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The thermal decomposition of isopropanol was studied experimentally and theoretically with a view to
isolate and directly measure rate coefficients for the dominant radical channel in this multi-channel
process. Two complementary shock tube methods, laser schlieren densitomtery and H-atom atomic
resonance absorption spectroscopy, were used to obtain rate coefficents for the C-C bond fission
channel. The experimental ranges span temperatures from 1200-2100 K and pressures between 30—
690 torr. These are the most direct measurements of this rate coefficent in the fall-off regime of
relevance to high-temperature reacting systems. Theoretical studies also performed in this work confirm
that the title reaction and a molecular elimination involving dehydration were the sole unimolecular
processes at high temperatures. A master equation analysis yielded k(T, P) for the C—-C fission and these
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are shown to be in good agreement with the present experimental measurements. Comparisons with
prior experimental and theoretical studies in the literature indicate branching ratios as well as absolute
DOI: 10.1039/d5cp02482 k(T, P) for C—C bond-fission have been under-predicted for this decomposition reaction. Consequently,

results from the present studies place an increased emphasis on radical-driven secondary processes in
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Introduction

The high-temperature chemistry of alcohols is of fundamental
importance in combustion and fuel utilization. In contrast with
ethanol and butanol, the pyrolysis chemistry of propanol, in
particular isopropanol, has significant deficiencies that limit
the ability to develop predictive kinetic models for combustion
systems and other applications. Recent studies have provided
new data for understanding elementary reaction pathways in
isopropanol pyrolysis. However, critical differences between
model predictions and experimental data remain. For example,
Burnett et al." found significant discrepancies between model
predictions and experimental measurements of isopropanol
pyrolysis at high temperature (T > 900 K) and high pressure
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high-temperature pyrolysis of this simplest secondary alcohol.

(5 bar), indicating the initial thermal decomposition rate
coefficients may be incorrect.

In the recent shock-tube study of isopropanol decomposi-
tion by Kim et al.,” time-of-flight mass spectrometry was used to
measure major products and intermediate species for tempera-
tures of 1395-2053 K and pressures of 0.3-4 bar. At these
conditions, dissociation of isopropanol was identified to occur
by two channels: (R1) a dehydration yielding propene, and (R2)
a methyl radical elimination with a co-product 1-hydroxyethyl
radical.

iC3H,OH <> C3Hg + H,O  AH; 505k = 12.1 keal mol ™!
(R1)

iC3H,OH < CH;CHOH + CH; AH; 505 = 85.1 kcal mol ™!
(R2)

Dissociation of isopropanol by reactions (R1) and (R2) agrees
with other studies. However, quantifications of the rate coeffi-
cients, k; and k,, are limited as are the temperature and
pressure dependencies of the branching ratios to these two
channels. In the computational study by Bui et al,* k; and k,
were calculated using variational RRKM theory to determine
the low-and high-pressure limits, as well as the values at 50 torr
and 760 torr. Bui et al. concluded that at lower pressures
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(below 760 torr) the water elimination reaction, (R1), was the
primary reaction channel. At higher pressures and at 7 > 1200 K,
the bond-scission reaction, (R2), was predicted to be the dominant
reaction channel. While the predicted values for k, were in
agreement with the estimates from Tsang,” the k; values from
theory were shown to underpredict the experimentally determined
k, values (obtained by monitoring C;He formation) from
Trenwith.”> Apart from the extensive theoretical kinetics study by
Bui et al., there is a theoretical study from Pokidova et al® that
considered only the dehydration channel, (R1), from isopropanol.
A more recent study from Buerger et al.” also calculated theore-
tical kinetics for (R1) and (R2) as a simpler analogy for the
decomposition kinetics of titanium tetraisopropoxide.

Since the theoretical studies by Bui et al.® there have been a
few high-temperature experimental studies of isopropanol pyr-
olysis and decomposition, mainly focusing on (R1). Heyne
et al.® used a variable-pressure flow reactor to determine the
kinetics for isopropanol decomposition at 12.5 atm and 976-
999 K. From simulations of their experimental results, Heyne
et al. obtained k, values that were higher than the Bui et al.’
k.., values by about a factor of 4. Rosado-Reyes et al.’ char-
acterized the kinetics for the dehydration channel in isobutanol
and using this information and data from prior studies in their
laboratory on other alcohols, they were able to derive a rate
expression for reaction (R1) over the T-range from 1000-1250 K
and 1.5-6 atm. In contrast with Heyne et al., the k; values from
Rosado-Reyes et al.® are within a factor of 1.5 of the Bui et al.’
predictions. Jouzdani et al.'® performed shock tube pyrolysis
studies over 1300-1550 K and 3.5-11 atm. They used laser
absorption to monitor CO formation and simulated the profiles
with a variety of models from the literature. Li et al.'' studied
the pyrolysis of isopropanol in a flow tube (900-1350 K, 0.04—
1 atm) with photoionization mass spectrometry. Due to the
discrepancies between theoretical calculations for isopropanol
decomposition reactions and the available experimental data,
Li et al. simulated their experimental results with a reaction
mechanism based on analogies with butanol pyrolysis. Notably,
there are significant differences in the rate coefficients
and branching ratios for (R1) and (R2) between the recommen-
dations by Bui et al.® and the analogy-based kinetics from Li
et al.'* Lastly, there have been two recent shock tube studies
that also characterized the dehydration channel in isopropanol
decomposition. Mertens and Manion'® used a single-pulse
shock tube to decompose isopropanol with an excess of a
radical scavenger (1,3,5-trimethylbenzene). They determined
k; by monitoring both the extent of decay of isopropanol and
the extent of formation of propene between 979-1212 K and
at pressures between 2.9-4.9 atm. Their k; values were also
larger than k; ., from Bui et al.® by factors of 10-1.2 with the
difference being smaller at higher temperatures. Cooper et al."®
used time-resolved measurements of H,O formation using laser
absorption at 1.4 atm over a higher T-range, 1127-1621 K to
also determine k;. Simulations of the H,O profiles were best-fit
by the Li et al."* model and therefore these k; values in the fall-
off regime were also higher than the theoretical &, ., predic-
tions from Bui et al.
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Despite the extant theoretical and experimental studies on
the thermal decomposition processes in isopropanol, it is
evident that there are no direct experimental studies for the
kinetics of the key bond-fission process. Proper characteriza-
tion of higher-energy bond-fissions in the presence of lower-
energy molecular eliminations are known to be critical in
high temperature decompositions.”**® We surmise that the
observed discrepancies between the numerous literature stu-
dies are largely due to discrepancies in the kinetics for the
bond-fission reaction (R2) since this serves as the rate-limiting
step for radical driven secondary processes that rapidly break
down reactants to intermediates. The present studies on iso-
propanol were therefore motivated by this lack of direct experi-
mental kinetics on (R2).

Methods

Two well established shock tubes equipped with optical diag-
nostics were used to study the early stages of isopropanol
pyrolysis. The apparatuses and diagnostics have been pre-
viously described extensively and therefore only brief details
are given below.

Diaphragmless shock tube and laser schlieren densitometry

Laser schlieren (LS) densitometry’”'® experiments were per-

formed using a diaphragmless shock tube'®?° (DFST). The
driven section of the DFST is an electropolished 304 stainless-
steel tube with an internal diameter of 6.35 cm. There is a pair
of parallel quartz windows approximately 5.41 m downstream
of the driver section. The driver section is made from 304
stainless-steel pipe and is similar to that shown in ref. 20. At the
start of an experiment, a pneumatically actuated valve sepa-
rated the driver and driven sections. The driven section was
filled to pressure P; with reagent mixture and the driver to
pressure P, with helium. Formation of the shock wave was
initiated by rapidly opening the valve. The incident shock wave
velocity was measured using five piezoelectric pressure trans-
ducers (Dynasen Model CA-1135) evenly spaced 120.0 mm apart
and centered around the observation point. The temperature
(T») and pressure (P,) behind the incident shock wave were
calculated from the measured shock wave velocity, initial con-
ditions, ideal shock relations, and frozen chemistry assump-
tions. The uncertainty in the calculation of 7, and P, is
estimated to be ~0.5% based on findings from past studies.
The LS experiments measure axial density gradients (dp/dx)
in the reacting gases within the DFST. This is done by measur-
ing the deflection of a narrow continuous-wave laser beam
(Thorlabs S1FC637, 637 nm) that traverses the DFST orthogonal
to the direction of the incident shock wave. The deflection is
measured by a quadrant photodiode (OSI SPOT-9DMI) which
was configured to act as a two-segment diode with left and right
halves. The angular deflection of the laser beam is proportional
to the density gradient, the molar refractivity of the gas mixture,
and the DFST internal diameter."” However, the density gradi-
ent is also proportional to the rate of reaction, R, and enthalpy
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of reaction, AH,, summed over all reactions which allows
kinetic and mechanistic information to be extracted from the
measurements via eqn (1).

dp
dx

o Y Rj(AH.; — CpTAN)) 1)
7

Cp is the constant-pressure heat capacity, T the temperature
and AN; the change in mole number of the jth reaction. The term
CpTAN; is typically about 10-15 keal mol~". Consequently, mildly
endothermic reactions such as (R1) produce little measurable
density gradients. However, such reactions must be accurately
accounted for as they draw flux from other channels and may
produce species that participate in reactions producing noticeable
density gradients. The molar refractivity of krypton was obtained
from Gardiner et al*' and that of isopropanol was calculated
using the Lorenz-Lorentz equation with the molecular properties
taken from Sigma Aldrich (density = 0.785 ¢ mL™" at 25 °C;
refractive index = 1.377). The typical assumption that the mixture
molar refractivity for dilute mixtures, such as those used in this
work, does not vary significantly with extent of reaction was made.

Fig. 1 shows an example of the measured (as-recorded) LS
signal and the corresponding density gradients are shown in
the inset figure. The large peak and preceding valley in the LS
data at ~10 ps are due to shock front/laser beam interaction.
On the right edge of the peak there is an abrupt change in
slope, more clearly seen in the inset figure. Following this point
in time, the LS signal is entirely due to chemical reactions in
the shock-heated gases. The onset of reaction, indicated by ¢, in
Fig. 1 is obscured by the large peak and is located by a well-
established method with an uncertainty of <0.2 us.t” At t,,
dissociation of the reagent is the only reaction occurring. By
simulating the density gradient profile, the density gradient at
to can be obtained by extrapolation, and the total rate coeffi-
cient for dissociation of isopropanol can be determined.

2% iso-propanol / Kr
I P, =122 torr
T,=1738K
2
=
-
8
f 75 2 4 6 8
-l t/us
c
2
w
\J&to
1 1 1 1
0 5 10 15 20 25 30
Time / us

Fig. 1 Example LS signal (as-recorded). The approximate location of the
onset of reaction, to, is indicated by the arrow. The inset shows the
corresponding density gradient profile. The early steep portion of
the density gradient time-history is due to shock front/laser beam inter-
actions. The abrupt change in slope at ~0.75 ps and the following data are
due to chemical reactions.
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Mixtures were prepared manometrically in a pre-evacuated
(~107 torr) 50 L round-bottom flask. Mixtures were stirred for
at least an hour with a magnetic stirrer prior to use. The initial
concentrations of the gases studied were 1%, 2%, and 4%
isopropanol dilute in krypton. The isopropanol was obtained
from Sigma Aldrich (99.9%). Krypton 99.999% was obtained
from Airgas. All species were used as supplied.

Shock tube and H-atom resonance absorption spectroscopy
(ST-ARAS)

The ST-ARAS experiments used Kr as the diluent with H-atom
ARAS as the diagnostic.>” The cylindrical 7 m long (3.75 cm i.d.)
shock-tube driven section was constructed from 304 stainless
steel tube, and the interior was honed to a mirror finish. The
driven section was separated from the He driver chamber by a
4 mil unscored 1100-H18 aluminum diaphragm. Between
experiments, the tube was routinely pumped (Edwards Vacuum
Products Model CR100P) to lower than 10~® torr. Shock-wave
velocities were measured with eight equally spaced pressure
transducers (PCB Piezotronics, Inc., Model 113A21) mounted
along the downstream part of the test section and recorded
with a 4094C Nicolet digital oscilloscope. The temperature (T’)
and density (ps) in the reflected shock-wave regime were
calculated from this velocity. Corrections for boundary layer
perturbations have been applied.”*>* The oscilloscope was
triggered by a pulse derived from the velocity gauge signal
furthest from the diaphragm.

The photometer system was located 6 cm from the driven-
section endplate. H-atom ARAS detection was used to follow
[H];, the absolute H-atom concentrations as a function of time,
quantitatively. The optical components (windows and lenses)
were crystalline MgF,, and the resonance lamp beam intensity
(filtered through 4 cm of air (21% O,) at 1 atm to isolate the
Lyman-oH wavelength at 121.6 nm) was measured by a Hama-
matsu R8487 solar-blind photomultiplier tube, as described
previously.>*>° The atmospheric O, filter serves as a mono-
chromator since there is a narrow region of high transmittance
in the O, absorption spectrum at 121.6 nm. Signals were
recorded with a LeCroy model LC334A oscilloscope which was
triggered with the same pulse as the oscilloscope measuring the
pressure transducer signals. For H-atom detection, the micro-
wave driven resonance lamp was operated at 35 watts and
1.4 torr of research grade He (99.9999%) (effective Doppler
temperature: 470 K).>° Due to lamp gas hydrogeneous impu-
rities in research grade He (even cooled with liquid N,), Lyman-
oH radiation is emitted from the lamp along with a few percent
of radiation that is extraneous (non-resonant). In order to
measure the fraction of Lyman-oH present in the lamp, an H,
discharge flow system, an atom filter, is used to create large [H]
(~1 x 10" atoms cm™?) between the lamp and shock tube
26,3032 thereby removing all of the Lyman-oH in the
emission lamp. It can be shown using line absorption
theory>®*°?% that [H] = 1 x 10'* atoms cm* at room tempera-
ture will remove 99.6% of Lyman-oH. The fraction of non-
resonant emission is ~10%. This fraction is subtracted from

window
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the measured photomultiplier-signal, meaning that 90% of the
measured signal-intensity is Lyman-oH radiation.

High purity He (99.995%), used as the driver gas, was from
AGA Gases. Research grade Kr (99.999%), the diluent gas in the
reactant mixtures, was from Praxair, Inc. The ~10 ppm impu-
rities (N, < 5 ppm, O, < 2 ppm, Ar < 1 ppm, CO, < 0.5 ppm,
H, < 1 ppm, H,0 < 3 ppm, Xe < 2 ppm, and THC < 0.2 ppm)
are all either inert or in sufficiently low concentration to not
perturb H-atom profiles. Isopropanol (99.9% purity) was
obtained from Sigma-Aldrich. This was further purified by
bulb-to-bulb distillation (in an all glass high-purity vacuum
line) retaining only middle-thirds for mixture preparation. Gas
mixtures of isopropanol (~1-2 ppm) dilute in Kr were accu-
rately prepared (using the same vacuum glass line) from
pressure measurements using a Baratron capacitance man-
ometer and stored in 22.4 L glass bulbs for subsequent use in
the ST-ARAS studies reported here.

Theory

Prior theoretical studies on isopropanol decomposition include
the extensive calculations by Bui et al.® on the singlet potential
energy surface (PES) at the G2M level of theory. Their calcula-
tions considered the three lowest energy bond-fissions that
included C-C fission via (R2), tertiary C-H bond fission (R3),
and C-OH bond fission (R4). Apart from these bond-fissions,
they also calculated barrier heights for five additional molecu-
lar decompositions via reactions (R5)—(R9).

iC;H,OH < (CH;),COH + H (R3)
iC;H,0H « (CH;),CH + OH (R4)
iC3H,0H <> CH;CCH; + H,0 (R5)
iC;H,0H < H, + CH,C(OH)CH; (R6)
iC3H,0H < H, + CH;C(O)CH; (R7)
iC3H,OH < CH, + CH;CHO (R8)
iC3H,OH <> CH, + CH;COH (R9)

The lowest-lying channel was identified to be dehydration via
(R1) with a calculated barrier height of 65.4 keal mol ™ *. Aside
from (R5) that had a barrier of 77.9 kcal mol ", barriers for all
other molecular decompositions ((R6)-(R9)) exceed 81 keal mol .
Bui et al. concluded that (R1) and (R2) were the only relevant
channels in isopropanol decomposition from their theoretical
kinetics predictions. Energy transfer though has a noticeable role
to play with the theoretical work by Bui et al® indicating that
pressure fall-off is extensive in (R1) and (R2) at 7 > 1200 K. The
electronic structure theory calculations by Pokidova et al.® predict
a much lower barrier of 61.97 kcal mol™ " for (R1), and therefore
their predicted rate coefficient at 800 K is orders of magnitude
higher than the Bui et al. predictions. Buerger et al.” used the CBS-
Q method but did not report the calculated barrier for (R1). To
characterize the barrier-less reaction (R2) they used the VRC-TST
method as implemented for alkyl radicals.** Buerger et al.” per-
formed a master equation analysis and their predicted &, ., was in
reasonable agreement with the k; ., predictions by Bui et al.
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In this work, the rovibrational properties of the minima and
transition states (of the molecular channels) for the important
thermal decomposition steps in isopropanol were determined
at the MO06-2X/cc-pvtz level of theory. Higher level energy
estimates for these stationary points were obtained using the
CCSD(T)/cc-pVooZ method where the infinite basis set limits
are estimated from an extrapolation of results obtained from
sequences of cc-pVnZ where n = (T,Q) basis sets.***® Table S4
summarizes the energetics for the bond fissions and molecular
channels in isopropanol at the CCSD(T)/cc-pV oo Z//M06-2X/cc-
pvtz levels of theory. The predicted energetics in the present
work differ by up to 2-3 kcal mol™" from the G2M calculations
by Bui et al. However, the predicted barrier for the lowest-lying
dehydration channel is ~0.5 kcal mol™* higher in this work
than that of Bui et al while the bond-energy for (R2) is
predicted to be 85.11 kcal mol™* (~1.9 kcal mol ™" lower
than the G2M prediction of 87 kcal mol™" from Bui et al.) in
excellent agreement with the current ATcT recommendations
(85.03 keal mol ").*” One potentially relevant process that can
confound the present analyses and was not considered in prior
theoretical studies is roaming. Roaming pathways originating
from (R2) can potentially lead to the formation of CH;CHO +
CH, and CH,CHOH + CH,. However, a prior theoretical
prediction®® for roaming in ethanol indicates that this is a
minor process (~2% of total reaction flux at 1300 K) and by
analogy we assume that roaming will not compete with the two
main channels, (R1) and (R2), in isopropanol dissociation at
the conditions of this study.

Master equation calculations were performed with the VAR-
IFLEX code using the present ab initio based energetics and
molecular properties to obtain theoretical rate constants. The
transition state partition functions were evaluated using phase
space theory as implemented in VARIFLEX for (R2) whereas a
conventional transition state theory treatment was employed
for (R1). Sample calculations including higher energy molecu-
lar and radical processes indicated that these were negligible
processes (over the T, P ranges of the present experiments), a
conclusion also borne out by the Bui et al’ analyses. The
coefficient for the inverse sixth power potential in the PST
calculations was calibrated to match the capture rate constants
for CH; + iso-C3H,** (~2 x 10" molecule ecm > s~ ) for (T =
1000-2500 K) as an approximation to the CH; + CH;CHOH
capture rate. This analogy is reasonable as the calculations for
the capture rate for CH; + CH;CHOH by Buerger et al.” are in
remarkably close agreement (within 7% over the 1000-2500 K
T-range) with that of CH; + iso-C;H;.** 1-D hindered rotor
treatments were employed for torsional modes, and tunnelling
corrections using 1-d asymmetric Eckart barriers®®™*' were
incorporated for (R1). Lennard-Jones parameters for Kr and
estimates for isopropanol were taken from the literature.***?
Pressure dependent rate coefficients were calculated over the
temperature range 1000-2500 K and fit to Arrhenius expres-
sions that are presented in Table 1. The theoretical values and
non-Arrhenius curve fits (and their errors) are available in the SI
in tabular and graphical forms. An exponential down model
was used for energy transfer with a temperature dependent

This journal is © the Owner Societies 2025
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Table 1 Arrhenius fits to theoretical predictions for k; and k» (s7%)

Pressure (atm) A n E./R (K) Fit error
ki1, 0.0395 1.00 x 107° —17.956 51600 12%
k1, 0.0789 1.00 x 107 —17.612 51600 9%
ki, 0.1579 1.00 x 1073 —17.269 51 600 7%
ki, 0.3158 1.00 x 1072 —16.927 51600 6%
ki, 1.0 1.00 x 107! —16.527 52100 9%
ki, 10 1.00 x 10%* —13.826 50000 12%
k1, 100 1.00 x 10%° —13.010 51500 17%?
k1o 6.03 x 10° 1.399 32750 6%
k,, 0.0395 1.00 x 107° —17.640 54400 13%?
k>, 0.0789 1.00 x 107* —17.262 54 400 15%2
k», 0.1579 1.00 x 10% —18.786 57 600 17%
k», 0.3158 1.00 x 107° —18.407 57 700 20%
ks, 1.0 1.00 x 10”8 —17.958 58250 13%?
ks, 10 1.00 x 1077 —17.328 60150 13%
k,, 100 1.00 x 107° —16.436 61900 15%
k2,00 3.96 x 10%* —2.076 45000 1%

Fits valid between 1000-2500 K except * which are valid between 1100
2500 K.

(AEgown) = 150 (7/298)*%° cm™', which is a reasonable
estimate,** and this allowed comparisons with the experimen-
tally determined rate coefficients from the present shock tube
studies that span pressures from 0.08-0.91 atm over the
extended temperature range 1196-2090 K.

Elementary reaction mechanism and modelling approach

The density gradient profiles behind the incident shock wave
from the LS experiments were simulated using the chemical
kinetic mechanism presented here and the computer program
Frhodo.*” The same mechanism was used to simulate the H-
ARAS experiments which were modelled as a 0D constant volume
homogeneous reactor using the ANSYS Chemkin package.*®

The reactions for pyrolysis of isopropanol (unimolecular and
bimolecular reactions) are shown in Table S1 of the SI. The
initial values for k; and k, were taken from the master equation
results. Rate coefficients for H attack on isopropanol resulting
in abstraction of a hydrogen atom were set to the values
calculated in this work. Those for abstraction by CH; were
taken from Saggese et al,*” and those involving OH radical
were from Guo et al.*® In this study, the OH and CHj3; initiated
reactions were of minor importance relative to those initiated
by H-atoms.

The ThInK 1.0 mechanism*®”° was used as the base chem-
istry mechanism. ThInK 1.0 is a theory informed kinetics
model which has been developed over several years. The model
includes a priori high-level theoretical predictions for the
elementary reactions as well as thermochemistry and transport
parameters for species involved in small molecule combustion
chemistry (H, and C0-C3 species). The first principles-based
approaches have been described in recent reviews by the
model’s authors.”™*> The methods used enable the creation
of reaction mechanisms that rely on theory alone, yet possess
predictive power over wider temperature, pressure, and concen-
tration ranges than prior approaches. A preliminary version of
this mechanism and limited simulations were presented in
prior work.”® The current version of the model**”° makes
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reliable predictions of the extant literature data on auto-
ignition and laminar flame propagation for the core combus-
tion species.

The reactions involving and deriving from isopropanol were
added to ThInK 1.0. which includes the chemistry for all the
subsequent species produced from the unimolecular initiations
(R1) and (R2), and bimolecular H-abstraction reactions from
isopropanol. Of relevance here are the kinetics for the C;H,0
radicals for which ThInK relies on the theoretical predictions
from Zador et al>* Additional reactions added to the ThInK
mechanism included a better description of the chemistry of
acetone and for this we relied on the theoretical predictions
from Zaleski et al.>® Details of these are given in Table S1. The
complete model and thermochemistry are provided in the SI.
Details of these are given in Table S1 and is also provided as a
Chemkin compatible kinetics model in the SI.

Results
ST-ARAS

Thirty-three experiments were performed behind reflected
shock waves over the temperature range 1195-1509 K and at
nominal pressures of 0.2, 0.48, and 0.86 atm (150, 365 and
655 torr). Unimolecular dissociation of isopropanol does not
directly produce H-atoms. However, CH;CHOH (formed in
(R2)) nearly instantaneously decomposes to produce H-atoms
via two competing reactions, (R10) and (R11).

CH,CHOH < CH;CHO + H (R10)

CH,CHOH < CH,CHOH + H (R11)

In the absence of reactions that deplete [H], the results will
then be direct measures for the kinetics of reactions (R1) and
(R2). Fig. 2 shows typical H-atom profiles at T = 1253 K using
[isopropanol], = 1.102 x 10" molecules cm™* (2.16 ppm), and
1467 K using [isopropanol], = 1.141 x 10" molecules cm°
(1.06 ppm). If the sensitivity for H-detection is high, secondary
reaction perturbations become negligible, and then the tem-
poral behavior is only dependent on these two primary initia-
tion channels. Under such scenarios, the rate of formation of
H-atoms can be simulated by applying a simple first-order
analysis leading to eqn (2) where [isopropanol], is the initial
concentration of isopropanol and ¢ is time.

[H]; = (ks[isopropanol]o/(ky + k,)) x (1 — exp(—(ky + k,)t))
2)

This first-order analysis was used to obtain preliminary
values for k; and k,. The solid line shown in Fig. 2 was
determined from the full mechanism presented here. To obtain
the final k, values both k; and k, were adjusted manually to
obtain the best fit for each experiment. Sensitivity analyses for
the two [H], profiles depicted in Fig. 2 are shown in Fig. 3,
where it is evident that the H-atom formation at early-times
depends only on k,. The high sensitivity of the H-ARAS setup
(detection limit <5 x 10" atoms per cc) means that [isopro-
panol], of 1-2 ppm could be used, thereby effectively
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Fig. 2 [HI; profiles (shown in blue) from isopropanol decomposition at
1253 K and 1467 K. The solid black line is a fit over the entire time range
using the present model. The dashed lines represent changes in the best-fit
k> values by +£20%. The conditions for the experiment at Ts = 1253 Kare P, =
30.75 torr, Mach number (M) = 2.228, ps = 5.106 x 10'® molecules cm~3,
and [isopropanollp = 1.102 x 10™ molecules cm~>. The conditions for the
experiment at Ts = 1467 K are P, = 5.81 torr, Mg = 2.417, ps = 1.079 x

10*® molecules cm™>, and [isopropanolly = 1.141 x 10 molecules cm™.

suppressing bimolecular reactions at short reaction times. At
longer-times and T < 1300 K, the only reaction other than (R2)
that is sensitive is (R1). In prior studies e.g. ref. 56, where the
reactant was fully consumed, the [H], profiles attained a con-
stant maximum value at long-times. Applying a first-order
analysis in such scenarios enables direct measurements of
not just total rate coefficients for reactant loss, but also direct
branching ratios for the H-atom forming channel. This facil-
itates direct determinations of rate coefficients®® for two-
channel thermal unimolecular dissociation processes where
only one channel exclusively forms H-atoms. However, in the
present studies at T < 1300 K, complete depletion of reactants
did not occur in the ~2 ms observation time. Furthermore, at
higher-T where consumption was complete, decompositions of
the products from (R1) and (R2) by reaction (R12)-(R14) also
produced H-atoms.
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2.0 [**** H+CH3CHCH2 (+M) = CH3 + C2H4
H + (CH3)2CHOH = Hg + CH3CHOHCH,

= (CHz)»CHOH (+M) = CH3 + CH3CHOH (+M), R2
— —(CH3)2CHOH (+M) = CH3CHCHy + Ho0 (+M), R1
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Fig. 3 [HI; sensitvity analyses for the experiments shown in Fig. 2 using

the best-fit k» values used in the mechanism. Reaction numbers corre-
spond to the text. Reactions that are not numbered appear only in the
mechanism in the Sl.

C;Hg <> CH,CHCH, + H (R12)
CH;CHO «» CHj; + HCO (R13)
HCO«— H + CO (R14)

Consequently, the long-time [H], profiles include contributions
from these reactions and therefore do not allow the direct-
application of first-order analysis to determine branching ratios
as in prior studies.”® However, (R12)-(R14) are all well-
characterized and the sensitivity analyses show that they have
a negligible impact on the determined &, values. The final best-
fit values for k, using the detailed mechanism were within
£20% of the preliminary &, values from the first-order analyses
(eqn (2)). This is also reflected in the simulations represented
by the dashed lines in Fig. 2, where changes to k, by +20%
significantly degrade the fits to the [H], profiles. The best-fit k,
values for each experiment are presented in Table S2 in the SI.
Arrhenius fits to the first order rate coefficients (see SI) for k,
from the H-ARAS experiments lead to
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ky = 7.00 x 10" exp(—25760K/T) s * (0.2 atm, 1318-1509 K)

(3)
k, = 3.28 x 10" exp(—27879K/T) s * (0.48 atm, 1240-1350 K)

(4)
k, = 9.00 x 10" exp(—34 860K/T) s * (0.86 atm, 1195-1292 K)

(5)

These expressions are valid only over the listed ranges and
should not be extrapolated to other conditions.

DFST/LS

One hundred and nineteen LS experiments were conducted
behind incident shock waves at temperatures from 1550 to
2100 K and nominal pressures of 30, 60, 120, and 250 torr. A
summary of the experiments is provided in Table 2 with details
of the experimental conditions and rate coefficients tabulated
in Table S3 in the SI. Typical density gradient profiles from
isopropanol laser schlieren experiments using 2% and 4%
isopropanol are presented for two state conditions in Fig. 4.
The density gradients remain positive throughout the observa-
tion period, indicating endothermic reactions dominate and
that radical recombination reactions, typically strongly exother-
mic, are of minor importance in the short observation period.

In Fig. 4, absolute values of the density gradients are plotted
and results from two simulations are compared with an experi-
ment. The solid line depicts results obtained with the final
mechanism presented here. The broken line represents the
current model, but with k; and k, replaced by the corres-
ponding values from Li et al'' The simulations with the Li
et al. values consistently overpredict consumption of isopropa-
nol and secondary reactions quickly force the simulated density
gradients lower than the experimental values. Furthermore, the
simulations quickly produce net negative density gradients
contrary to the experimental observations. Simulations with
the complete mechanism from Li et al. produce similar results.

Similar to the H-ARAS studies, k; and k,, were iteratively
adjusted for each experiment to visually obtain the best fit at
early times (<4 ps) between the experiment and simulation
results. The simulated density gradient profiles were sensitive
to the rate of dissociation of isopropanol and the branching
fraction between the (R1) and (R2). Due to the low endother-
micity of (R1) (12.1 keal mol™") and the large endothermicity of
(R2) (85.1 keal mol ") the simulations were most sensitive to k.
Consequently, k; was initially set to the theoretical values and
for a few experiments k; was adjusted by up to a factor of 1.2,
whereas k, was varied to best fit the early-time density gradi-
ents. Fig. 5 shows the sensitivity of the simulations to variation

Table 2 LS experimental conditions studied

Isopropanol concentration

Pressure (torr) Temperature (K) (mole basis in Kr)

250 1497-1941 2%

120 1478-2082 1%, 2%, 4%
60 1608-2035 2%, 4%

30 1636-2090 2%, 4%
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Fig. 4 Typical experimental results (symbols) for absolute density gradi-
ents and comparison with model predictions (lines). The solid lines
represent simulations using the current model. k; and k, were replaced
with values from Li et al.* to generate the dashed lines.

in k, by a factor of 2. For the majority of the experiments k, was
adjusted by < 50% from the initial value. (R1), the water
elimination channel, must be accurately accounted for because
it draws flux away from (R2) and secondary reactions of
propene produced by (R1) are important, especially at high
temperatures. Arrhenius fits to the first order rate coefficients
(see SI) for k, from the LS experiments at 30, 60, 120, and 250
torr lead to,

k2 30t0rr = 1.26 x 10" T~ 32 exp(—22 500K/T) s~ (1636-2090 K)
(6)

(1608-2035 K)
)

Kz 120t0m = 1.93 x 10" T7'%% exp(—34 860K/T) s~ *(1478-2082 K)
(8)

k2 250t0rr = 1.00 x 107 T~'%?7 exp(—35 801K/T) s~ (1497-1941 K)
)

that are valid only over the listed pressure and temperature
ranges and should not be extrapolated to other conditions. At

k2 60t0rr = 1.64 x 10%° T exp(28 110K/T) s~ "
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Fig. 5 Plots of absolute density gradients showing the sensitivity of the LS
simulations to variations of a factor of 2 in k,, iCzH,OH — CHsz +
CHzCHOH.

higher temperatures and/or longer times the simulated gradi-
ents show a sharp dip indicating that the net density gradient
has become negative. This is primarily due to a set of reactions
initiated by CH;C(OH)CH3, which is produced by abstraction of
the tertiary hydrogen from isopropanol in (R15)

iC3H,OH + H — CH3C(OH)CH; + H, (R15)

Discussion

Cumulatively, the experimental measurements for k, from the
two shock-tube studies span an extensive temperature range,
1195-2090 K and pressure range, 0.04-0.9 atm, thereby provid-
ing a rigorous test for pressure fall-off in this dominant bond-
fission channel. Fig. 6 depicts the experimental results (shown
as symbols for both the ARAS and LS studies) with the present
theoretical predictions (depicted by lines) providing a compre-
hensive description of k,(T, P). It is evident the extent of fall-off
in this bond-fission is severe as indicated by both the measure-
ments and theory. Specifically, k, values at 1 atm are an order of
magnitude less than the value of k, ., at 1500 K, with larger
deviations observed with increasing temperatures. In the
absence of prior direct measurements, comparisons of the
theoretical predictions in this study with the prior theorical

20990 | Phys. Chem. Chem. Phys., 2025, 27, 20983-20993

View Article Online

PCCP
T/K
o 2500 2000 1667 1429 1250 1111 1000
10 ' ' ' ' ' o 0.2atm ARAS
T A 0.48atm ARAS
10° A ©  0.86atm ARAS
E o 0.04atm LS
10° 4 v 0.08atm LS
o | + 0.16atm LS
~ . . X 0.32atm LS
510%1 - 0.04atm p.w.
T - 0.32atm p.w.
04 TTBINL [ 1atm p.w
4 - - - 10atm p.w.
100 N\ [~ — ~100atm p.w.
- kP w.
T <Y
102 T T T T T T T I
0.4 0.5 0.6 0.7 0.8 0.9 1.0
1000 K/IT
T/K
2000 1818 1667 1538 1429 1333 1250 1176 1111
SN ' ' ' ' ' "o 0.2atm ARAS

0.48atm ARAS
0.86atm ARAS

0.08atm LS
0.16atm LS

o]
I
(o
o 0.04atm LS
v
¥
X

0.32atm LS
0.04atm p.w.
0.08atm p.w.

- - - 0.16atm p.w.
- 0.32atm p.w.

T T T T T T T T 1
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90
1000 K/IT
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from ARAS experiments; Black symbols are k, from LS experiments; Lines
are theoretical predictions from this work. The lower plot is zoomed to the
experimental data.

predictions from Bui et al. are depicted in Fig. S1 in the SI
While there is a reasonable agreement in predicted &, ., values
between the two studies. the predicted extent of fall-off is more
severe in the Bui et al predictions. This is in quantitative
disagreement with the present experimental measurements
and theory; for example, the 50 torr Bui et al. predictions at
T > 1500 K are approximately a factor of two lower than the
present 30 torr (0.04 atm) data and predictions.

Buerger et al.” have also provided k,(T, P) fits, and compar-
isons with the fits from Buerger et al.” indicate much lower ka, o0
than that of Bui et al. (by a factor of 3 at 1500 K) and the present
theoretical predictions (by a factor of 5 at 1500 K). It is therefore
not surprising to observe that the Buerger et al. 1 atm predic-
tions for k, are lower than even the 0.04 atm predictions and
experiments from the present work. The small differences
(factors of 2-3) between the present predictions and that from
Bui et al. are attributed to the differences in barriers, molecular
properties, and the choice of energy transfer parameters. How-
ever, in the absence of any details about the kinetics predic-
tions in the Buerger et al.” work, the sources for the larger
discrepancies between their predictions and that of Bui et al.?
and the current work cannot be ascertained.
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Fig. 7 Comparison of branching ratios (BR) for isopropanol decomposi-
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pressure limit.

Another set of comparisons were made between the present
predictions and the analogy-based estimates from Li et al!
and the optimization derived values from Mertens and
Manion'? (over a limited temperature and pressure range) are
depicted in Fig. S2 in the SI. At T < 1500 K, at the lowest
pressures (30 torr) the estimates in the Li et al. model are
factors of 3-4 larger than the present predictions. At higher
pressures, the differences are factors of 2-3. It is evident that
the estimates for k,(T, P) that are based on C-C fission for n-
butanol in the Li et al model do not match the present
theoretical predictions (and experimental data) for the extent
of fall-off in (R2). On the other hand, the results based on
optimization from Mertens and Manion that are valid over a
narrow range of pressures (2.8-4.7 atm) and temperatures
(1000-1200 K) are within 10% of the present predictions at
1 atm. Under these conditions, theory predicts that fall-off is
not as severe with & 1,tm (1200 K) being ~0.37k; o, (1200 K). As
discussed below, this is crucial in interpreting the majority of
high-temperature experiments on isopropanol since (R2) pro-
vides an initial source for reactive radicals.

While the present experimental studies have largely isolated
the kinetics for (R2), it is also useful to compare branching
ratios between (R1) and (R2) from the present theoretical
predictions with the literature studies. The detailed analysis
by Mertens and Manion concludes that studies in the literature
at lower temperatures using flow/static reactors™® can be
impacted by radical chain reactions in experiments that are
not completely inhibited by free-radical scavengers. This places
an emphasis not only on k, values, but also on the branching
between the two main reactions of interest in isopropanol
decomposition.

Fig. 7 depicts the branching ratios for ki, relative to
(kg1 * kgo) from the present theoretical predictions as well as
literature predictions®” and estimates.'” There are noticeable
differences between the predicted branching ratios for the
radical channel (R2) from the current work and the two prior

This journal is © the Owner Societies 2025
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theoretical predictions and the estimates from Mertens and
Manion. The predictions from the present work indicate the
radical channel is dominant at 7 >1200 K at P > 30 torr. This
is in significant discrepancy with the modelling by Bui et al.’
that predicts the dominance of the radical channel only at 7 >
1300 K for P > 1 atm. The Buerger et al.” study under-predicts
the branching to radical products even more severely, with (R2)
dominating only at 7 > 1800 K at the high-pressure limit. The
estimates derived by the optimization study from Mertens and
Manion'? also underpredicts the branching to radical products
(relative to the present work) and is in closer agreement with
the Bui et al.’ predictions.

The Buerger et al. predictions for the radical channel seem
to be anomalously low if one were to draw analogies with
branching to the C-C fission in ethanol. In prior studies by
Sivaramakrishnan et al.,'® theoretical predictions were in excel-
lent agreement with the direct experimental measurements for
the branching ratios in ethanol. Comparisons of the theoretical
predictions from this earlier study'® at 1 atm indicated that
branching to C-C fission in ethanol was even larger than the
Buerger et al.” 1 atm branching ratios to (R2) in isopropanol.
Lastly, the recent study on isopropanol decomposition using a
laser diagnostic for H,O by Cooper et al.'® relied on the Li
et al."* model for their simulations.

As discussed earlier, not only are there discrepancies
between the k,(7, P) values from Li et al. and the present
predictions, but the discrepancies are even larger for k,(7, P).
Branching to dehydration is more favored in the Li et al. model
than the present predictions. Consequently, simulations
(see SI) of the Cooper et al. data with the model used in the
present work indicates that H,O formation in these experi-
ments are not sensitive to k; but instead are sensitive to
secondary reactions catalyzed by radicals from the dominant
initiation reaction (R2). It can therefore be hypothesized that
using radical scavengers cannot completely suppress radical
reactions in most of the literature experiments at P > 1 atm
given the dominance of (R2) at T > 1000 K. A brief discussion
on the impact of the present results on Merten and Manion’s
experiments is given in the SI. As exemplified in recent studies
by Cho et al.,'® the present work again emphasizes the key role
of branching to radical processes in multi-channel thermal
decompositions.

Conclusions

The initial decomposition processes in isopropanol were inves-
tigated with two complementary shock-tube techniques, one a
diaphragmless shock tube using laser-schlieren densitometry,
and the other a shock tube with atomic resonance absorption
spectroscopy. More than 150 shock tube experiments were
performed using the two methods over an extended range of
temperatures and pressures spanning 1200-2100 K and 30-690
torr. High-level theoretical calculations were used to predict the
pressure and temperature dependent rate coefficients for the
two primary isopropanol decomposition reactions forming
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water, (R1), and radicals, (R2). Simulations of the two shock-
tube data sets using a kinetics model were used to unambigu-
ously determine high temperature kinetics [k,(7, P)] for the C-C
fission in isopropanol. The theoretical predictions are in good
agreement with the experimental k,(7, P) values that span the
fall-off regime and therefore provide reliable extrapolations to a
wider-range of pressures and temperatures. Fits to the theore-
tical k,(T, P) values are presented in Table 1 and in the model in
the SI for use in practical simulations. The present experiments
and theory indicate the k,(T, P) values and branching to (R2) is
under-predicted in prior literature studies, and therefore re-
interpretation of prior studies that focussed on the kinetics of
the dehydration channel (R1) at high temperatures might be
warranted.
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