consistent with molecular growth processes
initiated by polyacetylenes rather than through formation single
ring aromatics. The novel experimental observations presented in
this work can significantly enhance the development of the
reaction theory and elementary chemistry of iso-propanol pyroly-
sis, enabling more accurate predictive understanding of iso-
propanol decomposition at high-temperature conditions.

Author contributions

J. H. Kim: investigation, data curation, visualization, writing –
original draft. K. Kim: investigation. Q. Meng: investigation A.
Sutar: investigation M. S. Wooldridge: conceptualization, inves-
tigation, supervision, writing – review & editing. R. S. Tranter:
conceptualization, investigation, data curation, supervision,
writing – review & editing.

Data availability

The data supporting this article have been included as part of
the ESI.†

Conflicts of interest

There are no conflicts to declare.

Fig. 14 Reaction path diagram 20 ms after the start of reaction based on the reaction mechanism by Li et al.18 for 2% iso-propanol at 1600 K, and 4 bar.
The percentage values are the relative molar fluxes (greater than 10%) of the species consumption pathways. The species highlighted in bold text were
observed in the experimental data. The values in blue (e.g., 1, 2, 3) indicate the relative order of appearance of the species observed in the experiments.
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