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a b s t r a c t

Isopropanol (2-propanol) dissociatively photoionizes primarily into the CH2CHOH
þ, CH3CHOH

þ,
CH3CHCH3

þ fragment ions, and, as a minor product, into (CH3)2COHþ in the 10.0e13.1 eV photon energy
range as shown by Imaging Photoelectron Photoion Coincidence (iPEPICO) spectroscopy. At internal
energies of below 0.3 eV, the loss of CH4 dominates via a roaming pathway, in which the leaving CH3

abstracts a hydrogen atom from the other methyl group. At higher energies, the kinetically favored direct
loss of a methyl radical quickly takes over as its transition state is looser. We use the measured CH3-loss
appearance energy of 10.44 ± 0.01 eV to confirm the heat of formation of protonated acetaldehyde,
CH3CHOHþ, as DfH� ¼ 608 ± 1 kJ mol�1 at 0 K. The highest-energy dissociation observed leads to
CH3CHCH3

þ þ OH, which corresponds to CeO bond scission. This process is the premier example of a non-
statistical dissociation which can be modeled using a statistical model, albeit with a physically mean-
ingless appearance energy. This channel is shown to be non-statistical due to preferential OH loss from
the first electronically excited ion state.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

2-Propanol, commonly known as isopropyl alcohol or simply
IPA, is one of the most common household and industrial chemicals
[1e3]. Short chain alcohols are also crucial components of fuel
blends and their fragments contribute to radical chain propagation
in low-temperature autooxidation [4e6]. What can possibly be
learned from studying such a common, well-known molecule? It
turns out that the 2-propanol cation is an ideal system to compare
alkyl vs. alkane elimination kinetics and energetics. The competi-
tion between the two can be a complex and dynamic process. Alkyl
elimination usually involves a simple bond cleavage while alkane
elimination is typically a two-step process where the alkyl radical
may undergo roaming to form a dipole-bound neutraleion com-
plex, followed by hydrogen transfer to the alkyl radical to form the
Clara, USA.
closed-shell neutral leaving group [7]. Usually, the two processes
compete at the same bond cleavage site.Whether themolecular ion
loses a closed-shell alkane or open-shell alkyl radical depends on
the dissociation kinetics as well as the energetic stability of the
products, and one pathway may be preferred in only a narrow in-
ternal energy range [8e10]. Studying these competitive processes
in 2-propanol presents an interesting challenge as, similar to
acetone, it contains two, identical methyl groups, but, unlike
acetone, there are three different sites with abstractable hydrogens,
namely OeH, a-CeH, and b-CeH (see Table 1).

In the literature, both the methyl andmethine groups have been
implicated in the methane-dissociation mechanism [11e13]. Griffin
et al. collected differential photoionization efficiency curves for 2-
propanol and detected only methane elimination up to 100 meV
above the ionization threshold at 10.1 eV [11]. However, methyl
elimination quickly took over with as little as 100 meV more ion
internal energy. Therefore, high-resolution internal energy selec-
tion of the molecular ion is required to study these dissociation
processes.

While low-energy dissociation processes are difficult to study
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Table 1
Possible dissociation pathways of the 2-propanol molecular ion with the observed
processes in bold.

Fragment Ion Reaction Pathway Thermochemical
Limit (eV, G4)

m/z 59 / (CH3)2COHþ þ H (1a) 10.24
/ CH2CH(OH)CH3

þ þ H (1 b) 10.91
/ (CH3)2CHOþ þ H (1c) 11.11

m/z 45 / CH3CHOHþ þ CH3 (2a) 10.43
m/z 44 / CH2¼CHOHþ þ CH4 (3a) 10.03

/ CH3CH]Oþ þ CH4 (3 b) 10.49
/ CH3C]OHþ þ CH4 (3c) 10.81

m/z 43 / (CH3)2CHþ þ OH (4a) 11.53
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with electron ionization or even collision-induced dissociation,
vacuum ultraviolet (VUV) photoionization is well-suited due to its
high energy resolution [14]. Photoelectron photoion coincidence
(PEPICO) detection with velocity map imaging for electrons allows
for high-resolution parent ion internal energy selection while the
use of a long ion acceleration region with moderate extraction
fields can establish and quantify the dissociation kinetics in meta-
stable processes [15,16]. Furthermore, the detailed photoionization
mechanismmay also help peak assignment in the study of complex
reactive mixtures, inwhich imaging PEPICO has been shown to be a
universal, sensitive, (isomer-)selective, and multiplexed detection
tool [17]. As, according to the literature, 2-propanol has two
competing unimolecular dissociation channels within a narrow
energy range above its adiabatic ionization energy, the imaging
PEPICO (iPEPICO) apparatus [18] at the VUV beamline [14] of the
Swiss Light Source synchrotron in Villigen, Switzerland is ideally
suited to study this system.
2. Experimental

The 2-propanol (anhydrous, 99.5%, from SigmaeAldrich) sample
was placed in a glass vial and the vapor was introduced from the
headspace into the iPEPICO ionization region through an effusive
inlet at room temperature. The pressure in the ionization chamber
was set to 3e4 � 10�6 mbar during measurements and the sample
was ionized in a 2 � 2 mm2 interaction region by the incident VUV
synchrotron radiation in the photon energy region between 10.0
and 13.1 eV. Bending magnet radiation was collimated, dispersed
by a 600 grooves/mm laminar grating and focused into a gas filter
to remove higher harmonic radiation using a mixture of Ne, Ar, and
Kr [19]. The photon energy was calibrated using the Ar 11sʹe14sʹ
autoionization lines both in 1st and 2nd order. The photon energy
resolution was measured to be better than 3 meV [18]. After pho-
toelectrons and photoions were extracted in a constant 80 V cm�1

electric field, the electrons were velocity map imaged onto a
Roentdek DLD40 position-sensitive delay-line detector, with a
better than 1 meV electron kinetic energy resolution at threshold.
Threshold electrons were focused to the center of the detector,
together with kinetic energy (“hot”) electrons with no off-axis
momentum. A ring area around the center spot was chosen to
represent and subtract the hot electron contamination from the
center, yielding the threshold signal [20]. Photoions were mass
analyzed by a two-stage Wiley�McLaren time-of-flight (TOF) mass
spectrometer [18].
2.1. Statistical modeling

The breakdown diagram was modeled using rigid activated
complex RiceeRamspergereKasseleMarcus (rac-RRKM) theory
2

[21,22]. The molecular ion’s internal energy distribution and
dissociation rate constants were calculated and the derived
branching ratios were compared to the experimental breakdown
diagram. The rac-RRKM unimolecular rate constants for each
dissociation pathway, k(E), were calculated as

kðEÞ¼ sNzðE � E0Þ
hrðEÞ ; (1)

where s is the symmetry number of the fragmentation channel, h is
Planck’s constant, Nz(E � E0) represents the number of states
function for the transition state at internal energy E� E0, and r(E) is
the density of states for the dissociating ion at internal energy E.
The sums and densities of states were calculated using harmonic
vibrational frequencies and the BeyereSwinehart direct count al-
gorithm [23].

2.2. Computational

The Gaussian 09 suite of programs were used to calculate, at the
M06e2X/6e311þþG (d,p) level of theory, the single-point energies
and harmonic vibrational frequencies at the optimized geometries
of the neutral molecule, the molecular ion, the various fragment
ions and their corresponding neutral fragments involved in the
unimolecular dissociation of 2-propanol [24,25]. The G4 composite
method was then used to calculate more accurate energetics of the
aforementioned stationary points [26]. W1U and CBS-QB3methods
were also employed to obtain a more accurate theoretical estimate
for the adiabatic ionization energy of 2-propanol [27,28]. Tight
transition states were located by relaxed potential energy scans
along the bond length attributable to the reaction coordinates of
interest and the saddle points thus identified were used as initial
guess in transition state (TS) geometry optimizations. When grad-
ually stretching the CeC bond, the methyl groupwas found, instead
of leaving, to roam around the rest of the ion at less than 0.5 eV
internal energy, forming an ioneneutral complex. As awell-defined
TS could not be found by this potential energy scan alone,
BorneOppenheimer Molecular Dynamics (BOMD) simulations
were employed to simulate this roaming dissociation channel, also
to help visualize the movement of the CH3 fragment after the CeC
bond was broken [29]. The stopping criteria for these simulations
was set to a leaving carboneion distance of 5 Å and allowed for the
identification of the hydrogen atom abstracted from the ion to form
the leaving methane neutral. These simulations suggested that the
most likely pathway for internal H abstraction is from the other
methyl group. A methyl-roaming transition state geometry could
be identified, at which the roaming methyl group is approaching
the opposing methyl group, prior to hydrogen abstraction. Vibra-
tional frequency analysis confirmed the optimized structure to be a
transition state with a low critical frequency, 176i cm�1, closely
corresponding to a carbon translational mode and implying a broad
potential energy barrier along the reaction coordinate. The derived
number of states function using the harmonic vibrational fre-
quencies at this geometry was used as initial guess in the statistical
model. Ultimately, the potential energy diagram (vide infra) was
constructed using the G4 single point energies for all optimized
structures [26]. Finally, we carried out time-dependent density
functional theory (TDDFT) calculations using the B3LYP functional
and the 6e311þþG (d,p) basis set to help interpret the OH-loss
mechanism.

2.3. Breakdown diagram

Threshold photoionization PEPICO TOF mass spectra of energy-
selected 2-propanol cations were measured in the 10.0e13.1 eV
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photon energy range. The area of each peak of interest was inte-
grated in the hot-electron subtracted TOF spectra and then divided
by the total intensity of all peaks to plot the breakdown diagram
(fractional ion abundances vs. photon energy, Fig. 1) [20].

The abundance of the 2-propanol molecular ion (m/z 60) never
amounts to 100% and starts out at ca. 80%. The reason for this is the
shallow potential energy well of the 2-propanol molecular ion, into
which the internal energy distribution of the neutral cannot fully
transpose. The FranckeCondon factors are unfavorable for the
origin transition, and the photoelectron spectrum (gray area in
Fig. 1a) is structureless and the apparent onset of the photoelectron
spectrum is not a reliable measure of the adiabatic ionization en-
ergy [30,31]. Therefore, a significant portion of 2-propanol is en-
ergetic enough to fragment into m/z 45 and 44 ions already at the
ionization onset and the parent ion disappears from the breakdown
diagram completely at already ca. 10.3 eV. These fragment ions
correspond to a loss of a methyl radical and a methane molecule,
respectively. According to our calculations (vide infra), the loss of a
methane is the lowest-energy dissociation pathway and it is indeed
the first major channel to appear in the experimental data, peaking
at 10.3 eV with more than 60% abundance. Soon after the onset of
Fig. 1. a) Breakdown diagram of 2-propanol in the 10.0e13.1 eV photon energy range.
The gray area shows the threshold photoelectron spectrum. b) The low-energy region
of the breakdown diagram between 10.15 and 10.60 eV. Open circles represent
experimental data points, and the solid lines show the statistical model.

3

the methane-lossm/z 44 ion, the methyl-lossm/z 45 also appears. It
quickly becomes dominant in the breakdown diagram and stays so
up to 13 eV photon energy, consistent with the photoionization
mass spectrometry results of Griffin et al. [11] The competition
between methane and methyl loss represents a classic case of ki-
netic control, where methane is both the more stable product and
its dissociation is the lowest-energy pathway. However, as the
leaving methyl group must pick up a hydrogen along the way to
form methane, its transition state is tighter than that of simple
methyl radical loss. Therefore, while the m/z 44 fragment ion
dominates at low energies, its formation is quickly outcompeted by
the energetically less favorable but entropically and kinetically
favored simple methyl-loss dissociation.

We also observed hydrogen atom loss starting at about 10.5 eV,
but it never amounted to more than 5% abundance. According to
our calculations, the a-carbon is the most energetically favorable
site to lose a hydrogen atom from, producing protonated acetone,
(CH3)2C¼OHþ. H loss is a minor dissociative photoionization (DPI)
channel, and its 0 K appearance energy (E0) could not be estab-
lished with comparable uncertainty to even the most basic
quantum-chemical computations. Therefore, it is omitted in the
breakdown diagram in Fig. 1 and not included in the kinetic model.
The highest-energy DPI channel in the studied energy range is the
rise of m/z 43, which appears at around 11.5 eV and its fractional
abundance rises quite slowly with increasing energy. This channel
is most likely an OH radical loss from the molecular ion or, possibly,
a consecutive H2 loss from the methyl-loss CH3CHOHþ fragment
ion. However, the slope of the breakdown curve is consistent with a
dissociation that is in parallel with (and not consecutive to) methyl
loss [22]. If them/z 43 channel were consecutive loss of H2 fromm/z
45, its rise would be much more rapid, corresponding to the width
of the energy distribution in the methyl-loss fragment ion.
Considering it as an OH-loss dissociation indicates large competi-
tive shift [31], due to the parallel and, at this energy, already quite
fast methyl-loss dissociation channel that also originates from the
2-propanol molecular ion. However, as will be discussed later, this
behavior it is most likely the result of non-statistical branching of

the reactive flux in the energy range of the ~A
þ
cationic state.

The dissociative photoionization pathways of 2-propanol were
explored by quantum chemical calculations for the plausible low-
energy fragmentation pathways. A potential energy diagram con-
taining these at the G4 level of theory is shown in Fig. 2.

m/z 45. The direct methyl-loss pathway has no reverse barrier,
and no saddle point was located when performing a relaxed po-
tential energy scan along the CeC stretching coordinate. However,
with respect to the internal rotation of the OH group, the two
methyl groups are not equivalent and the one in gauche position
with the hydroxyl is preferred to leave. Indeed, a relaxed potential
energy scan along the CeC stretching coordinate of the methyl in
anti configuration exhibits a small saddle point at 180 meV ion
internal energy, corresponding to OH internal rotation in the
CH3CHOHþ fragment ion. The calculated thermochemical limit of
the methyl loss (2a) is 10.43 eV at the G4 level, which is in excellent
agreement with the experimentally determined E0 of
10.44 ± 0.01 eV.

m/z 44. According to the experimental data, the lowest-energy
channel is the loss of a methane molecule. As briefly discussed in
the modeling section, there are three possible hydrogen-
abstraction sites: the hydroxyl group, the a-, and b-carbons. If the
dissociation is fast, there is no kinetic shift and the disappearance
energy of the parent ion (at 10.32 eV in our case) corresponds to the
0 K appearance energy of the first fragment ion [22]. Therefore, it is
quite clear from our calculations that the hydroxyl (3 b) and alpha
carbon (3c) hydrogen-abstraction pathways are both too high in



Fig. 2. Dissociation pathways of the 2-propanol cation. The zero-point corrected energies were calculated at the G4 level of theory relative to the neutral (left scale) and cationic 2-
propanol (right scale).
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energy, at 10.81 eV and 10.49 eV, respectively. Therefore, the
abstracted hydrogen must come from the other beta carbon (3a)
and the thermochemical limit leading to CH2¼CHOHþ þ CH4 was
found to be 9.95 eV at the G4 level. This thermochemical limit,
however, does not correspond to the activation energy of the
methane-loss channel and further calculations at various
þCH3CHOH/CH3 distances helped elucidate the mechanism of the
internal hydrogen abstraction. By increasing the distance between
the departing methyl and the a-carbon in small steps and opti-
mizing along the other internal coordinates, the methyl group does
not leave outright, rather moves around the rest of the ion, in a
shallow potential energy regime. Further stretching of the CeC
bond then leads to dissociation along a purely attractive potential
energy curve. However, from a position where the two methyl
groups are in close propinquity, decreasing the CeC distance leads
to a structurewith a bridging hydrogen atom from the other methyl
carbon. A local minimum features this hydrogen migrated over to
the roaming methyl group, forming a loosely bound intermediate
complex at 9.96 eV at the G4 level, on the way to the final
CH2CHOHþ fragment ion and a methane neutral. A transition state
search yielded a saddle point between this structure and the
original molecular ion, with one imaginary vibrational frequency
corresponding primarily to a methyl translation. The energy of this
saddle point was calculated as 10.27 eV using G4 theory, which is in
reasonable agreement with the experimentally determined E0 of
10.32 ± 0.01 eV. Thus, the leaving methyl group can either undergo
swift bond cleavage and product formation (at sufficient kinetic
energy in the reaction coordinate), or it can orbit the cation center
and roam over to opposite side by crossing this transition state
region (at slightly lower energies). Once the methyl group is close
enough for hydrogen abstraction, the formation of the leaving
methane neutral takes place promptly and without a barrier. The
competition between kinetically favored methyl loss and energet-
ically favored methane loss invites a comparison with the DPI of
acetone [10], where methane loss takes place exclusively by
tunneling and can be shut down by perdeuteration. However,
tunneling across an H-transfer barrier starts as a slow process at
low energies, which should have shown up as an asymmetric
daughter ion peak in the isopropanol PEPICO spectra. There is only
little evidence of this happening as the methane-loss peak always
appears to be symmetric and there is only a slight elevation of the
baseline between the daughter and parent ion TOFs. This means
that while there may be an H-transfer transition state, which is
higher in energy than the methyl-roaming pathway, only trace
4

amounts of methane loss may take place this way, through
tunneling. The dominant roaming methane loss mechanism,
however, is not affected by tunneling, as the relevant transition
state corresponds to methyl transfer with a broad potential energy
barrier. Then, once the internal energy is high enough to allow for
direct methyl loss, methane loss is unable to compete with this fast
process taking place through a loose transition state.

Thus, the dissociative photoionization mechanism can be
separated into three energy regimes. At low energies, the parent
ion is stable and only a small reactive flux may tunnel through an
H-transfer transition state towards methane formation. At inter-
mediate energies, the methyl group is still bound, but it may roam
around the rest of the ion and eventually abstract a hydrogen atom
to leave as neutral methane. This process is already fast at onset on
the time scale of our experiment, yet it is much slower than direct
methyl loss, which dominates as soon as it is energetically allowed.
As mentioned above, this mechanism is in contrast with our earlier
observations on the dissociative photoionization of the carbonyl-
containing acetone [10], urea [32], and acetamide [33], where H-
transfer precededmethane, isocyanic acid and ammonia formation.
It is, however, similar to the roaming hydrogen-abstraction mech-
anism of the water-loss dissociation of energy-selected methyl
hydroperoxide ions [34].

m/z 59. Since the hydrogen-loss channel was only a minor
pathway in the PEPICO experiments, amounting to less than 5%
abundance, this channel was excluded from the statistical model.
Quantum chemical calculations were nevertheless performed to
elucidate the likely mechanism of this dissociation. While it is not
possible to determine a reliable 0 K experimental appearance en-
ergy for this channel, it is already observed at 10.5 eV, which rules
out an OeH bond cleavage (1c) or H loss from a methyl group (1 b)
with G4 thermochemical limits of 11.11 eV and 10.91 eV, respec-
tively. The alpha hydrogen loss (1a), however, has a calculated
thermochemical limit of 10.24 eV, lower than the experimental
onset of ca. 10.5 eV. A relaxed potential energy scan revealed a
saddle point along the hydrogen-loss reaction coordinate, at
10.44 eV (G4 level), which is in line with the approximate experi-
mental data.

m/z 43. The highest-energy major fragmentation channel cor-
responds to a loss of the hydroxyl group and calculations at various
DFT levels found a simple barrierless CeO bond scission. However,
when we modeled this channel statistically (vide infra), the opti-
mized E0 of 11.01 eV was much lower than the G4-calculated
thermochemical limit of 11.53 eV. This means that it is most
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likely a modeling artifact as such an unphysically low value is
needed to match the slope of this channel in the breakdown dia-
gram. To understand the strange behavior of this channel, we
turned to the DPI of methanol, where OH-loss takes place on the

first electronically excited ~A
þ 2A0 state surface [35]. However, in

ethanol, slow hydrogen atom loss over a tight transition state is
quickly outcompeted by methyl loss at higher energies and OH loss
was not observed [30,36]. Hence, it is somewhat surprising to see
OH loss reappear as a major channel in isopropanol.

In comparison with methanol’s twelve internal degrees of
freedom, isopropanol has thirty, which drastically increases the
phase space of accessible nuclear geometries. Due to the OH-group
orientation, the neutral C1 minimum is chiral, but fast racemization
occurs by tunneling through a CS transition state at 0.037 eV (at G4
level). As far as the ground cation state is concerned, there are two
isoenergetic and also chiral ionic minima. These stationary points
can be expected to play a role in vertical ionizing transitions and
this further complicates the dynamics of the dissociative photo-
ionization process. Contrary to our findings for methanol, TD-DFT

calculations suggest that the ~A
þ

state in the isopropanol cation,
which lies in the energy range where the OH-loss fragmentation

becomes abundant, is not isolated from the ~X
þ

state but the
HeCeOeH torsional angle plays an important role in the coupling
between these two states. Thus, these reaction coordinate scans do

not explain the seemingly isolated state behavior of the ~A
þ

state
satisfactorily and it is likely that excited state molecular dynamics
calculations would be required to account for the non-statistical
rise of the OH-loss signal. Since this is beyond the scope of this
paper, our conclusion is based solely on experimental data that, in
light of the unphysically low model appearance energy and the

appearance of this fragment ion coinciding with the ~A
þ
state in the

TPES, the OH-loss dissociation does not exhibit statistical behavior
on the ground-state ion surface.
3 If it looks like a duck, walks like a duck, and quacks like a duck, it must be a
duck.
2.4. RRKM modeling of the breakdown diagram

The adiabatic ionization energy (AIE) of 2-propanol is evaluated
to be 10.17 eV in the NIST Webbook and all of the referenced values
there are above 10.0 eV [37]. Quantum chemical calculations at
various levels of theory were performed to obtain reliable theo-
retical estimates for the AIE. Three different methods were used:
G4, CBS-QB3, and W1U which gave 10.069 eV, 10.070 eV, and
10.078 eV, respectively, with an average AIE value of 10.072 eV. As
we have previously reported, if the first dissociation onset (E0) is
close to the AIE and the potential energy well of the cation cannot
support the internal energy distribution of the sample, the frac-
tional abundance of the molecular ion may never reach 100%,
because the high-energy tail of the internal energy distribution
always reaches into the dissociative continuum [38]. Indeed, the
significant noise below 10.1 eV is in line with the theoretical AIE of
10.072 eV.

The experimental ion abundances were modeled within the
RRKM framework, as described earlier [22]. Ab initio vibrational
frequencies and rotational constants were used to calculate the
thermal energy distribution of the neutral precursor, and the
densities and numbers of states in the rate equation. In the model,
an ionization energy of 10.07 eV and a sample temperature of 298 K
was used to calculate the parent molecule’s thermal energy dis-
tribution. To fit the statistical model to the experimental break-
down curves, the appearance energies, E0, of the three dissociation
channels, as well as the transitional vibrational frequencies of the
transition state models were optimized. The optimized breakdown
diagram is shown in Fig. 1 along with the experimental data. Them/
5

z 60 ion signal vanishes by 10.32 eV, thus the potential energy well
of the molecular ion is at most only z0.25 eV deep. The model of
the methane-loss channel included isomerization of the parent ion
into an ioneneutral complex through an internal H-abstraction by
the leaving methyl group. As discussed above, at low internal en-
ergies, < 0.3 eV, the leaving CH3 group does not have enough en-
ergy to dissociate but forms a loosely bound CH4/CH2]CHOHþ

complex. At higher than 0.3 eV of internal energy, however, the CH3
group can dissociate directly through a loose transition state. The
tightness of the roaming transition state leading to the CH4/CH2]

CHOHþ complex is the deciding factor in the competition between
the two pathways. Within a narrow energy range, the fractional
abundance of the CH4-loss channel drops to zero. The optimized
methane loss E0 corresponds to the barrier towards the ioneneutral
complex formation and we obtained an appearance energy of
10.32 ± 0.01 eV, which is ca. 0.3 eV higher than the energy of the
final products, while the E0 for the methyl loss was found to be
10.44 ± 0.01 eV and corresponds to the thermochemical limit.

The highest-energy DPI channel of 2-propanol is the loss of a
hydroxyl radical. To reproduce the branching ratios between the
methyl and hydroxyl-loss channels, the statistical model optimized
to an unrealistically low E0 of 11.01 ± 0.02 eV with an activation
entropy between that of methyl loss and the H3C/H/CH2CHOHþ

roaming transition state for methane loss. As mentioned earlier, the
model’s appearance energy is in clear disagreement with the
literature E0 of 11.501 ± 0.005 eV, calculated from heats of enthalpy
of IPA, isopropylium ion, and hydroxyl radical, reported in the
Active Thermochemical Tables (ATcT) [39]. The reason for this
discrepancy, as discussed earlier, is that the OH-loss fragment ion
formation kinetics cannot be described by a statistical rate model,
because a more complex, non-statistical dissociative photoioniza-
tion mechanism is at play. However, when non-statistical dissoci-
ation processes are in play, the breakdown curves cannot normally
be reproduced even qualitatively by statistical rate theory
[35,40e43] and the argument is routinely made that if statistical
theory describes the breakdown curves adequately, the dissocia-
tion must be statistical [15]. Isopropanol is the first system in our
practice, where this “duck test”3 [44] of statisticality fails and only
the correlation of the OH-loss breakdown curve with the photo-
electron spectrum and, most importantly, the discrepancy between
the calculated and modeled appearance energies reveal the non-
statistical mechanism.
2.5. Thermochemistry

One of the two primary fragmentation channels, (CH3)2CHOH
/ CH3CH]OHþ þ CH3, yielding protonated acetaldehyde, pro-
ceeds entirely along an attractive potential energy curve. Therefore,
its appearance energy (E0), which can be accurately determined
from the breakdown diagram, corresponds to the thermochemical
limit and it can be used to extract accurate thermochemical values.
The heat of formation of the CH3CH]OHþ fragment ion can be
obtained from its modeled appearance energy, E0, and the well-
established heats of formation of 2-propanol and the methyl
radical:

DfH
o
0K½CH3CH ¼ OHþ�

¼ DfH
o
0K
�ðCH3Þ2CHOH

�� DfH
o
0K½CH3�

þ E0 add equation number; please ð2Þ
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The E0 obtained by fitting the RRKM model to the experimental
breakdown curve is 10.44 ± 0.01 eV (1007 ± 1 kJ mol�1). Using
DfH

o
0K [CH3] ¼ 149.872 ± 0.060 kJ mol�1 and DfH

o
0K

[(CH3)2CHOH] ¼ �249.52 ± 0.38 kJ mol�1 from ATcT yields a gas-
phase 0 K heat of formation of DfH

o
0K [CH3CH]

OHþ] ¼ 608 ± 1 kJ mol�1, in excellent agreement with the latest
ATcT value of 608.78 ± 0.40 kJ mol�1 [39]. This value is also
consistent with and improves upon the computed 609.6 kJ mol�1

value we reported in a study of the dissociative photoionization of
ethanol isotopologues [30].

3. Conclusion

The dissociative photoionization of 2-propanol was studiedwith
imaging PEPICO spectroscopy, quantum chemical calculations and
statistical modeling. Experimentally, 2-propanol has been found to
dissociate primarily into CH2CHOHþ, CH3CHOHþ, CH3CHCH3

þ, and,
as a minor product, into (CH3)2COHþ fragment ions in the photon
energy range of 10.0e13.1 eV. The lowest-energy dissociation
channel, yielding CHOHCH2

þ þ CH4, is quickly outcompeted by the
higher-energy, yet kinetically favored channel leading to
CH3CHOHþ þ CH3, observed in the experimental breakdown curves
and successfully modeled using an isomerization model. Both re-
actions are initiated by the CH3 groupmoving away from the parent
ion but, at internal energies below 0.3 eV, the loss of CH4 dominates
by way of a roaming pathway. That is, below the direct methyl-loss
barrier, the CH3 group cannot escape and may only orbit the frag-
ment ion. Methane loss takes place when the roaming methyl
group abstracts a hydrogen from the other methyl group. At higher
internal energy, the direct loss of CH3 dominates as the transition
state leading to this fragmentation is much looser and, thus,
kinetically favored. The competition between the alkyl and alkane
elimination processes in the DPI of isopropanol is compared with
that in acetone, urea and acetamide, in which direct H-transfer
precedes alkane formation, as well as with methyl hydroperoxide,
inwhich a roaming pathway has been reported. Quantum-chemical
calculations also found a somewhat tight H-loss transition state
lying slightly above the CH3-loss threshold and leading to the mi-
nor, hydrogen-loss fragment ion (CH3)2CH ¼ OHþ. The highest-
energy dissociation observed in these experiments, leading to
CH3CHCH3

þ þ OH, is associated with simple CeO bond scission. This
process can be modeled statistically, but only with an unphysically
low barrier. This, together with TDDFT calculations and in com-
parison with the methanol and ethanol dissociative photoioniza-
tion mechanisms suggest that OH loss is a non-statistical process,
enhanced in the first electronically excited cation state. The sta-
tistical model fitted to the experimental data yielded accurate
appearance energies corresponding to the thermochemical limit
for the CH3-loss dissociation as 10.44 ± 0.01 eV and the CH4-loss as
10.32 ± 0.01 eV. By an ion cycle, the 0 K heat of formation of the
CH3CHOHþ ion was found to be 608 ± 1 kJ mol�1, in good agree-
ment with both the ATcT value and a previous, computational
result.
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