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ABSTRACT: The dissociation of internal energy selected dimethyl
carbonate (DMC) cations was studied by imaging photoelectron photoion
coincidence spectroscopy (iPEPICO) in the 10.3−12.5 eV photon energy
range. Vibrational fine structure is observed in the ground state band of the
threshold photoelectron spectrum up to the dissociation threshold, and
Franck−Condon simulations identify the OCO bend mode, in
particular in combination with the CO stretch mode, to be active. The
DMC ionization energy was determined to be 10.47 ± 0.01 eV. The first
dissociative photoionization product, CH2OH

+, dominates the breakdown
diagram from 11.0 to 11.8 eV and is also the lightest fragment ion at m/z =
31. Statistical modeling of the PEPICO data yields a 0 K appearance energy
of E0 = 11.14 ± 0.01 eV. At higher photon energies, parallel dissociation
channels are observed, leading to the daughter ions C2H6O2

+, probably
OHCH2CH2OH

+ (m/z = 62, E0 = 11.16 eV), CH3CHOH
+ (m/z = 45, E0 =

11.46 eV), and CH3OCO
+ (m/z = 59, E0 = 11.47 eV). The m/z = 62 ethylene glycol ion may lose a CHO fragment and yield

CH3OH2
+ (m/z = 33) in a sequential dissociation at E0 = 11.54 ± 0.03 eV. Reaction path calculations explain the observed

dissociation processes, except for the formation of the ethylene glycol cation. Composite method calculations of isodesmic and
isomerization reaction energies are used to obtain the enthalpy of formation of dimethyl carbonate at ΔfH

o
0K(DMC(g)) =

−548.3 ± 1.5 kJ mol−1. This puts the heat of formation of the cation at ΔfH
o
0K(DMC+(g)) = 461.9 ± 1.8 kJ mol−1.

1. INTRODUCTION

Dimethyl carbonate (DMC) is the methyl ester of carbonic acid
and is known to be a weak, but environmentally friendly
methylating agent.1 It can be used instead of dimethyl sulfate
and methyl halides in methylation reactions.2,3 DMC replaces
phosgene as a methoxyl carbonylation agent in the formation of
polycarbonates and carbamates. Thanks to its low toxicity and
biodegradability, and recent advances in its synthesis in large
quantities from methanol and carbon dioxide, it has been
proposed not only as a green reagent but also as a green
solvent,4 and as an electrolyte in lithium ion batteries.5 Because
it is highly miscible with diesel fuels, it has potential as an
oxygenated fuel blending agent promising cleaner combustion,
thanks to its capability of reducing the concentration of soot
precursor radicals.6,7 It lowers the vapor pressure of the fuel,
decreases carbon monoxide emissions, and does not increase
NOx emissions.8,9

DMC has also attracted interest because of its multifaceted
conformational behavior, which motivated infrared and micro-
wave spectroscopy as well as computational studies.10−12 Lovas
et al. reported the microwave spectrum of cis−cis dimethyl
carbonate13 and also calculated the relative energies of 13
isomers in the C3H6O3 family at the MP2/6-311++G(d,p) level
of theory. They found that only three isomers, lactic acid, 3-

hydroxypropanoic acid, and hydroxymethyl acetate, are more
stable than DMC, by 55, 53, and 33 kJ mol−1, respectively.
Photoionization mass spectrometry (PI-MS) is a powerful

technique to study combustion and pyrolysis processes
individually and in model systems.14−19 PI-MS can be
combined with the kinetic energy analysis of the coincident
photoelectron in photoelectron photoion coincidence spec-
troscopy20 to identify reaction or pyrolysis decomposition
product isomers selectively.21,22 However, when an m/z peak is
assigned in the mass spectrum, it is of constant concern
whether the detected ion is a parent ion of a neutral reaction
product or a fragment ion produced in a dissociative ionization
process. Therefore, in pyrolysis or combustion studies using
VUV photoionization, the dissociative ionization mechanism of
the precursor has to be established in advance.23,24 In addition,
the dissociative ionization of DMC may provide insights into
reaction mechanisms, as well as quantitative energetics data,
such as ionization and activation energies and, should any of
the dissociative ionization thresholds correspond to dissociation
energies, even heats of formation.25
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Highly oxygenated compounds often ionize dissociatively
even at the ionization onset,26 and it is advantageous to
establish a photon energy window in which the parent ion is
stable. Because the parent ion peak is observed in the electron
ionization mass spectrum of DMC,27 we are hopeful that such a
window exists. Thus, the decay mechanism of energetic DMC+

parent ions can be understood by using imaging photoelectron
photoion coincidence (iPEPICO) spectroscopy. At the same
time, a statistical model of the dissociative photoionization will
enable us to predict DPI processes as a function of sample
temperature, as well as facilitating data analysis at elevated
temperatures.
The photoionization of DMC was studied in the 1970s by

Meeks and McGlynn et al.28,29 and Wittel et al.30 by low-
resolution photoelectron spectroscopy. They assigned the
photoelectron bands on the basis of molecular orbital
calculations and observed no vibrational fine structure. The
overall DPI mechanism of DMC has not yet been studied.
Appearance energies have been reported by electron ionization
for m/z = 59 (11.5 or 12.2 eV)31,32 and m/z = 60 (11.5 eV).
The large difference in the former set of values does not justify
the claimed 0.05−0.08 eV error bar, and the latter ion has not
been observed in the experiments herein. Thus, it appears that
some of these onsets have not stood the test of time.
The dissociative photoionization of DMC, CH3OC(

O)OCH3, can be related to that of other small esters, as
discussed more recently by Wang et al.33 Generally, they found
that dissociation channels often arise from complex isomer-
ization processes in competition with direct bond breaking in
the parent ion. This was also observed by Suh et al. for the
methyl glycolate cation, HOCH2C(O)OCH3

+,34 in which
HCO loss takes place by double hydrogen transfer by the H-
bonded intermediate H2CO···H···OCOCH3

+. Methyl
glycolate cations may also rearrange to DMC+, which Suh et
al. identified as the driving force for CH2OH

+ (m/z = 31)
formation. Methyl-β-hydroxypyruvate [CH3OC(O)C(O)-
CH2OH] and dimethyl oxalate [CH3OC(O)C(O)OCH3]
are also similar compounds to DMC. In dissociative photo-
ionization, both may lose CO to form a C3H6O3

+ ion, isomer
with DMC+.35,36 However, m/z = 60 and 61, i.e., HOCOCH3

+

and HOC(H)OCH3
+ have been identified as the main

collision-induced dissociation and dissociative photoionization
products of these C3H6O3

+ isomers. Although the involvement
of the DMC+ was invoked to explain isotope mixing in the
fragmentation of the above-mentioned ions, m/z = 60 and 61
ions are not observed as major products in the DPI of DMC
(vide infra). This leads us to believe that we can rule out the
isomerization of the DMC cation to the above-mentioned H-
bonded intermediate or methyl glyconate, and the reverse
process, i.e., the formation of DMC+, is irreversible and quickly
followed by dissociation. Thus, the fragmentation of DMC+

takes place in a comparatively separated subspace of the
C3H6O3

+ potential energy surface compared with the isomers
studied before in detail.
Trikoupis et al. studied another interesting dissociative

ionization process of dimethyl oxalate, in which the molecular
ion seemingly breaks in half, and does so 0.5 eV (50 kJ mol−1)
below the calculated barrier to CH3OCO + CH3OCO+

formation.37 Collision-induced dissociation experiments un-
veiled the true mechanism, in which CO2 and CH3 are released
without the intermediacy of the less stable CH3OCO radical.
Because CO2 + CH3 is more stable separately than bound,31,38

it is no surprise that 59 amu loss takes place in two steps. The

intriguing aspect is that the intermediate, 15 or 44 amu loss
cation has not been detected. In dimethyl oxalate, the proposed
reaction energy curve involves a CO2-loss intermediate
CH3OCOCH3

+ potential energy well of at least 0.7 eV or
almost 70 kJ mol−1. The m/z = 54 intermediate could be
stabilized by kinetic energy release or rovibrational excitation of
the leaving CO2 molecule but has not been observed
experimentally. A bifurcated CH3 + CO2- or CO2 + CH3-loss
reaction pathway was identified in the DPI of acetic acid
anhydride [CH3C(O)OC(O)CH3], in which the inter-
mediate CO2-loss acetone cation also sits in a 0.8 eV deep
potential energy well and is only formed with 0.16 eV excess
energy at the transition state.25 However, the intermediate
acetone cation as well as the minor methane-loss channel from
the acetone cation39 could be observed in very small amounts
here. Generally, both in these dissociation mechanisms and in
the water loss in adipic acid at the ionization onset,26 the
underlying theme is that isomerization reactions leading to a
significantly more stable constitutional isomer are associated
with low barriers on the cation potential energy surface in these
oxygenated organic compounds. This opens up fragmentation
channels, sometimes even sequential ones, at energies much
lower than any of the bond energies in the parent ion. The
dissociative ionization mechanism of DMC, in particular the
production of the first and lightest fragment at m/z = 31, will
also be shown to be best explained by sequential methyl radical
and carbon dioxide loss with an unseen and short-lived
intermediate.
We report imaging photoelectron photoionization coinci-

dence (iPEPICO)40 data on DMC taken at the VUV beamline
of the Swiss Light Source, use quantum chemical calculations to
establish the dissociation mechanism of the DMC+ cation, and
set up a statistical model to determine experimental 0 K
appearance energies for the DPI channels. Plotting and
analyzing the fractional threshold ionization parent and
daughter ion abundances in the breakdown diagram has been
shown to reveal directly complex dissociative photoionization
mechanisms involving multiple isomerization steps.41−43 We
have determined accurate 0 K appearance energies for the main
DPI channels leading to the fragments of m/z = 31, 62, 33, 45,
and 59. The small abundance of m/z = 61 and 60 confirms that
DMC+ is unlikely to form the hydrogen bonded intermediate
H2CO···H···OCOCH3

+, known to be an important
crossroads in the dissociation of other C3H6O3

+ isomers.
Furthermore, the threshold photoelectron spectrum shows
vibrational fine structure at the ionization onset, which is
modeled to confirm the adiabatic ionization energy of DMC.
Composite method calculations are used to derive the heat of
formation of DMC, which anchors the derived appearance
energies to the thermochemical heat of formation scale.

2. METHODS
2.1. Experimental Approach. The photoionization experi-

ments were performed at the VUV beamline of the Swiss Light
Source, Paul Scherrer Institute, using the Imaging Photo-
electron Photoion Coincidence (iPEPICO) endstation. A
detailed description of the beamline and the iPEPICO
experiment can be found elsewhere,40,44 and only a brief
overview is given here. Bending magnet synchrotron radiation
is collimated, dispersed by a grazing incidence monochromator
using a 600 lines/mm laminar grating, and focused into a
differentially pumped gas filter to suppress higher-order
radiation. The gas filter is filled with 10 mbar of a neon,
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argon, and krypton mixture, effectively extinguishing radiation
above 14 eV in a 10 cm long absorption chamber. The high-
harmonic free, monochromatic VUV radiation enters the
ionization chamber of the iPEPICO endstation and ionizes
the sample in a 4 × 2 mm2 cross section interaction region. The
photon energy is calibrated using argon autoionization lines,
recorded in first and second order of the grating, and the
photon energy resolution is 3−4 meV.
Dimethyl carbonate was purchased from Sigma−Aldrich and

used without further purification. It was kept at room
temperature in a sample holder and seeded into the ionization
chamber through a needle valve and a 6 mm outer diameter
Teflon tube. The typical pressure in the experimental chamber
was 3 × 10−6 mbar during measurement. In the interaction
region, the VUV light crosses the effusive sample beam and the
resulting photoelectrons and photoions are extracted in
opposite directions by a constant, 120 V cm−1, electric field.
The electrons are then velocity map imaged onto a position
sensitive Roentdek DLD40 delay-line detector with a kinetic
energy resolution better than 1 meV at threshold. As their time-
of-flight (TOF) is negligible, electron hit times can be used as
the start signal for the ion TOF analysis. The ions are extracted
in a 5 cm long first extraction region and then undergo further
acceleration to ensure space focusing conditions at a Jordan
TOF C-726 microchannel plate detector at the end of a 55 cm
long field-free drift region. The arrival times of the photo-
electrons are correlated with that of the photoions to obtain the
ion TOF distributions. The ion hits as stop signals and arrival
times are recorded using a triggerless multiple-start/multiple-
stop data acquisition scheme.45

Threshold electrons are imaged onto a central spot on the
detector together with kinetic energy electrons with negligible
off-axis momentum component. The latter make up the hot
electron contamination, which can be approximated on the
basis of a small ring around the center spot and subtracted from
the center signal as proposed by Sztaŕay and Baer.46 The
threshold photoelectron signal is plotted as a function of the
photon energy in the threshold photoelectron spectrum
(TPES). The coincident threshold photoionization mass
spectra are two-dimensional; i.e., they correspond to the ion
signal as a function of TOF and photon energy. The fractional
parent and fragment ion abundances are plotted in the
breakdown diagram as a function of photon energy, which
shows the open fragmentation channels and their branching
ratio as a function of photon energy, and is independent of the
photon flux or the sample pressure and only depends on the
temperature and, in the case of a slow dissociation, the
residence time of the parent ion in the extraction region. The
use of a relatively low extraction field leads to ion residence
times in the acceleration region of several microseconds and
yields a quasi-exponential daughter ion peak shape in
metastable dissociations. It is indicative of the dissociation
rate constant in the kinetic time window, in our case 103 s−1 < k
< 107 s−1.20 In a fast dissociation, the breakdown diagram of the
parent ion is determined by its internal energy distribution, i.e.,
the experimental temperature. The 0 K appearance energy
corresponds to the photon energy at which even the neutrals in
the rovibrational ground state gain enough internal energy to
dissociate, and the parent ion disappears from the breakdown
diagram. If the dissociation is slow, some excess energy, called
the kinetic shift, is needed for the parent ion to dissociate on
the experimental time scale. The dissociation rate curve is

recorded and extrapolated to the onset using a statistical
approach to determine the kinetic shift.

2.2. Quantum Chemical Calculations. Computed rota-
tional constants and harmonic vibrational frequencies are used
to calculate the thermal energy distribution of the sample, and
as input for the density and number of states calculations to
obtain the ab initio rate curves as the starting point of the
statistical model fit. The product energy distribution, i.e., the
partitioning of the excess energy between the fragment ion, the
neutral, and the newly formed translational degrees of freedom,
is also determined on the basis of rovibrational densities of
states of the fragments. This is needed to calculate the
breakdown curves corresponding to the sequential dissociation
process, when the fragment ion dissociates further, and its
internal energy distribution is shifted and broadened by the
product energy distribution. Furthermore, the potential energy
surface is explored to establish the reaction coordinates
corresponding to the observed fragmentation channels.
Although the rate curves are fitted to the experimental data,
harmonic frequencies evaluated at the correct stationary points
along the reaction coordinate also make the statistical model
more trustworthy.
The reaction potential energy curves were calculated by

density functional theory at the B3LYP/6-311++G(d,p) level in
constrained optimizations. Transition states were also located
using the Synchronous Transit-Guided Quasi-Newton meth-
od.47 Normal mode analysis was carried out to evaluate
vibrational frequencies, zero-point energies, and to confirm
minima and transition state geometries. The total energies were
further refined at the stationary points using Gaussian-4 (G4)
theory.48

When appearance energies correspond to dissociative
photoionization energies, thermochemical values, such as
enthalpies of formation or protonation affinities can be derived
on the basis of literature thermochemical data and the onset
energies by the ion cycle.49 As will be shown later, the
dissociative photoionization mechanism of DMC is governed
by high-lying transition states, which precludes this approach.
However, to reference the measured appearance energies to the
standard thermochemical scale of enthalpies of formation, we
calculated isodesmic and isomerization reaction energies to
confirm the DMC heat of formation using the G4, CBS-APNO,
and W1U methods.50,51

We have also observed vibrational fine structure along the
rising edge of the ground state band in the photoelectron
spectrum. Franck−Condon factors and room temperature peak
intensities were calculated using ezSpectrum 3.052 based on the
B3LYP/6-311++G(d,p) Hessian obtained with Q-Chem 4.3.53

The ωB97X-D/cc-pVTZ Hessian was also evaluated, and the
computed vibrational structure agreed well with the B3LYP
result. The electronic excited states of the cation were also
calculated using Q-Chem at the EOM-IP-CCSD/cc-pVQZ
level of theory. The Gaussian 09 program was used in all other
calculations.54

2.3. Statistical Modeling. The threshold photoionization
TOF mass spectra reveal the fragment ions in the energetically
and kinetically allowed dissociation channels, as well as the
dissociation rate constant in the 103 s−1 < k(E) < 107 s−1 range.
A statistical model is constructed on the basis of the observed
fragmentation channels and computed vibrational frequencies
and rotational constants, and appearance energies are fitted to
reproduce the fractional ion abundances, relative dissociation
rate constants as observed in the breakdown diagram as
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branching ratios and absolute rate constants, measured in the
form of peak shapes in the mass spectrum. Our approach is
described in detail by Sztaŕay et al.,55 and only the most
important aspects are mentioned here.
In threshold photoionization, the internal energy of the

parent ion, available of dissociation, is established as the sum of
the internal energy of the neutral and the photon energy, minus
the adiabatic ionization energy. If the parent ion is metastable
and there is a kinetic shift, the density of states of the parent ion
and the number of states of the transition state are used to
calculate the unimolecular dissociation rate constant according
to the RRKM theory as56−58

σ
ρ

=
· −

·

⧧
k E

N E E
h E

( )
( )

( )
0

(1)

where N⧧(E−E0) is the number of states at the transition state
at excess energy E − E0 above the dissociation barrier or 0 K
appearance energy E0, ρ(E) is the density of states of the
dissociating ion, h is Planck’s constant, and σ corresponds to
the symmetry of the reaction coordinate. The statistical model
is fitted to reproduce the breakdown diagram and the time-of-
flight distributions simultaneously. To do so, the appearance
energy is changed, and the transitional mode vibrational
frequencies, i.e., the ones turning to barrierless rotations and
translations during the dissociation, are scaled by an adjustable
factor to fit the rate curves.
When fragment ions dissociate further, the model partitions

the excess energy among the intermediate ion, the leaving
neutral and the newly created transitional degrees of freedom
according to statistical theory,59 and the internal energy of the
intermediate is then available in the subsequent fragmentation
process.

3. RESULTS AND DISCUSSION
3.1. Threshold Photoelectron Spectrum. The TPES of

DMC was recorded in 4.5 meV steps and 2 min integration
time in the 10.3−12.5 eV photon energy range. The spectrum,
shown in Figure 1a, differs from the He photoelectron

spectrum by McGlynn and Meeks,29 because the intensity
does not drop significantly between 11.9 and 12.3 eV. Close
above the ionization energy, there is a high density of Rydberg
states. Excitation to this manifold may lead to threshold
autoionization, which contributes to the filling up of the
threshold photoelectron spectrum even in Franck−Condon
gaps.60,61 This is a general phenomenon, which indeed makes
threshold photoelectron photoion coincidence quite appealing,
because it guarantees the production of internal energy selected
parent ions at all energies,62 except in very broad Franck−
Condon gaps.63 However, if autoionization is the main reason
for the elevated baseline in the TPES between 11.8 and 12.3
eV, it would have to be an uncharacteristically strong process.
To clarify this, we calculated the vertical ionization energies of
DMC at the EOM-IP-CCSD/cc-pVQZ level of theory at the
neutral geometry. The vertical ionization energies to the X̃2B2,
Ã2A2, B̃

2B1, C̃
2A1, and D̃2B2 states were found to be 11.09,

11.47, 11.58, 13.14, and 13.76 eV, respectively, with the
symmetry labels given with yz as the principal plane of the
molecule (see also the corresponding molecular orbitals in
Figure 1a). No additional state was found close to 12 eV, and
the energy of the first quartet cation state is calculated to be
15.23 eV (G4 value), which speaks for enhanced autoionization
as the sole source for the threshold electron signal around 12
eV.
The adiabatic ionization energy of DMC has been calculated

to be 10.52, 10.48, 10.54, and 10.56 eV using the EOM-IP-
CCSD/cc-pVQZ with W1 zero-point energy, G4, CBS-APNO,
and W1U methods. Unlike previous photoelectron spectra, our
TPES offers a sufficient resolution to resolve vibrational fine
structure on the rising edge of the ground state band, as shown
in Figure 1b. The unstructured contributions of the higher-lying
states and the autoionization signal was approximated by a
cubic baseline, which was subtracted from the TPES. The
resulting black trace can be compared with the room
temperature Franck−Condon simulation, convoluted with a
12 meV full width at half-maximum Gaussian curve. Due to the
strong autoionization backdrop to the vibrational progression,
the computed vibrational line intensities show some deviations

Figure 1. Threshold photoelectron spectrum of dimethyl carbonate from 10.30 to 12.50 eV. The EOM-IP-CCSD vertical ionization energies are
shown together with the molecular orbital dominating the transition. The computed adiabatic ionization energy is also shown in (a). After a cubic
baseline is subtracted, the ground state TPES (shown in black) is compared with the Franck−Condon model by convoluting the transitions (red
sticks) with a 12 meV FWHM Gaussian function. By fitting the 0−0 transition, an experimental ionization energy of 10.47 eV is reported (see text).
The ionic vibrational modes determining the vibrational fine structure, namely, the OCO bend and CO stretching modes, are illustrated in
(b), as well.
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when compared with the experiment, but this does not affect
the assignment significantly. Furthermore, Franck−Condon
calculations show that the first vibrational band, least affected
by autoionization, should be observable, and it is based on this
that we assign the adiabatic ionization energy. We can, thus,
establish the position of the 0 ← 0 transition as 10.46 eV,
which, when taking into account the Stark shift at a constant
field of 120 V cm−1,64 corresponds to a DMC ionization energy
of 10.47 eV. The observed vibrational transitions are dominated
by excitation of OCO bend in the cation at 460 cm−1. The
CO stretching mode at 1371 cm−1 is also quite active,
particularly in combination with the OCO bending mode.
In the ion, the CO bond length increases to 1.30 Å from 1.20
Å in the neutral, and the OCO bond angle increases to
118.7° from 107.9° in the neutral, whereas the CO bond
length decreases to 1.27 Å from 1.34 Å. These two normal
modes (see also in Figure 1b) explain most of the vibrational
fine structure observed in the ion.
The vibrational structure vanishes as we move to the energy

range of the first excited Ã2A2 ionic state. This coincides with
the onset of dissociative photoionization, but the main reason
for the broadening of the spectral features is expected to be fast
internal conversion to the ground electronic state, and the
resulting short lifetime of the initial ion or Rydberg states. On
this basis, and on the basis of the faithful reproduction of the
breakdown diagram with a statistical model (see below), the
dissociative photoionization of DMC passes the “duck test” of
statistical dissociation. This is also supported by the absence of
fast, impulsive processes65 as well as breakdown curves that
correlate with TPES features.66

3.2. Dissociative Photoionization Mass Spectra.
Threshold photoionization mass spectra were recorded in the
10.3−12.5 eV photon energy range. Six representative TOF
distributions are shown in Figure 2, with peaks seen at m/z =

90, 75, 62, 61, 60, 59, 45, 33, and 31. Among these, m/z = 61 is
only present in small amounts, and its abundance follows that
of m/z = 62, whereas the abundance of m/z = 60 is smaller
than and evolves similarly to that of m/z = 59. The fractional
ion abundance of the main ions is plotted as a function of
photon energy in the breakdown diagram in Figure 3.
The first dissociation channel of the m/z = 90 DMC parent

ion leads to the m/z = 31 ion, which dominates the threshold
ionization mass spectrum from 11.0 to 11.8 eV. The TOF peak

of m/z = 31 is asymmetric at its onset and becomes symmetric
as the photon energy is increased, indicative of a metastable
dissociation and a low rate constant at the barrier. The same
applies to m/z = 62, the production of which competes with the
m/z = 31 channel. The potential energy well of the DMC
cation is relatively shallow, it is only bound by less than 1 eV.
The dissociation rate at threshold is inversely proportional to
the low density of states of the parent ion, and proportional to
the transition state number of states, which consequently must
be small for the parent ion to be metastable. This suggests a
reverse barrier to dissociation, with an associated, tight
transition state along the reaction coordinate, and makes it
unlikely that the m/z = 31 ion is the result of C−O bond
rupture yielding CH3O

+, a process also ruled out by the G4-
calculated onset, which is too high at 12.60 eV. Therefore, the
CH2OH

+ isomer ion must be the fragmentation product. There
are two feasible pathways to yield CH2OH

+ ion in the present
experiment. The corresponding neutral fragments are CO2 +
CH3 or CH3OCO, and the dissociation limits are 10.58 and
11.54 eV, respectively. In the TOF distributions recorded at
11.115 eV, the parent ion peak at m/z = 90 is evidently
broadened symmetrically in Figure 2. The symmetric broad-
ening is the result of significant kinetic energy release (KER)
upon dissociation: when a daughter ion is formed in the drift
region of the mass spectrometer, it continues to fly toward the
detector with the same average speed of the parent, but its
velocity distribution may be broadened because of KER.66

Therefore, the breakdown diagram indicates a large reverse
barrier associated with large kinetic energy release in the first
dissociation step, which, together with the ab initio energetics,
makes it likely that this channel yields the most stable CH2OH

+

+ CO2 + CH3 products. This broadening may also hide a minor
H-loss channel. However, we can rule such out, because lowest
energy direct H-loss channel has a computed onset energy of
11.65 eV.
The fragment ion at m/z = 62 rises parallel to the major m/z

= 31 channel and levels off at a maximum fractional abundance
of 20% before disappearing from the breakdown diagram at
11.8 eV. As the m/z = 62 signal vanishes, the m/z = 33 rises,
which is consistent with CHO (29 amu) loss from the m/z =
62 intermediate, yielding CH3OH2

+. Because of energetics, this
rules out ethylene loss in the first step and implicates CO as the

Figure 2. Threshold photoionization mass spectra shown at a few
representative photon energies.

Figure 3. Breakdown diagram of dimethyl carbonate between 10.70
and 12.50 eV. Crosses correspond to measured fractional abundances
and continuous lines show the best-fit model, based on which the
appearance energies have been determined.
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leaving neutral in the loss of 28 amu from DMC+. This must
involve H-transfer isomerization step(s) along the reaction
coordinate. A small m/z = 61 ion peak is also observable in the
TOF distributions, and as its abundance seems to mirror that of
the m/z = 62 channel, it probably shares the rate determining
transition state with the m/z = 62 channel. In contrast with
previous studies on C3H6O3 isomers, notably methyl
glycolate,34,36 in which the CH2O···H···OCOCH3

+

intermediate predominantly yields m/z = 61 fragment by
HCO loss, m/z = 61 is a small channel here, and this
intermediate should play a limited role in the DPI of DMC.
This leaves us with three likely potential m/z = 62 fragment
ions, CH3OCH2OH

+, HOCH2CH2OH
+, and CH3OOCH3

+,
among which ethylene glycol yields most CH3OH2

+ when
fragmenting.27

Above 11.3 eV photon energy, fragmentation channels open
up to m/z = 45 and 59, as well. Both stoichiometric reasons and
the slope of the corresponding breakdown curves speak for a
parallel mechanism from the DMC+ cation: these two fragment
ions correspond to the loss of 45 (CHO2 or C2H5O) and 31
amu (CH3O). Furthermore, there is a bend in the m/z = 59

breakdown curve at a photon energy of 11.9 eV, which suggests
that two different mechanisms may be at play.
The m/z = 45 channel corresponds to breaking the parent

ion in half. Because the calculated dissociation energy to
C2H4OH

+ or CH2OCH3
+ with H + CO2 as neutral fragments is

more than 1 eV lower than that to OCOH+ + CH3CHOH, we
conclude that this channel likely corresponds to C2H5O

+ + H +
CO2 production. As for m/z = 59, the G4-calculated onset
energy for the direct loss of CH3O by C−O bond breaking lies
at 11.79 eV, which suggests that this process contributes to the
second part of the breakdown curve, above 11.9 eV. At lower
energies, the more stable CH2OH is the likely leaving neutral
fragment, with a dissociative photoionization energy of 11.42
eV, corresponding to the formation of CH3CHOH+.
Protonated glyoxal, HOHCCHO+, another C2H5O

+ isomer, is
less stable than CH3OCO

+. The m/z = 60 ion has also been
observed in trace amounts, with its abundance mirroring that of
m/z = 59, which suggests that the two channels share the rate
determining transition state.
Besides the fragment ions described above, we have also

observed a minor peak at m/z = 75 in the low photon energy
range. This fragment, corresponding to the loss of a methyl

Figure 4. Computed fragmentation paths of the dimethyl carbonate cation to produce the m/z = 31 (a) and m/z = 62 (b) ion, relative to the neutral
molecule. Minimum and transition state energies have been evaluated using the G4 composite method.
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radical, appears at the same photon energy as the m/z = 31 ion
and disappears when the m/z = 31 peak becomes symmetric.
The mechanism of 59 amu loss leading to the CH2OH

+ ion
therefore appears to be a two-step process, with a methyl group
first leaving, prior to CO2 loss. This is similar to the CO2 +
CH3-loss mechanism proposed by Trikoupis et al. for the
oxalate ion,37 only that the methyl radical seems to leave first
from DMC+. In the acetic acid anhydride cation,25 both CH3 +
CO2 and CO2 + CH3 processes could be observed along a
shared reaction path bifurcated past the isomerization transition
state, although the CO2-loss intermediate, the acetone cation,
was only present in trace amounts. Consequently, such
concerted methyl- and carbon dioxide-loss fragmentation
channels appear to be quite common in highly oxygenated
organic cations.
3.3. Potential Energy Surface. On the basis of the

breakdown diagram, the dissociative photoionization of DMC
is governed by isomerization transition states that form the
leaving groups by, e.g., hydrogen transfer. The weakest direct
bond breaking channel corresponds to H loss at 11.65 eV, of
which we see no experimental evidence. At 11.79 eV, C−O
bond rupture may yield the OCH3 neutral fragment, which
process may contribute to the m/z = 59 signal above 11.9 eV
photon energy. When cationic dissociations take place along a
purely attractive potential energy curve, the product energies
will govern the process. However, because of isomerization
transition states in DMC, the dissociative photoionization
energies are not accessible experimentally by iPEPICO, only
the activation energies and the dynamics are determined by the
tight isomerization transition states. We carried out numerous
constrained optimizations scanning bond lengths and angles, as
well as reaction path optimizations to locate these rate
determining transition states and unveil the following
fragmentation channels of DMC ion: (1) production of m/z
= 31 ion, by methyl and carbon dioxide loss, (2) CO loss
yielding C2H6O2

+ at m/z = 62, (3) sequential HCO loss from
m/z = 62 to yield CH3OH2

+, (4) the formation of C2H5O
+ at

m/z = 45 by carbon dioxide and hydrogen atom loss, (5)
isomerization controlled and direct C−O bond dissociation to
yield the m/z = 59 fragment ion. The transition state

vibrational frequencies are also used as a starting point for
the number of states calculation in the statistical model.
Contrary to previous DPI studies on complex mechanisms, for
instance on an Arduengo-type carbene,41 quinoline,67 or adipic
acid,26 our approach has not delivered a fully consistent set of
reaction paths, and, as will be discussed later, suitable transition
states could not be located to m/z = 62 formation. Constrained
optimizations are bound to fail if the reaction coordinate
changes in character as the reaction proceeds, e.g., if a torsional
motion precedes significant changes in bond lengths.
Redundant internal coordinate based reaction path calculations
also assume a steady change in internal coordinates and may
not locate the transition state if it lies significantly off the
diagonal connecting the product with the reactant. We believe
that the missing transition states could only be located by a
more systematic and automatic exploration of the potential
energy surface, which also underlines the need for methods
development.68−70

Figures 4−6 display the most important stationary points,
minima, and transition states involved in the dissociative
photoionization process of DMC. As shown in Figure 4a, the
ground state ion geometry [1] is calculated at 10.48 eV with
respect to the neutral DMC. A hydrogen atom is transferred to
the (C)O by a five-membered ring transition state [2]. The
DMC isomer CH3OC(OH)CH2

+ ion [3] is 0.50 eV more
stable than the parent ion. The CH3−OC bond can be broken
in a fast reaction at 11.194 eV to yield the m/z = 75 methyl-loss
product CH2OCOOH

+ [4]. This ion is barely bound and can
undergo H-transfer to H2COH···OCO over transition state [5]
at 11.29 eV. The hydrogen bond is broken and CO2 is released
in intermediate [6] at 10.58 eV, which yields the main
CH2OH

+ fragment ion at m/z = 31 [7].
Based on their parallel rise, the m/z = 62 and 31 channels

appear to be governed at least in part by the same rate-
determining step. A C−C bond can indeed be formed in the
isomer DMC ion [3] over a three-membered COC transition
state [8] at 11.36 eV. The resulting CH3OC(OH)CH2O

+

intermediate [9] at 10.25 eV can undergo H-transfer from
the CH2 group to the central C atom over transition state [10]
at an energy of 11.60 eV. The product of this H-transfer is the

Figure 5. m/z = 33 production pathway from the ethylene glycol cation [14] (m/z = 62), relative to the neutral DMC molecule. Minimum and
transition state energies have been evaluated using the G4 composite method.
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very stable CH3OCHOH···OCH
+ ion at 9.77 eV [11], which

rearranges by H back-transfer from OCH to CH over transition
state 12 at 10.87 eV and loses CO to yield the m/z = 62 ion,
CH3OCH2OH

+ [13]. The overall fragmentation process is
displayed in Figure 4b.
However, this mechanism has several shortcomings. First, the

H-bond in CH3OCHOH···OCH
+ [11] is easiest to break and

should predominantly yield m/z = 61 over a loose transition
state in a fast dissociation already at 10.45 eV. Even more
importantly, the transition state yielding m/z = 33, CH3OH2

+

from the expected m/z = 62 ion, CH3OCH2OH
+ [13], lies at

12.41 eV (not shown in Figure 4), whereas water loss from
CH3OCH2OH

+ [13] to form the unobserved m/z = 44 ion
appears to take place more readily at 11.55 eV. Therefore, the
observed m/z = 62 ion looks unlike CH3OCH2OH

+ [13] and is
in fact most likely to be the ethylene glycol cation,
HOCH2CH2OH+, which is known to form CH3OH2

+

dominantly when dissociating at low energies,71 and for
which we found an H-transfer transition state to CH3OH2

+

production at 11.67 eV. However, despite numerous attempts,
we could not find an energetically feasible pathway to the
ethylene glycol cation itself. As the experiment suggests, the
unknown barrier height should be lower than 11.6 eV.
As mentioned above, the fractional ion abundance of m/z =

33 rises as the m/z = 62 signal decreases. Thus, the
fragmentation channel is thought to be the HCO (29 amu)
loss from the m/z = 62 intermediate. Once the m/z = 62
ethylene glycol cation [14] is produced, an isomer ion of
HCO···H2O···CH3

+ [18] can be formed via a two-step
hydrogen-transfer process, as displayed in Figure 5. The m/z
= 33 CH3OH2

+ [19] is directly yielded by a sequential HCO
loss from the complex ion [18]. The overall process is very
similar to that in ref 71. The rate-determining barrier height is
11.67 eV, which agrees with the present experimental
conclusion.
The m/z = 45 channel represents the parent ion losing half

of its mass, and because of the ionization energy differences, the
charge is likely to be carried off by the C2H5O

+ species. HCO2

is higher in energy than H + CO2; therefore, this process is also

proposed to take place in two steps, similar to the CH3 + CO2
loss yielding m/z = 31. We have found a path over a H-transfer
transition state [20] to the vicinal oxygen atom at 11.78 eV, and
subsequently, the OCO···CH2O(H)CH3

+ species [22] at 9.77
eV is yielded via a methyl transfer to the same oxygen from the
CH3OC(O)O(H)CH2

+ [21]. Carbon dioxide leaves at already
9.97 eV, leaving behind a hot CH3O(H)CH2

+ ion at m/z = 46
[23] with potentially more than 1.5 eV excess energy.
Afterward,CH3OCH2

+ [24] (m/z = 46) can be formed at an
energy of 10.97 eV.
Alternatively, the CH3 group in [3] may attack the CH2

group to form CH3CH2OC(O)OH+ [26], i.e., the ethyl ester
of carboxylic acid, at 10.38 eV over a transition state [25] at
11.50 eV. After a further hydrogen atom transfer over a 10.82
eV barrier, CH3CH2OH

+···OCO [28] is formed at 9.28 eV,
which readily loses carbon dioxide at 9.76 eV to yield the
ethanol cation. At this point, the system has 1.74 eV excess
energy, 0.42 eV of which suffices to form the m/z = 45 ion
C2H4OH

+ [30] at 10.18 eV.72 Because the overall barrier to
CH3CH2OH

+ formation is 0.28 eV lower than to CH3OHCH2
+

formation, the CH3CHOH
+ isomer [30] may be the dominant

m/z = 45 product in the mass spectra. Both pathways to yield
the m/z = 45 ions are shown in Figure 6. Both m/z = 46
isomers could survive in the rare cases when most excess energy
is carried away by CO2. However, the m/z = 46 abundance is so
small throughout the photon energy range that it is obscured by
the 2.2% 13C peak of m/z = 45.
This pathway also leads to the global cationic minimum

among the isomers we explored. An H-transfer in the carboxylic
acid ethyl ester cation [26] yields CH2CH2OC(OH)2

+ at an
energy of 9.05 eV, relative to the neutral DMC. Although this
species is energetically accessible and is a prime candidate for
ethylene glycol cation formation, it is instead more likely to lose
an ethylene cation to yield carboxylic acid, H2CO3, at an energy
of 10.71 eV. In the absence of an m/z = 28 signal, we can state
that even this process is outcompeted by CO2 loss yielding the
ethanol cation and, eventually, the m/z = 45 fragment ion.
As mentioned earlier, two dissociation channels may yield

the CH3OCO
+ fragment ion at m/z = 59, depending on

Figure 6. Fragmentation paths of the dimethyl carbonate cation to produce the m/z = 45 and m/z = 59 ions, relative to the neutral molecule.
Minimum and transition state energies have been evaluated using the G4 composite method.
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whether CH3O or CH2OH is the neutral fragment. Though the
former requires a direct bond breaking in the parent ion, which
is associated with a loose transition state and suggests a
competitive, fast dissociation, the latter product is more stable
by about 400 meV, at a computed dissociation energy of 11.42
eV. Indeed, once the intermediate ion [21] at 10.87 eV is
formed over a transition state of 11.78 eV, the CH2OH group
may leave without a reverse barrier. This explains the low-
energy formation mechanism of CH3OCO

+at m/z = 59, and it
also makes it less likely that the system will perform a methyl
transfer to yield CH3OHCH2

+ [22] and eventually CH3OCH2
+

[24] at m/z = 45. Therefore, the m/z = 45 channel is suggested
to take place via the ethanol intermediate, and the added m/z =
59 abundance above the 11.9 eV photon energy is probably
thanks to direct bond rupture in the parent ion.
3.4. Unimolecular Dissociation Model. The appearance

of the DMC breakdown diagram together with dissociation
energy and reaction path calculations establish a preliminary
dissociative photoionization model. It can now be fitted to
reproduce the measurement and derive experimental appear-
ance energies (Figure 3).55 The four main parallel decay
channels of the parent ion are governed by two rate
determining isomerization steps. At low energies, the channels
leading to m/z = 31 and 62 open up, and the asymmetric
daughter ion peak shape (Figure 2) below a photon energy of
11.45 eV indicates a metastable dissociation. The partitioning of
the reactive flux into the CH3 + CO2-loss channel and the CO-
loss channel probably takes place shortly after the first H-
transfer isomerization step, and the threshold energy to
dissociation is determined experimentally as E0(CH2OH

+) =
11.14 ± 0.01 eV and E0(C2H6O2

+) = 11.16 ± 0.05 eV. On the
basis of the absence of a sequential water-loss signal from
C2H6O2

+ and its main dissociation product at m/z = 33,
CH3OH2

+, we argue that m/z = 62 is predominantly ethylene
glycol, although we could not find an energetically feasible path
to form it from the parent ion. The breakdown curve for m/z =
33 could be reproduced faithfully at the onset of the fragment
ion signal using statistical product energy distribution in the
CO-loss step, which suggests that, in contrast to the m/z = 31
channel associated with a large kinetic energy release, the
product energy distribution is statistical in the m/z = 62
channel. The fitted 0 K appearance energy for protonated
methanol, E0(CH3OH2

+) = 11.54 ± 0.03 eV, only 0.38 eV
above the m/z = 62 onset, indicates that the m/z = 62
intermediate sits in a shallow potential energy well.
In the high-energy range, two further parallel channels rise,

namely, 45 amu loss and 31 amu loss leading to fragment ions
at m/z = 45 and 59. The former corresponds to CO2 leaving
the parent ion and leaving behind a highly energetic
intermediate ethanol cation that loses a hydrogen atom
immediately. The second, the loss of CH2OH or CH3O yields
CH3OCO

+, and the former neutral fragment is associated with
a lower barrier and a tighter transition state, whereas the latter
neutral can be released in a simple C−O bond rupture. The
fitted appearance energies for the two channels are 11.47 ±
0.06 and 11.46 ± 0.04 eV. Above 11.9 eV, the m/z = 59
abundance starts to rise more rapidly, thanks to the opening up
of the fast but higher-energy direct bond rupture process. In the
same energy range, the model starts underestimating the
fractional abundance of CH2OH

+ at m/z = 31 and over-
estimating that of m/z = 33. This is probably due to the fact
that CH2OH

+ is also a minor dissociation product of ethylene
glycol cation, a channel unaccounted for in the statistical model

and in competition with m/z = 33 formation. Furthermore, the
fragmentation of the unseen intermediate ethanol cation at m/z
= 46 may also contribute to the m/z = 31 signal by methyl loss
at higher energies.73

3.5. Thermochemical Calculations. To anchor the
measured appearance energies to the standard enthalpy of
formation scale, we must address the enthalpy of formation of
dimethyl carbonate. We set up two reactions, an isodesmic and
an isomerization reaction, which connect DMC to species with
better defined thermochemistry, namely methanol, formic acid,
formaldehyde, water, and 1,3,5-trioxane, a six-membered ring
trimer of formaldehyde:

+

→ + +

2CH OH 2HCOOH

C H O (DMC) H CO 2H O
3

3 6 3 2 2 (2)

‐ →C H O (1,3,5 trioxane) C H O (DMC)3 6 3 3 6 3 (3)

The gas-phase 0 K enthalpies of formation of the first four
compounds are listed in the 1.118 version of the Active
Thermochemical Tables74−77 (ATcT) as −189.84 ± 0.17,
−371.20 ± 0.24, −105.32 ± 0.11, and −238.93 ± 0.03 kJ
mol−1, respectively. Pedley lists the room temperature gas-
phase heat of formation of trioxane as −465.90 ± 0.50 kJ
mol−1,78 which converts to −439.49 kJ mol−1 at 0 K using the
average CBS-APNO, W1, and G4 computed thermal enthalpy
of 15.17 kJ mol−1 and the elemental thermal enthalpies.79 The
calculated reaction energies for (2) are −12.16, −13.71, and
−10.19, and for (3) −108.3, −107.4, and −107.7 kJ mol−1

using the G4, CBS-APNO, and W1U composite methods,
respectively. On average, the derived enthalpy of formation for
DMC is obtained as ΔfH

o
0K(DMC(g)) = −548.3 ± 1.5 kJ

mol−1, which converts to ΔfH
o
298K(DMC(g)) = −571.6 ± 1.5

kJ mol−1. Using the measured ionization energy of 10.47 eV,
the enthalpy of formation of the cation is thus obtained as
ΔfH

o
0K(DMC+) = 461.9 ± 1.8 kJ mol−1 in the stationary

electron convention. Furthermore, together with the appear-
ance energy for CH2OH

+, 11.14 ± 0.01 eV, i.e., 1074.8 kJ
mol−1, the heat of formation of the activated complex is
obtained as ΔfH

o
0K([5]

‡) = 526.5 kJ mol−1. Based on the heats
of formation of the DPI products, ΔfH

o
0K(CO2(g)) = −393.11

± 0.02 kJ mol−1, ΔfH
o
0K(CH3) = 149.84 ± 0.08 kJ mol−1 from

ATcT 1.118, and ΔfH
o
0K(CH2OH

+) = 717.7 ± 0.7 kJ mol−1,80

in sum 474.4 kJ mol−1, the overall reverse barrier to m/z = 31
formation in dissociative photoionization is determined as 52 kJ
mol−1 or 0.54 eV, significantly above the computed value of
0.01 eV. This also explains the large kinetic energy release
observed as the broadening of the parent ion peak in the 11.055
and 11.115 eV mass spectra.
Taking into account the room temperature vaporization

enthalpy of DMC of Δl
gH = 38.02 ± 0.19 kJ mol−1,81 the

enthalpy of formation of liquid dimethyl carbonate is obtained
as ΔfH

o
298K(DMC(g)) = −609.6 ± 1.5 kJ mol−1. This can be

used to derive the heat of combustion of DMC according to

+ → +C H O (l,DMC) 3O (g) 3H O(l) 3CO (g)3 6 3 2 2 2 (4)

using ΔfH
o
298K(CO2(g)) = −393.47 ± 0.02 kJ mol−1 and

ΔfH
o
298K(H2O(l)) = −285.83 ± 0.03 kJ mol−1, as listed in

ATcT 1.118. ΔrH298K(4) = 1428.3 ± 1.5 kJ mol−1 ≡ 15.87 ±
0.02 MJ kg−1, which is slightly more than half of the
analogously defined heat of combustion of ethanol per weight,
ΔrH298K = 1367 kJ mol−1 ≡ 29.7 MJ kg−1 (also based on ATcT
1.118), resulting in lower combustion temperatures and
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suppressing NOx formation in a similar combustion environ-
ment.

4. CONCLUSIONS
Threshold photoelectron photoion coincidence experiments
were conducted on dimethyl carbonate in the 10.3−12.5 eV
photon energy range. DMC formed a stable parent ion at the
ionization onset, and the Franck−Condon analysis of the
vibrational fine structure in the ground state band of the
photoelectron spectrum helped identify the active COC
bending and CO stretching modes upon ionization. The
adiabatic ionization energy of DMC could also be determined
as 10.47 eV. The breakdown diagram was analyzed to
determine the dissociative photoionization mechanism, and
ab initio calculations were carried out to explore the potential
energy surface and locate the rate determining transition states.
The DMC+ cation dissociates by four parallel pathways: CH3 +
CO2 loss yields the lightest fragment observed herein at m/z =
31, CH2OH

+, at a 0 K appearance energy of 11.14 eV. In
parallel, the parent ion may lose CO to yield what is suggested
to be the ethylene glycol cation at m/z = 62 and an onset of
11.16 eV. However, the reaction pathway to ethylene glycol was
not found on the potential energy surface. Two further parallel
channels open up at higher energies, CO2 + H loss yielding m/z
= 45 over the ethanol intermediate and CH2OH loss yielding
OCOCH3

+ at m/z = 59. The fitted appearance energies are
11.46 and 11.47 eV, respectively. At higher energies, CH3O loss
by CO bond breaking contributes to the m/z = 59 channel,
as well. The m/z = 62 fragment ion dissociates further to m/z =
33 at an onset of 11.54 eV. At higher energies, the m/z = 33
contribution is overestimated, the m/z = 31 is underestimated
by the statistical model, which indicates a further, parallel
dissociation channel from m/z = 62, yielding m/z = 31, which is
not included in the model but is consistent with m/z = 62 being
the ethylene glycol cation. A further contributor to the m/z =
31 signal may be the ethanol intermediate, which also decays by
methyl radical loss at higher internal energies.
With the exception of the ethylene glycol path, the reaction

coordinates could be identified satisfactorily on the potential
energy surface of the DMC+ cation. However, calculations
suggest that numerous, energetically close lying minima and
transition states play a role, whereas the breakdown diagram
suggests that two rate-determining transition states govern the
dissociation mechanism, one for the m/z = 31 and 62 channels,
and another for the m/z = 45 and 59 channels. This apparent
dichotomy may be resolved if the apparent simplicity of the
breakdown diagram is the result of the superposition of
complex reaction pathways. Nevertheless, the statistical DPI
model can still be used to predict the threshold ionization mass
spectrum of DMC below 12 eV at an arbitrary temperature,
assisting, for instance, pyrolysis or combustion experiments.
At the same time, it is an unusual and intriguing observation

that the first dissociation channel yields the lightest fragment
ion of all in the studied energy range, which, at m/z = 31,
dominates the breakdown diagram until it is overtaken by the
m/z = 45 and then by the m/z = 59 signal. Thus, the more
energy is available for the dissociation, the larger the fragment
ions. Furthermore, several dissociation steps take place
inevitably in multiple steps with intermediate ions barely (at
m/z = 75 in CH3 loss followed by CO2 loss) or not at all
observable (in CO2 loss followed by H loss). Highly exothermic
isomerization steps and stable leaving groups make such
processes possible.

Finally, to relate the derived onset energies to the standard
thermochemical scale, we calculated isodesmic and isomer-
ization reaction energies to determine the heat of formation of
DMC as ΔfH

o
298K(DMC(g)) = −571.6 ± 1.5 kJ mol−1. Overall,

the combustion enthalpy of DMC is about half of that of
ethanol per unit mass.
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