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The dissociative photoionization onset energy of the CH;I — CH; " + I reaction was studied at
the vacuum ultraviolet (VUV) beamline of the Swiss Light Source (SLS) using a new imaging
photoelectron photoion coincidence (iPEPICO) apparatus operating with a photon resolution of
2 meV and a threshold electron kinetic energy resolution of about 1 meV. Three previous
attempts at establishing this value accurately, namely a pulsed field ionization (PFI)-PEPICO

measurement, ab initio calculations and a mass-analyzed threshold ionization (MATI) experiment,
in which the onset energy was bracketed by state-selected excitation to vibrationally excited

A, A states of the parent ion, have yielded contradictory results. It is shown that dimers and
adducts formed in the supersonic molecular beam affected the PFI-PEPICO onset energy. The
room temperature iPEPICO experiment yields an accurate 0 K onset of 12.248 + 0.003 eV, from
which we derive a AgH 95 k(CH3I) = 15.23 4+ 0.3 kJ mol™', and the C-I bond energy in CH;I is
232.4 + 0.4 kJ mol~!. The room temperature breakdown diagram shows a fine structure that
corresponds to the threshold photoelectron spectrum (TPES) of the A state. Low internal energy
neutrals seem to be preferentially ionized in the A state when compared with the X state, and

A state peaks in the TPES are Stark-shifted as a function of the DC field, whereas the dissociative
photoionization of X state ions is not affected. This suggests that there are different competing
mechanisms at play to produce ions in the A state vs. ions in the X state. The competition
between field ionization and autoionization in CHslI is compared with that in Ar, N, and in the
H-atom loss energy region in CH, . The binding energies of the neutral and ionic Ar—-CHj;l

clusters were found to be 26 and 66 meV, respectively.

Introduction

The measurement of dissociative photoionization onsets with
an accuracy of 1 meV (0.1 kJ mol™') is one of the few
methods capable of keeping pace with state of the art ab initio
calculations'® of thermochemical properties of small
molecules and ions. All determinations, whether experimental
or theoretical, provide only energy differences between two
states. Thus, in a commonly used theoretical approach, the
heat of atomization is calculated using the final atomic heats of
formation as the anchor. Without the luxury of transforming a
molecule into its gas phase atoms, the experimental approach
is more limited and must use a variety of anchors. For
example, the equilibrium constant of a neutral reaction is
measured as a function of temperature, and the reactant and
product enthalpies can be related to each other by means of
the van’t Hoff equation. In addition to neutral thermo-
chemical cycles, various ion cycles, including processes such
as AB + v > AT + B + ¢, are a welcome avenue for
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identifying systematic errors in neutral measurements, and
complement them by the inclusion of different anchor species.
However, this requires that ionic reaction heats be measured
precisely and accurately. Photoelectron photoion coincidence
(PEPICO) techniques are capable of measuring the dissociative
photoionization onset energies to this level of precision*” if
both the photon and the photoelectron energies are known
to within 1 or 2 meV. The dissociative photoionization of
iodomethane, CH;l, produces a methyl ion and an iodine
atom in the 12.1-12.3 eV photon energy range. Because the
heats of formation of both CH; " and I are well established, it
is possible to use these products as anchors for determining
the heat of formation of the iodomethane molecule in the
gas phase.

The dissociation onset for CH3I™ to produce the methyl ion
has been studied previously by numerous groups. Tsai et al.®
reported a 0 K onset of 12.25 £ 0.03 eV using the PEPICO
technique with a room temperature sample. Traeger and
McLaughlin® reported a 298 K photoionization onset of
12.18 eV. More recently, Song et al.'® used a high resolution
PFI-PEPICO approach'! to determine a 0 K onset of
12.269 £ 0.003 eV with iodomethane cooled in an Ar seeded
molecular beam. In parallel with these photoionization
experiments, a number of groups, starting in 1977 with
Morrison and co-workers,'>!? followed by Walter et al,'* and
culminating in a recent series of papers by the Kim group,'> 7
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prepared the iodomethane ion in its ground electronic state
and photodissociated the ion to the CH;" product. The
combination of a cold sample and a high-resolution laser
resulted in sharp photodissociation structure associated with
the low frequency vibrational modes (e.g. the C-I stretch) of
the A, A state of CH5I ™ beginning at 19417 cm ™! relative to the
electronic ground state ion and extending up to 23500 cm™!,
corresponding to the 11.945-12.452 eV one-photon energy
range.'” Because the dissociation limit of the CH; ™ + I states
lies at about 22000 cm™", the photodissociation action spectro-
scopy proceeds via a 2 photon absorption from the X state for
photon energies below the dissociation energy and one photon
absorption above it. Hence, it is readily possible to bracket the
dissociation limit between two well-isolated vibrational states
of the A state, based on the required laser intensities to
produce the methyl ion product. On the basis of these spectra,
Lee and Kim'> provided lower and upper limits for the
dissociation limit of the iodomethane ion of 12.235 and
12.251 eV, respectively (relative to the ground state neutral
molecule). It is evident that the onset of 12.269 + 0.003 eV
reported by Song et al.'® is well above the Lee and Kim upper
limit. Benchmark ab initio calculations® are also easier to
reconcile with the photodissociation action spectroscopy
brackets.

In view of the discrepancy between the Song et al.'® and the
Lee and Kim'® results, we have undertaken a study using the
newly constructed imaging PEPICO experiment* at the Swiss
Light Source. Furthermore, it is of considerable interest to
determine if accurate onsets can indeed be determined when a
dissociation limit lies in-between sparsely-spaced quantum
states of the ion, as is the case for iodomethane.

Experimental approach

The iPEPICO apparatus has been presented elsewhere®!® and
only a brief overview is given here. A room temperature gas
phase sample was introduced to the experimental chamber
through an effusive source. In order to ascertain that thermal
equilibrium is reached, no needle is used and the sample gas
exits a 30 cm-long 6 mm outer diameter Teflon tube near the
ionization region. The typical pressure outside the p-metal
shield was 5 x 107 to 1 x 107> mbar during measurement. In
a second set of experiments, 2.5% iodomethane was premixed
with argon or neon and supersonically cooled in a molecular
beam using backing pressures from 0.3 to 3 bar. The gas was
expanded through 30 or 50 pm nozzles from Agar Scientific
having thicknesses of 100 um and 2 mm, respectively. The
molecular beam entered the experimental chamber through a
Beam Dynamics Model 2 nickel skimmer ca. 5 mm from the
nozzle, and arrived at the ionization region 10 cm further
downstream. The background pressures in the source and in
the experimental chambers were typically 1-5 x 10~*and 5 x
107 mbar, respectively. The molecular beam is aimed at a
Leybold 1500CL cryopump, and the experimental chamber is
also pumped by an off-axis 500 1 s~! Pfeiffer turbomolecular
pump. It is possible to check the thermal background
contribution to the signal by closing the gate valve of the
off-axis turbomolecular pump in the experimental chamber

(which leads to an increase in the thermal background, but
leaves the molecular beam density at the ionization region
unchanged) and extrapolating to zero background pressure.
The sum of two Gaussians may also be used to fit the Ar™"
time-of-flight (TOF) peak to determine the ratio of the
molecular beam signal and the thermal background. The latter
showed that 88% of the sample density in the ionization
region is in the molecular beam.

The sample was ionized by the incident synchrotron
radiation with a spot size of 2 x 4 mm at the X04DB bending
magnet beamline of the Swiss Light Source.!” The photon
energy was calibrated against well-known Arlls’—14s’ and
Ne 13s’, 14s’, 12d’ and 13d’ autoionization lines, both in the
Ist and 2nd order.?® The photoelectrons are velocity
map-imaged onto a DLD40 Roentdek position sensitive
delay-line detector with a kinetic energy resolution better than
1 meV at threshold. The ions are extracted by the same,
typically 40 V cm™! field in a 5 cm-long acceleration region
and then are further accelerated to —550 V to space focus them
at a Jordan TOF C-726 microchannel plate detector. Ions
produced in the molecular beam travel in the beam direction at
a speed determined by the backing gas, i.e. at 560 m s~ ' for
Ar and 790 m s™' for Ne. The actual offset of the ion beam at
the detector may be larger than implied by the time of flight
due to their crossing several grids at an acute angle. Hence, the
second ion acceleration plate is split so that different voltages
may be applied to each half of the plate in order to steer the
ions onto the detector.

Because the electrons are imaged according to their off-axis
momentum, some energetic (hot) electrons are detected in
the central spot, thereby contaminating the true threshold
electrons. The hot electrons are accounted for by subtracting
signal collected in a small ring around the central spot with
typical inner and outer diameters of 0.8 and 1-1.5 mm,
respectively. This approach to hot electron subtraction was
introduced by Sztaray and Baer,”! and has also been
incorporated by Garcia e al.” in their PEPICO experiment
at the Soleil synchrotron. Using this method, it was possible to
obtain the 2P3/2 and 2P1/2 peaks of Ar with a 2.6 and 2.3 meV
full width at half maximum, respectively, which corresponds
to the photon energy resolution measured by the width
of the 11s'~13s’ autoionization lines.* Electron hit times and
positions and ion hits are recorded in the triggerless mode
of an HPTDC time to digital converter card, and electrons
and ions are correlated on-the-fly to obtain time-of-flight
distributions without dead time. This multiple-start/multiple-stop
data acquisition scheme'® enables data acquisition at
ionization rates in excess of 100 kHz, which is beneficial at a
high intensity light source, such as the synchrotron.

The experimental data may be analyzed and plotted in
several ways: the threshold electron signal as a function of
the photon energy yields a threshold photoelectron spectrum
(TPES); the threshold electron signal detected in coincidence
with an ion in a particular TOF range yields a mass-selected
TPES; and the fractional ion abundances as a function of the
photon energy yield the breakdown diagram, which has the
significant benefit of being independent of volatile ambient
parameters such as sample pressure, photon intensity and
alignment.
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Spectroscopy and dissociation energetics of CH;3I "

Fig. 1 shows the potential energy curves along the C-I bond
distance for iodomethane and its ionic states. The lowest
energy dissociation path to CH; ™ + I (2P3/2) is from the
two spin orbit states of the ground potential energy surface of
the ion. The A state of the ion correlates with dissociation to
CH; + I7. As pointed out by Kim and coworkers,'>!7 the
interesting feature in the iodomethane ion dissociation is that
the dissociation limit lies in between a sparse set of optically-
accessible A state vibrational levels. Furthermore, direct
excitation of high vibrational levels of the ionic ground state
starting from the neutral molecule appears to be highly
unlikely due to vanishingly small Franck—Condon factors.
On the other hand, dissociation onsets lying in Franck—Condon
gaps have routinely been measured by photoionization.
Examples include various dissociation onsets in N,O ™,
H,CO ™", isomers of C3;H,",**** and CH;COCH;".”
Explanations for the production of high vibrational levels in
Franck—Condon gaps have invoked the excitation of auto-
ionizing states that can convert into high vibrational levels of
the ground electronic ion state.”®?* Chupka er al. have has
considered the role of rotational autoionization in coupling
electronic and vibrational levels in the production of threshold
electrons.?® It is therefore of interest to determine (a) if we can
reach the continuum states of the ground electronic state of
CH5I™, and (b) if such rotational effects are evident.

Room temperature breakdown diagram of CH;I*

The threshold photoelectron spectrum is shown in the upper
part of Fig. 2. The crosses above the TPES show the location
of the sharp lines reported by Lee and Kim,'> which clearly
correlate with the peaks in the lower-resolution room
temperature TPES. However, unlike the photodissociation
spectrum [CH;I " (X) + hv - CH3I" (A) > CH;" + 1] of
Lee and Kim, which did not access the high vibrational levels
of the X state, our TPES shows a large and broad background
underneath the A state peaks. We attribute this background to
threshold photoionization yielding rovibrationally excited ions
in the X state. In the same upper panel, we show the parent
and product ions collected in coincidence with threshold
electrons, the sum of which constitute the TPES.

The fractional parent and daughter ion abundances as a
function of the photon energy (breakdown diagram) are
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Fig. 1 CHsl energy diagram.
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Fig. 2 Threshold electron and coincident parent and product ion
signal (above), and room temperature CHsl breakdown diagram
(below). The simulated breakdown curves (continuous lines) are
weighted averages of low temperature A state (150 K) and high
temperature X state (345 K) breakdown curves (dotted lines). Crosses
show A state peak positions based on the spectrum of Lee and Kim.!?

shown in the lower panel of Fig. 2. In constructing the parent
and product ion yields and the breakdown diagram,
we corrected the CH3"/CH3I" ratios using the measured
collection efficiencies for these two ions. In the room temperature
experiment, the efficiencies differ only because of the considerably
higher velocity with which the lighter methyl ion hits the
microchannel plate ion detector. The collection efficiency,
E\;, was measured in the usual manner, Fy; = Cyy/Sg, where
Cwm is the coincidence rate for ion M ™ at a photon energy
where the M signal accounts for close to 100% of photoions,
and Sg is the rate of threshold electron detection. The
measured efficiencies for the parent and daughter ions were
20 and 25%, respectively. The initial thermal energy distribution
of the parent molecule, 80% of which resides in the rotations,
is transposed onto the ion manifold, and because this is a room
temperature sample, results in a wide breakdown diagram, as
opposed to a step function that could be expected if only one
internal energy level were populated in the neutral. That is,
ions are produced with internal energy equal to iv + Ey, — IE,
where Ey, is the initial thermal energy and IE is the adiabatic
ionization energy. If the threshold ionization cross-sections
and the collection efficiencies are constant over the thermal
energy range, the derivative of the breakdown diagram yields
the thermal energy distribution;®° since the iodomethane
cation breakdown curve is not decreasing monotonously, this
is certainly not the case here. Peaks corresponding to A states
in the TPES coincide with peaks in the parent ion signal (upper
panel), which suggests that photoionization to the A ion state
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produces ions with less internal energy than photoionization
to the X ion state at the same photon energy. Franck—Condon
factors for the transition to the ionic X and A states are
markedly different, but there are two arguments against
threshold ionization being governed by them. First, they are
practically negligible for ionization to the vibrationally-excited
X state in this energy region, whereas ions in the X state
dominate the threshold ion signal. Secondly, since only 20% of
the neutral thermal energy resides in the vibrations, the effect
of the Frank—Condon factors on the apparent ion temperature
could only be minor.

In order to gain insight into the competing transitions
between neutral and ion states, we model the breakdown
diagram using three parameters: the onset energy and, to
characterize the internal energy distribution of the photoions,
two temperatures, one for the ionic A state and one for the
ionic X state. In other words, we ignore all the details about
transition probabilities and assume that the X and A state ions
are produced with different internal energy distributions,
which we parameterize in terms of two temperatures.
To determine the A to X ratio, we divided the TPES into X
and A portions using the sloped solid line in the upper panel of
Fig. 2. The breakdown diagram was then modeled as a linear
combination of the X and A states in the proportions dictated
by the TPES by varying the two assumed temperatures.
The best fit was obtained using the two temperatures indicated
in Fig. 2, namely 150 K for the A state and 345 K for the
X state. The best fit curves produced a 0 K onset energy of
12.248 4 0.003 eV, a value which will be discussed later.

The upper panel of Fig. 2 shows that the oscillations in
the breakdown diagram originate overwhelmingly from the
oscillations in the parent ion yield. Above the onset, the
oscillations appear in the daughter ion intensity, but not in
the breakdown diagram because the relative abundance is
uniformly 100%. That the “switchover” in the oscillations
from parent to daughter ion intensity is so abrupt indicates
that the energy distribution of A state ions is cold, consistent
with the assumed 150 K temperature found by modeling. This
also precludes an alternative explanation for the oscillations in
the breakdown diagram, namely that the A state ions are
stabilized by, for instance, fluorescence on a time scale faster
than that of internal conversion and dissociation, in which case
the oscillations would remain in the parent ion intensity above
the onset. Indeed, tentative fluorescence experiments did not
show any increased fluorescence from the A state peaks.’'

In our attempt at explaining the two temperatures
associated with the production of X and A state ions, it must
be remembered that only a small fraction of the absorption
events are detected, namely those that produce threshold
electrons. Other, competing processes are dissociation to
neutral channels and the ejection of energetic electrons
associated with the production of ground state ions in low
vibrational levels. The first step in threshold ion formation has
to be the Franck—Condon allowed excitation either directly to
A state ions or to Rydberg states, R4, converging to A state
ions. Stark shift measurements (vide infra) show that A state
ions are produced via intermediate states sufficiently long-lived
to be field ionized, thereby showing that Rydberg states are
involved in forming A state ions.

In order to explain the production of X state ions in the
Franck—Condon gap below the A band of N,O™, Guyon
et al®® and Chupka es al.?® proposed a mechanism that is
initiated by the excitation of high-n Rydberg states, Ra,
converging to the various vibrational levels of the A state.
This same mechanism can be applied to the CH5I ™ dynamics.
In competition with vibrational autoionization to the A state
ions, the R can curve-cross to a neutral dissociative state, D.
Once in this repulsive state, the molecule can dissociate to
neutral products (e.g. H + CH,I, or CH; + I), or it can
curve-cross once more to a Rydberg state converging to the X
state of the CH;I" ion. Because energy must be conserved,
this Ry state is highly vibrationally excited and it can
autoionize by vibrational and/or rotational autoionization,
yielding a threshold electron and leaving behind a vibrationally
excited X state ion. The mechanism of Guyon et al. can be
summarized as X + iv > Ry, > D - Ry* > X" + e,
where the superscript * implies vibrational excitation. Because
of the high density of A Rydberg states with various n and v
quantum numbers as well as the high vibrational density of
ionic states, X state ion production associated with threshold
electrons can take place at any photon energy and thus be
characterized by a uniform yield as shown in Fig. 2. On
the other hand, A state ion production associated with
threshold electrons can take place only at photon energies in
quasi-resonance with an A state ion.

According to this model, the competition between A and X
state ion production in the vicinity of an A state ion level is
governed by the branching ratio between vibrational auto-
ionization of the R state and curve-crossing to the dissociative
D state. The curve crossing to the D state is apparently aided
by rotational excitation, by an increase in the nuclear wave-
function overlap via e.g. centrifugal and/or Coriolis coupling.
Therefore, rotationally excited R4 states will preferably cross
over to a repulsive neutral state, and, consequently, end up as
X state ions. This will result in preferential population of
A state ions in the lower rotational states and thus be
characterized by a lower A state temperature. Conversely,
the X state temperature will be higher for the same reason.

To the best of our knowledge, this is the first time that such
significant deviations from the neutral internal energy
distribution have been observed in threshold ionization, and
also the first time that competing ionization pathways are
shown to have internal energy-dependent ionization cross-
sections at room temperature. However, despite these effects,
the derived dissociation onset energy, Ey, is independent of the
internal energy distribution because, in the absence of competing
parallel processes, Ey is the energy where all parent ions have
sufficient energy to dissociate and form the product ion. The
onset energy is the disappearance energy of the parent ion, i.e.
where its abundance reaches zero, 12.248 4+ 0.003 eV for
iodomethane. This value agrees well with the MATI-determined
lower and upper limits based on state-selective excitation in
the A state, and is at odds with the PFI-PEPICO value.

This onset can now be used to determine a new value for the
iodomethane heat of formation. The enthalpy of formation of
CH; " can be determined from the very accurate methane 0 K
heat of formation of —66.58 + 0.060 kJ mol~'** and the
previously mentioned onset for CH; ™ + H from methane
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(14.323 £ 0.001 eV) reported by Weitzel et al.** Combining
this with the H atom heat of formation yields a
AHy «(CH; ") = 1099.35 & 0.1 kJ mol™". Our 12.248 eV
onset for I loss from iodomethane then yields a AcH®, x(CH3l) =
24.76 + 0.3 kJ mol ' and a 298 K value of 15.23 £ 0.3 kJ mol ',
using the B3LYP/6-311G(d,p) calculated Hog k — Hy x of
10.82 kJ mol~! for CH;l. This is, within the experimental
error, equal to the Pedley value of 14.4 & 1.4 kJ mol~'** but
considerably more accurate. Based on the I loss onset and
AcH®) x(CH;3) = 150.0 £ 0.3 kJ mol~',* it is also possible to
derive the neutral CH3zI — CHj3 + I energy at 0 K, i.e. the C-1
bond energy in iodomethane, which is 232.4 & 0.4 kJ mol .

TPES and mass-selected TPES in the molecular beam

The cooling in the molecular beam and the negligible back-
ground contribution are confirmed by the Ar TOF peak

widths. Based on T = 2018% for a mass spectrum
peak in 1st order space focus in a Wiley—McLaren-type
time-of-flight spectrometer,*® where 7 is the temperature in
K, E the electric field in V em ™!, fpwim the full width of the
TOF peak at half maximum in ps, and M the molar mass in
g mol ™!, the Ar peaks correspond to a translational temperature
of 12 K. In contrast, the CH;I" peak width at 12.15 eV,
measured under the same circumstances, corresponds to 125 K
translational temperature.

It is well established that Ar—CH3I adducts and (CHj3l),,
n > 1 dimers, trimers ezc. may be formed in a molecular beam
environment. Barry and Gorry found that at a nozzle
temperature of 373 K and a backing pressure of 0.4 bar
CH;l, 8% of the pulsed molecular beam consists of dimers.*’
This has been corroborated by Donaldson, Vaida and Naaman,
who derived an equilibrium constant for dimer formation in
their experiment at room temperature of ca. 3 bar '3
Iodomethane dimers in a molecular beam have been directly
observed by infrared spectroscopy after impacting them on a
solid matrix.>® Chen et al. expanded a 1:5 CH;I: Ar mixture
at 1 bar and measured the appearance potential of the dimer
and trimer cations to be 9.19 £ 0.05 eV and 9.07 £ 0.10 eV,
respectively.®® Bogdanchikov et al*' calculated the neutral
dimerization energy of the head-to-tail (HT) conformer to be
—0.096 eV, and that of the head-to-head (HH) conformer to
be —0.087 eV at the MP4(SDTQ)//MP2 level. The vertical and
adiabatic ionization energies were calculated to be 9.74 vs.
9.42 eV (HT), and 9.51 vs. 8.44 eV (HH), respectively.*' For
reference, the ionization energy of CH;I has been determined
very accurately by two-photon zero electron kinetic energy
(ZEKE) spectroscopy to be 9.538 eV.+

The total threshold photoelectron spectrum in the molecular
beam with Ar as backing gas is shown as the solid points in
Fig. 3a. In addition, several mass-selected TPES for (CH;I), ™
(Fig. 3b), ArCH5I ", Ar,CH;1" and Ar;CH5I ™ (Fig. 3a) are
also shown. The CH;l vibrational structure in the total TPES
is evident and the various peaks are readily assigned to known
ion states, except for the significant peak at a 26 meV higher
energy than the 2E3/2 X monomer ground state ion peak,
which does not correspond to a vibrational level of this ion.
However, this peak is correlated with ions having the m/z
of iodomethane. We attribute this peak to dissociative
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Fig. 3 Threshold photoelectron spectrum and mass-selected threshold

photoelectron spectra for 2.5% CH;l in Ar in the ionization energy
region.

photoionization of CH3I-Ar via CHs5l-Ar + hv — CH3I" +
Ar + e, which means that this 26 meV shift is the binding
energy of the neutral CH;I-Ar dimer.

Turning now to the mass-selected TPES, we see a broad
range of threshold cluster ion signal at energies below the
CHs;l ionization energy. In particular, there are three peaks
associated with the heterogeneous clusters, Ar,CH;I (n = 1, 2, 3).
Because Ar is rather weakly bound to the iodomethane ion,
the geometry does not change much. The 0-0 peak being
dominant in the Franck—Condon distribution, peak positions
are associated with adiabatic ionization energies. These are
IE(ArCH;I) = 9.496 eV, IE(Ar,CH;3l) = 9.466 eV, and IE
(Ar;CH;I) = 9.425 eV. We note that the ionization energy for
the ArCH;I adduct lies 40 meV below that of the monomer IE.
We can combine this shift with the previously determined
26 meV neutral binding energy to derive the binding energy of
the ion, which, therefore, is 40 + 26 = 66 meV.

At still lower energies, the mass-correlated TPES for the
(CH3I), " is shown in Fig. 3b. Because the neutral and ion
dimers have different geometries, the TPES will not exhibit a
sharp 0-0 peak but, rather, will be characterized by a broad
Franck—Condon envelope. Dissociatively photoionized trimers
are expected to have a small effect on the appearance energy of
the dimer ion, since the mass-selected trimer signal is always
negligible compared to the dimer one. If we assume that all of
this signal corresponds to the process: (CHsl), + hv —
(CHsI)," + e, and not to dissociative ionization of neutral
trimers, we can interpret the two sloped regions as perhaps due
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to ionization of two different dimer neutrals, namely the HH
and HT conformers. Further calculations and experiments
may be needed to unambiguously assign the dimer spectrum,
but the dimer appearance energy is clearly below the
previously reported value of 9.19 & 0.05 eV.*

Breakdown diagram of CHj;I in a molecular beam

The breakdown diagram of CH;l prepared in a molecular
beam with Ar as backing gas, shown in Fig. 4, is shifted
20 meV to higher energies with respect to the room temperature
data, similar to the PFI-PEPICO breakdown diagram
published by Song er al.'® In particular, the apparent onset
energy, 12.268 eV is almost identical to the onset reported by
Song et al. and the lingering parent ion signal above the onset
energy is also observed in both experiments. Additionally, the
A state energy levels are not nearly as conspicuous as in
the room temperature breakdown diagram, nor is the width
of the breakdown diagram consistent with the low temperature
and sharp internal energy distribution expected in a molecular
beam. The primary cause of these effects and the source of
the disagreement between the apparent dissociation onset in
the room temperature and molecular beam experiments is the
formation of homogeneous and heterogeneous cluster ions as
shown in Fig. 3.

An additional, independent reason for a broadened break-
down diagram may be different collection efficiencies for the
parent and daughter ions. The collection efficiencies for
CH5I" and CH;", which were 20 and 25% in the room
temperature breakdown diagram, are reduced to 7 and 12%
in the molecular beam, respectively, with Ar backing gas and
the deflection plates on. The difference in the overall collection
efficiencies is probably due to different collection volumes for
electrons and ions as well as alignment issues, but it is also
evident that CH;I " ions formed in the molecular beam have a

1.0 4

= = e
IS =N 0

Fractional ion abundances

=
o

0.0

12.14 12.16 12.18 12.20 1222 1224 1226 12.28 12.30
hv/eV

Fig.4 Breakdown diagram of 2.5% CHj;I in the molecular beam with
Ar as backing gas through a 30 um nozzle. The fractional ion
abundances are shown without (@) and with (A) the correction for
different collection efficiencies based on the ion signal ratio to the
threshold electron signal (see text). The parent disappearance energy
region is also shown for approx. 1 bar of Ar bubbling through room
temperature CH;I with a vapor pressure of 450 mbar through a 2 mm-
long 50 pm nozzle (black #). The continuous line shows the fitted
room temperature parent ion abundances. The dotted line shows the
fitted breakdown curve of the parent ion in the molecular beam as
reported by Song et al.'®

somewhat smaller chance of reaching the detector due to their
larger initial transverse kinetic energy. When the different
collection efficiencies are taken into account, the breakdown
diagram narrows significantly, and the crossover energy (the
photon energy at which the parent and daughter abundances
are equally 50%) moves to be 17 meV higher in energy (Fig. 4).

The main reason for the smoothing of the breakdown
diagram and the apparent high translational temperature of
the parent CH5I ™ ions, however, is that instead of the neutral
CH;I with very low rotational and vibrational internal energy,
a mixture of clusters is ionized, which then dissociates and
gives rise to CH3I ™ with a wide internal energy distribution.

Neutral clusters shift the observed onset to higher
energies because we cannot distinguish monomer ions, M ™,
originating from dissociative threshold ionization of dimers
M, + hv > MT + M + e7) and direct ionization of a
monomer (M + hv - M™ + e7), as both M ions are
collected in coincidence with zero energy electrons. However,
the disappearance of the M ™" ion is shifted to higher photon
energy by the binding energy of the neutral dimer. The other
consequence is that the M " peak width for the dissociative
ionization is broader than that for the simple ionization of the
monomer, which accounts for the higher translational tem-
perature observed in the molecular beam data. The observed
20 meV shift in the parent ion disappearance (Fig. 4) is most
likely a result of the CH3;I-Ar dimers because, as reported by
Bogdanchikov ez al.,*' the iodomethane dimer binding energy
is calculated to be about 100 meV, which is too large to
account for the small shift in the breakdown diagram.
On the other hand, the measured 26 meV binding energy of
Ar-tagged CH;l (see Fig. 3), provides an explanation for the
shift in the onset energy in the molecular beam. The lingering
parent ion signal at high energies can then be explained by the
dissociative photoionization of the methyl iodide dimers
and multimers, which produce monomer CH;I" ions with
at least 100 meV less internal energy than the corresponding
ions stemming from monomer neutrals. These parent ions
will not dissociate in the photon energy range of the break-
down diagram, and give rise to the lingering parent ion
signal.

We have also tried to increase the iodomethane concentra-
tion in the beam by bubbling Ar through CH;I, which has a
vapor pressure of about 450 mbar at room temperature, and
employed a thicker, 2 mm-long nozzle with a 50 um nozzle
diameter. However, as shown by the diamonds in Fig. 4,
the observed breakdown diagram shift decreased (when the
two correction efficiency corrected data sets are compared),
and the lingering parent ion signal disappeared. Since these
conditions are very similar to the ones in the experiment of
Song et al., with the exception of the change in the nozzle
geometry, we attribute the diminished adduct formation to the
effect of the nozzle.

To elucidate these effects further, the breakdown diagram of
iodomethane was also obtained in 2.5% concentration with
Ne as backing gas and with the long, 50 pum nozzle.
The breakdown diagram was very similar to the one obtained
with the 50 pm nozzle and Ar as a backing gas, which can be a
nozzle effect and/or indicative of the smaller binding energy of
Ne to CH;l.
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Electric field (Stark) effects

In order to detect ions with high collection efficiencies,
especially in the case of a molecular beam sample where the
neutrals have significant velocities perpendicular to the extraction
axis, it is essential to extract the ions with a substantial electric
field. This raises concerns about Stark shifts in measuring
dissociation onsets in ions. Chupka has shown that an
approximate expression for the shift in the ionization energy
in the diabatic limit is

6ecm™'y/F/(Vem), (1)

where Fis the electric field.** This translates into shifts of 27 to
66 cm ™! for electric fields of 20 and 120 V cm ™, respectively,
which is several times the accuracy (8 cm™") we strive for in
terms of onset energies.

The Ar TPES was obtained for the ground 2P3’,r2 and %P, 2
states at 20, 80, and 120 V cm ™! electric fields. To minimize the
effects of the photon energy resolution and other experimental
uncertainties in determining the ionization onsets, the apparent
ionization onsets were shifted by a constant between 2 and 12 cm™!
for each state with respect to the known ionization
energies,***° to ensure the best possible square root dependence
of the Stark shift on the field. Table 1 lists the results for
Ar obtained at three different field strengths and similar
results for several states in the N, TPES obtained at 20 and
120 V em™!. The average prefactor weighted by the number of
experimental points is 5.98 cm™', in excellent agreement with
eqn (1). These results also agree well with a photoionization
onset measurement in N reported by Berkowitz and Ruscic,*’
where they found a value of 6.1 cm™".

Less well documented are possible Stark effects in dissocia-
tion onset measurements. In order to correct for any lowering
of dissociation onset measurements due to Stark effects, we
collected data at various electric fields from 20 to 120 V cm ™
for both the H loss from the methane ion and I loss from
iodomethane ion (Fig. 5). A spline fit was applied to the
experimental data points, the TPES intensities were re-normalized,
and the curves were shifted in energy to get the best overlap
between the low field and the high field data. The structureless
CH,4 TPES is best fitted without a shift. The differences are
clearest for the CH;I TPES, for which the 120 V em™! curve
needs to be shifted 2.4 meV, which improves the overlap to a
great degree. The breakdown diagram is shifted 1.9 meV to
higher energies, mainly because of the shifts in the A peaks.
The CH; " onset energy (i.e. the disappearance energy of the
CH;I™ parent ion), however, remains unchanged at different
fields. This indicates that if Rydberg states are involved in the

Table 1 Experimental prefactors for the Stark shift in the ionization
onsets of Ar and N,

1

Tonization process Prefactor/cm™
Art 2Py, < Ar''S, 6.7
Art 2P, < Ar'S, 6.2
N "X (T =0) « N X (' =0) 5.5
N XIS = 1) « N X2 (7 = 0) 5.8
NoFAGT =0) « N X (0 =0) 6.2
NFAGT =1) « N, X (v =0) 5.0

Fractional ion abdundances

()

1.0
0.8
0.6
0.4
0.2
0.0

12.19 12.20 12.21 | 1040 12.23 12.24 1225

hv/eV

Fractional ion abundances

Fig. 5 Field effects in the breakdown diagram of (a) CH4 (blue:
120 V em™!, red: 40 V em™') and (b) CH;I (blue: 120 V ecm ™!, red:
20 V cm™"). Fitted energy shifts to maximize the TPES and breakdown
diagram overlap between the high field and the low field data are 0,
1.5 meV, 2.4 meV and 1.9 meV for CH; TPES, CH,; breakdown
diagram, CH3;I TPES, CH;l breakdown diagram, respectively. The
CH; " onset energy in CH;I, however, is independent of the field.

dissociative ionization process, their decay rates toward a
variety of reaction products are faster than the rate of field
ionization.

Some time ago, Weitzel et al.*® proposed a mechanism for
pulsed field ionization in the vicinity of dissociation onsets, in
order to account for the observation of steps in the threshold
electron yield. This mechanism invoked the participation of
long-lived Rydberg states. This points to a different ionization
mechanism in constant field (DC) PEPICO and PFI-PEPICO.
In the former, we rely on fast autoionization from dissociative
neutral states, and model the dissociation as taking place
on the ion surface, whereas in the model of Weitzel et al.,
the dissociation is described as taking place on the
Rydberg surface, and field ionization follows when the pulse
is applied. The fact that no steps are observed in our threshold
electron spectra supports the argument that dissociative
photoionization proceeds via different channels in the two
experiments.

Conclusions

Imaging photoelectron photoion coincidence spectroscopy
(iPEPICO) has been used to construct a breakdown diagram
in order to determine the dissociative photoionization
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onset for CH;" + I production. The 0 K onset energy of
12.248 4+ 0.003 eV obtained with a room temperature sample
can be used in conjunction with very accurate methyl ion and
I atom heats of formation to determine a A¢H 95 x(CH3I) =
1523 + 0.3 kJ mol™!, and also with the methyl radical
ionization energy to determine the C—I bond energy in CH;I
to be 232.4 4 0.4 kJ mol~'. The breakdown diagram and ion
yield spectra exhibit A state structure on top of a larger
continuum of states, which indicates that the total
iodomethane ion yield consists of excitation to short-lived
Rydberg states that convert to X states via the mechanism
proposed by Guyon et al. and Chupka et al. and also to
long-lived Rydberg states with less rotational energy that
undergo field ionization to the A ion state and then internal
conversion to vibrationally excited X states. Field ionization is
shown to be a marginal process when ionizing molecules are
close to a dissociation onset, as the excited neutrals autoionize
rapidly as soon as the nuclear geometry permits. This is found
to be the case for CH;l, where dissociative photoionization
takes place in a Frank—Condon disallowed region, as well as
for CH4, where the Frank—Condon factors are non-zero in the
H-loss photon energy range. Thus, DC electric fields are not
expected to have an effect on the measured dissociation onset
of internal energy selected ions.

The breakdown diagram of a molecular beam sample
(2.5% CHj;l in Ar or Ne) could not be interpreted quantitatively.
As found in a previous molecular beam study, the crossover
region was not sharp as expected for a cold sample, and
the parent ion signal lingered on at energies well in excess of
the dissociation limit. iPEPICO ion yields near the ionization
onset provided the explanation. Numerous homogeneous,
(CH;l),, as well as heterogeneous, (CHsl),Ar,, -clusters
contaminated the beam, all of which contributed to both
CH;I" and CH;™ signals. The only means of differentiating
the true parent ions from those formed by dissociative
photoionization is by the time-of-flight peak width, which is
sensitive to the kinetic energy of the molecule. The result of
these clusters is to shift the observed fragmentation onset to
higher energies by about 20 meV. The mass analyzed TPES for
heterogenous CH;3I-Ar, clusters yielded ionization energies of
9.496 eV (Ar-CH3l), 9.466 eV (Ar,—CH;l), and 9.425 eV
(Ar;—CH;l), and binding energies for Ar—CH;I of 26 meV
and for Ar—CH;3I" of 66 meV.
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