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Abstract

Photoelectron photoion coincidence (PEPICO) is a technique that permits the mass spectrometric investigation of
energy-selected ions. Dissociation rates and accurate dissociation onsets can be measured. Such data provide not only rigorous
tests of the statistical theories for unimolecular reactions, but also provide benchmark heats of formation for anchoring the
gas-phase proton affinity scale. When combined with other mass spectrometric methods and quantum calculations of ionic
structures, PEPICO provides a means to place the field of ion structures on a firm quantitative basis. Ions are produced by
dispersed vacuum ultraviolet radiation in a small electric field in which electrons and ions are extracted in opposite directions.
By measuring only ions in coincidence with energy-selected electrons, the ion internal energy is established by conservation
of energy [E(ion) 5 hn 2 IE 2 E(el )]. Recent results as well as new developments in pulsed-field ionization and velocity
map imaging are discussed. (Int J Mass Spectrom 200 (2000) 443–457) © 2000 Elsevier Science B.V.
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1. Introduction

The production of ions in well-selected energy
states is important for the study of ion dissociation
rates and the establishment of ion thermochemistry,
two endeavors that are closely related. Most ioniza-
tion methods produce ions in either a broad range of
internal energy states (e.g., electron impact), or they
produce very-low-energy ions (e.g., electrospray,
chemical ionization, field ionization, etc.). In order to
produce ions in narrow and selected energy distribu-
tions, it is necessary to have an energy-resolved
ionization source. Although dispersed vacuum ultra-

violet (VUV) radiation is such a source, by itself it
does not produce ions in selected energies because the
photon energy is distributed between the ion internal
energy Eint and the kinetic energy of the electron
(KE), as shown in Eq. (1).

AB 1 hn3 AB1~Eint! 1 e2(KE) 2 IE (1)

where IE is the molecule’s ionization energy. Thus
the ion is produced in a range of internal energies, a
distribution that can be determined by measuring the
photoelectron spectrum at the photon energy,hn.

The principle of photoelectron photoion coinci-
dence (PEPICO) involves measuring only a subset of
ions that are created, namely those that are detected in
coincidence with energy-selected electrons [1–3]. InE-mail: baer@unc.edu
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principle, any electron energy can be chosen, and one
approach is to use a fixed energy light source (e.g., the
He-discharge lamp at 21.2 eV) and thus chose the ion
energy by varying the energy of the electron that is
collected [4–6]. This has an economic advantage in
that no photon monochromator is required. However,
the disadvantage is that the collection efficiency of the
electron analyzer is extremely low (,1023) because
only a small fraction of the electrons are ejected
toward the electron monochromator. This means that
of all the ions created at a specific internal energy,
Eint, less than 1 in 1000 have a chance to be collected
in coincidence with their corresponding electron.
Thus, the collection efficiency is very low. At the
other extreme, is the threshold electron PEPICO
approach (TPEPICO) in which the photon energy is
varied and the electron energy is fixed at zero energy
[7–15]. This has the advantage that initially zero
energy electrons can be detected with near unit
collection efficiency because they have no initial
velocity and thus are extracted by a small electric field
in the direction of the detector. In fact, the energy
selection in TPEPICO is based mostly on this angular
discrimination of energetic electrons. Resolutions of
less than 5 meV can be achieved in this manner [16].
The two major disadvantages are the increased com-
plexity of the photon monochromator and the fact that
some energetic electrons invariably are initially di-
rected toward the electron detector and thus get
collected. The use of a dispersive energy analyzer is
only of limited help because the electrons are pro-
duced in an electric field of;10 V/cm. Thus the
voltage drop across the ionization region can be
several electron volts if the ionization region is 2–3
mm wide. This limits any dispersive analyzer resolu-
tion to 2–3 eV. However, if a pulsed source such as a
synchrotron is used, it is possible to stop the hot
electrons by their time of flight (TOF) [16,17].

An important requirement for PEPICO or
TPEPICO is that the light source is continuous in time
(or at least of a very high repetition rate) so that the
ionization events are distributed in time. Thus, a
pulsed laser operating at 10 Hz is not suitable,
because many ions and electrons are created with each
laser pulse so that the energy-analyzed electron can-

not be used to tag the ion with the corresponding
energy.

PEPICO experiments have been carried out by a
variety of groups for a variety of purposes. The most
common experiment has been directed at the unimo-
lecular dissociation of ions. The information derived
from PEPICO data are the dissociation rates of
energy-selected ions [18–21], the translational energy
released in the dissociation [6,22–25], and the break-
down diagram [25–31], which is a plot of the relative
ion abundance as a function of the ion internal energy.
The dissociation mechanism as well as the thermo-
chemistry for the various fragmentation channels can
be extracted from these data. A final application of
PEPICO has been the study of ion–molecule reactions
with energy-selected reactant ions [32–34]. This latter
topic will not be covered here.

The extraction of ion thermochemistry is among
the more important applications of photoionization
and PEPICO studies. Consider the following disso-
ciative ionization reaction:

AB 1 hn3 A1 1 B 1 e2 (2)

for which an appearance energy (AE) can be experi-
mentally measured. If this AE can be associated with
the reaction enthalpyDH°, the thermochemistry can
be extracted via the energy cycle in Eq. (3):

AE ' DH° 5 DfH°(A1) 1 DfH°(B) 2 DfH°(AB)
(3)

Thus, if the heats of formation of any two of the
species in reaction (2) are known, the third one can be
determined. There are however numerous difficulties
in the application of this equation, most of them
associated with the relationship between AE andDH°.

In many cases, the neutral fragment, B, is small so
that its heat of formation and structure are known.
However, the structure of the A1 fragment ion is
often not known, nor can it be established on the basis
of the photoionization experiment. The results from
collisional activation (CA) MS-MS studies offer very
attractive additional information to overcome this
problem [35–37].

In this article, we review some case studies that
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illustrate the procedure for extracting reaction rates,
kinetic energy release, and thermochemical informa-
tion from PEPICO studies. The conclusion will point
to some exciting new developments that will enhance
the information content of PEPICO studies.

2. Experimental approach

In the standard TPEPICO experiment, tunable
vacuum ultraviolet (VUV) radiation is obtained from
a continuum source dispersed by a VUV monochro-
mator. This light is used to photoionize molecules in
an acceleration region that extracts electrons and ions
in opposite directions. A typical arrangement is
shown in Fig. 1. Although the electrons pass through
a dispersive analyzer, the energy resolution of;5–20
meV is obtained from the steradiancy analyzer [38–
40] that consists of small apertures in the electron drift
tube. The small collection angle effectively discrimi-
nates against energetic electrons with off-axis velocity
components. Thus the energy resolution in threshold
photoelectron spectroscopy (PES) is obtained from
the angular discrimination rather that the electron
energy. In fact, the initially zero-energy electrons that
arrive at the detector have an energy spread of 1–3 V
depending on the dimensions of the photon beam. A
photon beam of 1 mm spread and an acceleration field
of 20 V/cm means that electrons are born with a
dispersion of 2 eV. As a result, the dispersive analyzer
must have a pass energy of 2 eV in order to avoid
losing any threshold electrons. Its major function is to

stop any scattered electrons that might arise from
surface ionization.

In the arrangement shown in Fig. 1, the ions are
accelerated through a long first acceleration region,
followed by a short second acceleration region, and
finally a 30-cm drift region. The electric fields in the
two acceleration region are determined by the Wiley–
McLaren space focusing conditions [41]. The purpose
of the long first acceleration region is to permit
measuring ion dissociation rates by modeling the
asymmetric TOF distributions. Because one of the
major goals of most TPEPICO experiments is the
determination of accurate dissociation thresholds, it is
essential to measure the dissociation rate constant as a
function of energy. This is done so that the derived
rate constants,k(E), can be modeled with the RRKM
statistical theory [42–44] and extrapolated to the
dissociation threshold,E0. The rate constants for
many reactions near threshold are very low (k , 103)
so that ions do not have sufficient time to dissociate in
the first acceleration region of Fig. 1. A number of
workers thus use a reflectron [45–48] in place of the
two-stage linear TOF tube as shown in Fig. 2 [48]. A
reflectron consists of two acceleration regions fol-
lowed by a drift region. The ions then enter a
retarding field that reverses their direction. The ions
are detected after passing through a second drift
region. Metastable ions that dissociate in the first drift
region will result in fragment ions that appear at a
different TOF than those that were produced in the
acceleration regions. If the entry and exit times

Fig. 1. A typical arrangement of a threshold photoelectron photoion coincidence (TPEPICO) experiment in which the low-energy electrons
are preferentially passed by the small holes in the 10-cm-long electron drift tube.
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associated with the first drift region aret1 andt2, the
rate constant can be determined from the ratio of TOF
peak areas through the equation:

Area(drift1)

Area(total)
5

E
t1

t2

e2kt dt

E
0

`

e2kt dt

(4)

in which the integrals represent the fragment ion
signal obtained between the two limits. The total ion
signal in the denominator is the sum of all daughter
and parent ion peaks, whereas the numerator is the
signal due to dissociation in the first drift region.

3. Examples from the recent literature

3.1. The dissociation of CpCo(CO)2

Cyclopentadienyl cobalt dicarbonyl is a prototype
catalyst in which the catalytic site is exposed when the
CO group leaves. The catalytic properties thus depend
upon the cobalt–carbonyl bond energy and the elec-
tronic structure of the exposed metal atom. Fig. 3
shows an energy diagram that summarizes the ther-
mochemical information that can be derived from
photoionization data. Of particular interest is the
ability to determine the neutral bond energy by
measuring the dissociative ionization onset for CO
loss and the IE of the neutral CO loss fragment,
CpCoCO. The neutral and ion bond energies as well
as the heat of formation of the parent molecule can be
determined as follows:

BE[CpCoCO1–CO] 5 AE[2CO]

2 IE[CpCo(CO)2] Ion bond energy (5)

BE[CpCoCO–CO]5 AE[2CO] 2 IE[CpCoCO]

neutral bond energy (6)

DfH°[CpCo(CO)2] 5 DfH°[Co1] 1 DfH°[Cpz]

1 2DfH°[CO] 2 AE[Co1 1 Cpz 1 2CO] (7)

Reaction (7) represents a rather novel approach to
determining the heat of formation of a neutral mole-
cule. It is possible in organometallic complexes to
determine the parent molecule heat of formation from
the appearance energy of the complete dissociation
because (a) there is no ambiguity in the identification
of the neutral species, and (b) the complete dissocia-
tion to Cpz 1 Co1 1 2 CO yields species whose
heats of formation are well known. To date, only the
loss of the first and second CO group has been
measured [49].

Fig. 4 shows TOF data for the CO loss from
CpCo(CO)2

1 at two energies close to the dissociation
threshold [49]. The very asymmetric fragment ion
peak that extends from 28.4 to 30ms is a result of the
slow dissociation in the 5-cm-long acceleration re-

Fig. 2. A typical arrangement of a reflectron TPEPICO set-up.
Metastable ions that dissociate in various regions of the ion flight
path appear at different final time of flights. Reprinted with
permission from Gu¨the et al. [48].
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gion. The35 expanded TOF distribution shows a step
down at;29.9ms. This corresponds to the fragment
ions that are produced just as the parent ions are
exiting the first acceleration region (Fig. 1). All
dissociation events in the second acceleration region
fall in the TOF range of 29.9 and 30.8ms. The signal
in this region is low because the ions spend little time
in this short but strong acceleration region and thus
have little time to dissociate. All ions that dissociate
in the drift region have nearly the same velocity as
their parent ions did, and so will appear approxi-
mately at the same time as the parent ions. These are
the ions that can be separated from their parent ions in
a reflectron mass spectrometer. They could also be
separated in a linear arrangement simply by adding an
additional acceleration and drift region; but this is
rarely done.

The peak widths shown in Fig. 4 result from a
combination of the thermal kinetic energy distribution
and the kinetic energy release in the dissociation.
Because the parent ion does not dissociate, its only
source of translational energy is the thermal energy at

the temperature of the experiment. This parent TOF
width can be dramatically reduced by the use of a
molecular beam source that lowers the translational
temperature (transverse to the molecular beam) to a
few degrees Kelvin [50]. Thus the TOF width can be
reduced by a factor of ten.

The solid line is a calculated TOF distribution in
which the dissociation rate constant is varied to
achieve a good fit. The fixed parameters are the parent
and daughter ion masses, and the length and electric
fields of the acceleration and drift regions. The cal-
culated TOF distribution is generally convoluted by a
Gaussian function to take into account the width of
the TOF peaks. The calculated TOF distribution in
Fig. 4 also took into account the thermal internal
energy distribution of the CpCo(CO)2. Because of the
broad thermal distribution, the rate constants,k(E),
for the energy-selected ions vary considerably at any
one photon energy, so that it is best to average the
calculated TOF distribution over this thermal distri-
bution. This method is described in some detail by
Sztaray and Baer [49] and Keister et al. [10].

Fig. 3. An energy level diagram for the CpCo(CO)2 complex (Cp5 C5H5). By measuring the quantities indicated by the arrows, it is possible
to determine of all the ions as well as the neutral species.
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At a photon energy of 9.096 eV, some 100 meV
above the first one in Fig. 4, the daughter ion signal
has increased relative to the parent ion signal, and the
rate constant is higher as evidenced by the more
symmetric peak. Similar data were collected at sev-
eral photon energies. The rate constant function,k(E),
that best fits all of the data is shown in Fig. 5. The
solid lines through the data points in Fig. 4 are based
on thisk(E) function. In addition to the first CO loss,
the rate constant associated with the second CO loss
reaction was also determined and is plotted in Fig. 5.
The k(E) functions were generated by RRKM calcu-
lations [42–44] using Eq. (8):

k~E! 5
sN#~E 2 E0!

hr~E!
(8)

The density of states,r(E), and the sum of states,
N#(E 2 E0) were calculated with vibrational fre-
quencies of the parent ion and the transition state

determined from ab initio or density functional calcu-
lations. The dissociation energy,E0, was a variable
parameter, and the reaction symmetry,s, was as-
sumed to be 2 for the first CO loss and 1 for the
second CO loss. Because the potential energy surface
has no real barrier, the transition state was located by
variational transition state theory [43,51].

The breakdown diagram, shown in Fig. 6, is the
fractional abundance of the parent and daughter ions
as a function of the photon energy. The photon energy
is related to the parent ion internal energy,Eint, by the
following equation:

Eint 5 hn 2 IE 1 Eth 2 Eel (9)

where hn is the photon energy, IE is the adiabatic
ionization energy,Eth is the parent ion thermal en-
ergy, andEel is the electron energy carried away by
the electron. Because the latter two quantities are
distributions, the parent ion internal energy is given

Fig. 4. Time of Flight (TOF) distributions for the products of the energy-selected CpCo(CO)2
1 ion dissociation at the two indicated photon

energies. The points are experimental data, while the solid lines are calculated TOF distributions with the dissociation rate constant as an
adjustable parameter.
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by a distribution. TheEth distribution can be approx-
imated by the thermal energy distribution of the
neutral molecule at the temperature of the experiment.
In the case of the CpCo(CO)2 molecule, the average
thermal energy at room temperature is 120 meV. The
Eel distribution includes the photon energy resolution
(a minor factor at 12 meV) and the asymmetric
electron energy analyzer resolution with a width of
about 30 meV. The distributions associated withEth

andEel have the effect of broadening the breakdown
diagram steps. A final factor that needs to be taken
into account is the dissociation rate constant. As
shown in Fig. 5, the rate constant at the threshold for
the first CO loss reaction is 1022 s21. This means that
the mean lifetime of this ion would be 100 s. Vibra-
tionally excited ions cannot live this long without
stabilizing by infrared fluorescence [52,53]. In addi-
tion, long lived ions do not dissociate sufficiently fast
for the ion to fragment in the first acceleration region
(;6.5 ms) and thus are detected as parent, rather than
daughter ions. In fact, the fragment ion will not be
seen until the rate constant reaches;105 s21. Thus, as

shown in Fig. 5, the onset energy appears shifted to
higher energies (kinetic shift) [54–56]. For the case of
the CpCo(CO)2

1 ion dissociation, this kinetic shift is
;0.3 eV. On the other hand, the thermal energy
distribution of the parent ion shifts the onset to lower
energies. When all of these effects are taken into
account, the calculated 0K thermochemical dissocia-
tion limit is located at the energy given by the dashed
line in Fig. 6. In a similar fashion, the dissociation
limit for the second CO loss reaction is also deter-
mined.

3.2. H2 elimination via tunneling in ethane ions

It is evident in Fig. 4 that rate constants measured
by fitting the TOF distribution in the first acceleration
region can only be measured if the mass of the
fragment ion is considerably smaller than that of the
parent ion. For instance, H and H2 loss fragments
have a TOF that is so close to that of the parent ion
that the asymmetry in the TOF distribution cannot be

Fig. 5. The derived rate constants for the loss of the first two CO groups as a function of the ion energy above the first dissociation limit. The
rate constants are calculated by both RRKM and variational transition state theory. The kinetic shift is indicated.
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analyzed with much precision. The H2 loss rate
constant from the ethane ion would thus be very
difficult to extract by this method. On the other hand,
the use of a reflectron TOF (RETOF) in Fig. 2,
permits the investigation of such reactions. Fig. 7
shows the TOF distributions obtained when ethane is
ionized at several photon energies from 12.018 to
12.200 eV [46]. At low energies, the parent ion at 24.0
ms dominates whereas by 12.20 eV, the parent ion is
completely dissociated. The identity of the various
daughter ion peaks is best shown in Fig. 8 in which
the peaks are labeled by their mass. The C2H3

1 peak
labeled as 29, is a result of light from the higher order
(24.16 eV) synchrotron radiation light. The other
three peaks are due to the H2 loss fragment, C2H4

1.
The peak labeled 28acc corresponds to daughter ions
formed in the first acceleration region. Evident is a
slight asymmetry, the origin of which is the same as
the daughter ion peak in Fig. 4, but now much reduced
because the first acceleration region (Fig. 2) used by

Güthe et al. [48] is much shorter. The peak labeled as
28drift is a result of dissociation in the drift region (see
Fig. 2). It appears at a longer TOF because it traveled
as a heavy parent ion through the first acceleration
region prior to dissociation in the drift region. The
final very small and broad peak labeled 28ref is a result
of ions that dissociate in the reflectron region. It is
broad because the TOF depends on where in the
reflectron the dissociation took place.

As mentioned previously, the rate constants for
dissociation can be determined from the ratios of the
various peaks (see for instance, Eq. 4). The four peaks
provide three unique ratios that can be checked for
internal consistency. When these data are analyzed by
including the thermal energy content of the ethane
molecule (mostly rotational energy), the rate constants
shown in Fig. 9 are obtained. This figure shows that rate
constants ranging from 103 to 106 s21 can be determined
with a reflectron. The use of the linear TOF instru-
ment (Fig. 1) extends the rate to about 53 106 s21.

Fig. 6. The CpCo(CO)2 breakdown diagram (ion abundance vs ion photon energy) showing the loss of the first two CO groups. The dashed
lines are the 0K dissociation limits (barriers 1 and 2) which have been determined by convoluting the 0K breakdown diagram with the thermal
energy distribution. The larger dashed line shows the average energy carried away by the first CO group. Reprinted with permission from
Sztaray and Baer [49].
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An interesting aspect of thek(E) curve in Fig. 9 is
the rapid rise in the rate constant, which increases by
more than three orders of magnitude in less than 100
meV. This rapid rise, and the fact that the ethane ion
is metastable at all, strongly suggests that the reaction
proceeds via tunneling. A small ion such as ethane has
few vibrational frequencies and thus a small density
of states. In addition, the apparent activation energy
for H2 loss as measured by the difference in the AE
and IE is only 0.55 eV, which again suggests a low
density of states for the molecular ion in the vicinity
of the dissociation limit [46]. According to the RRKM

theory (Eq. 8), if r(E) is small, the rate constant
should be fast. For these reasons, Weitzel and co-
workers analyzed their results by assuming that the
rate determining step is tunneling through an H atom
transfer barrier [57,58]. The RRKM equation, modi-
fied to include tunneling is given by Eq. (10)

k~E! 5

s E
0

E2DE

r#~E 2 «!k~«! d«

hr~E!
(9)

in which k is the tunneling probability,DE is the
reaction endoergicity, ande is the energy in the
reaction coordinate. In this expression, the energies
are referenced to the zero point energy of the molec-
ular ion. A computationally simpler approach is to
reference the energy at the top of the classical barrier
[43,59].

Tunneling rates can be readily calculated by using
the one-dimensional Eckart potential [60] for which
closed forms for the tunneling probability are avail-
able [43,59]. The input for these calculations are the
barrier height, the endoergicity, and the curvature at
the top of the barrier. This curvature is obtained
directly from the imaginary vibrational frequency that

Fig. 7. The TOF distributions of C2H4
1 (23.32 23.8 ms), and

parent C2H6
1 (24 ms) ions at several photon energies from the

TPEPICO experiment with a reflectron. Reprinted with permission
from Güthe and Weitzel [46].

Fig. 8. Detail of the TOF distribution at 12.082 eV. The main peak
labeled 28acc is ascribed to dissociation in the first acceleration
region, whereas the peak labeled 28drift is assigned to ethene ions
produced in the first drift region (see Fig. 2). 28ref is due to ions that
have dissociated in the reflectron. Reprinted with permission from
Güthe and Weitzel [46].
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is calculated for a transition state. The transition state
resides on a point in the potential energy surface,
where motion away from equilibrium for all normal
modes leads to an increase in the energy, except for
the normal mode associated with the reaction coordi-
nate. The latter resides at a maximum. A three-
dimensional analog is like a pass in the mountains in
which the hiking path over the pass is the reaction
coordinate, and the mountains on either side represent
the vibrational potential of the second normal mode.
Thus v 2 1 of the vibrational frequencies at the
transition state are real, while the frequency associ-
ated with the reaction coordinate is imaginary (it
appears as a negative frequency in the ab initio
calculation). Weitzel and co-workers calculated the
potential energy surface for the H2 loss from the
ethane ion and found it to have a barrier height of
1.006 eV and an endoergicity of 0.307 eV. As is
evident from Fig. 9, barrier penetration already begins
at an energy of 0.510 eV, and by 0.6 eV the rate
constant is well out of the metastable range.

In the case of the ethane ion dissociation, the slow
dissociation rate constant and its rapid rise provide

clues about the dissociation mechanism. In particular,
the data as well as ab initio calculations [57] confirm
that the rate-determining step involves an H atom
transfer step. Because the rates are metastable only
over a small energy interval, data without energy
selection would not have provided sufficient informa-
tion to permit drawing these conclusions.

In the case of reactions that proceed via tunneling,
the potential energy surface can be quite simple. All
that is required is that the rate-limiting step involve an
H atom transfer. Many reactions of organic ions are
complicated because they proceed via several isomer-
ization steps, some of which may involve tunneling.
Recent studies have shown that some organic ions
dissociate by two-component decay rates [61–64].
These ions dissociate either rapidly and directly from
their initial structure, or they isomerize to lower
energy species, from which they dissociate more
slowly. The isomerized ions dissociate more slowly
because the ion internal energy is larger so that the
density of states is correspondingly larger, resulting in
a larger denominator in Eq. (8). Whether ions disso-
ciate via tunneling or via isomerization, the net result

Fig. 9. The derived rate constant for the H2 loss reaction from ethane ions. The points are experimental rate constants, while the line through
the points are based on an RRKM calculation that includes the tunneling through an Eckart barrier. Reprinted with permission from Gu¨the
and Weitzel [46].
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is that the rate constants are lower than expected. It is
not entirely trivial to determine for which reason the
dissociation is slow. Ab initio calculations of the
potential energy surface and H/D isotopic substitution
are required to establish the cause.

4. Recent advances and prospects for the future

4.1. Pulsed field ionization PEPICO study of
methane and acetylene

One of the major problems with the TPEPICO
technique is that energetic electrons initially ejected in
the direction of the electron analyzer are detected
unless they can be discriminated against by their TOF.
However, the latter approach requires the use of a
pulsed photon source. A number of synchrotron
sources operate in the few-bunch mode, in which the
time between photon pulses is between 100 and 1000
ns, sufficiently long to permit electron TOF analysis
and thus to improve the electron resolution to;5
meV. Even better resolution can be obtained by the
use of pulsed field ionization (PFI) or ZEKE. This
technique, developed by Mu¨ller-Dethlefs and Schlag
[65,66] normally uses laser excitation of very highn
Rydberg states. These electronic states, which are just
a few wave numbers below the ionization continuum,
can be stabilized by stray fields [67–69]. By waiting
for a microsecond, during which time the free elec-
trons are lost, it is possible to pulse field ionize the
high Rydberg states, because as neutrals they remain
in the ionization region. The mechanism for stabili-
zation of the high Rydberg states (they are stable for
up to 10ms) is not fully understood, but it is felt that
the inhomogeneous fields generated by the ions dur-
ing the laser pulse play a key role in converting the
initial low , states into high, andm, quantum states
through Stark mixing.

Weitzel and Gu¨the [70] first showed that PFI/
ZEKE experiments are also possible with quasicon-
tinuous synchrotron radiation in which the continuous
production and extraction of ions ensures that no ions
will be present when a high Rydberg state is created.
The key advantage of the synchrotron in using PFI to

generate electrons and ions, is that it is possible to
also measure the ion in coincidence with the field-
ionized electron, a feature that is absent in pulsed
laser experiments in which many ions and electrons
are generated during the 10-ns laser pulse.

The trend in modern synchrotron sources is toward
multibunch operation, in which the time between
photon pulses is so small (;1 ns) that timing of
electrons is no longer possible. However, following
the suggestion of Waterstradt et al. [71], Jarvis et al.
[72] developed an approach that uses the dark gap in
the synchrotron bunches to distinguish the prompt
from the field-ionized electrons with excellent sup-
pression of hot electrons. When combined with ion
detection, it made possible the use of continuous
synchrotron radiation for PFI-PEPICO experiments in
which a resolution of 1 meV was achieved [73–75]. A
key requirement for PFI experiments is the use of a
very high-resolution photon monochromator so that
the narrow band of Rydberg states just below the
ionization energy can be excited. Details about the
experimental aspects and a discussion of PFI spectra
can be found in an accompanying paper by C.Y. Ng in
this volume.

A breakdown diagram for the acetylene ion is
shown in Fig. 10 [73]. Although the electron energy
resolution is 1 meV, the rotational and vibrational
internal energy distribution at room temperature of
most molecules is much broader than this. Thus, the
breakdown diagram does not show as sharp a transi-
tion from the parent to the daughter ion as might be
expected. However, the 0K dissociation limit at
17.35766 0.0010 eV shown by the arrow is clearly
evident as the energy at which the parent ion signal
disappears. The two breakdown diagrams differ in
that the circles include the internally cold and hot
acetylene ions, whereas the squares include only the
cold part. The two samples were distinguished by the
width of their TOF peaks. The two methods of
analysis yield the identical 0K dissociation limit.

Neutral acetylene is one of the few molecules with
an exceptionally well-established bond energy of
5.71256 0.0010 eV. When this is combined with the
dissociative ionization limit determined in this study,
the ionization potential of the C2H

z can be calculated
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to be 11.64516 0.0010 eV. This IE has yet to be
measured to 10 meV accuracy. Additionally, it is
apparent that the limiting factor in determining the
C2H

z free radical heat of formation is the heat of
formation of the acetylene molecule. A similar study
of the CH4

1 ion dissociation yielded a dissociative
photoionization onset for H atom loss of 14.3236
0.001 eV [75]. Other PFI-PEPICO studies have been
carried out on C3H7X (X¢Cl, Br, I) [76]; and C2H5I
[77]. In the case of the C3H7X study, a new value for
the DfH°(C3H7

1) was derived, which leads to a new
proton affinity of 742.36 1/5 kJ/mol (at 298K). This
value is nearly 10 kJ/mol lower than the Hunter and
Lias recommended value [78].

4.2. Electron-ion imaging experiments: NO1 3
N1 1 O

Another exciting new technique for PEPICO stud-
ies involves ion and electron imaging in which posi-
tion sensitive detectors are used for either the elec-
trons, or ions, or both particles. A very interesting

version of this is velocity map imaging [79–83]. The
first reported study of velocity map imaging pointed
out that instead of using grids to separate regions of
electric fields from drift regions, as is normally done
in ion and electron TOF optics, there are substantial
advantages that accrue from the elimination of grids
and the use of focusing optics [81]. The basic idea,
which is easily verified by ion trajectory calculations
using SIMION [84], is that an extended or large ion
source of equal velocity electrons or ions (perpendic-
ular to the particle flight path) can be focused to an
annular ring with a width of less than 100mm. This
spacial focusing is not possible with the use of grids
so that a source width of 5 mm will always limit the
spacial resolution of the charged particles at the
position sensitive detector. With velocity map imag-
ing, an extended source is equivalent to a point source
when grids are used.

In the ultimate version of imaging experiments,
timing and position sensitive detectors are used for
both electrons and ions [80,83,85]. An example of
such a set-up is shown in Fig. 11 with which Lafosse
et al. [85] have recently investigated the dissociation
dynamics of NO1 ions in the vicinity of 23.75 eV.
Because of the open structure of the electron and ion
optics, electrons and ions of all energies (up to;4
eV) can be collected. The TOF provides information
about the initial velocity in the direction of the
detector. When combined with the position informa-
tion, the angle and total initial kinetic energy can be
derived. Thus all angle- and energy-resolved electrons
can be correlated with their corresponding angle- and
energy-resolved product ions (in this case N1). The
total information content is very large, and ways must
be found to present parts of it in meaningful ways.
Fig. 12 shows a two-dimensional contour plot of the
signal intensity versus the electron and N1 kinetic
energy. The largest peak labeled I, is associated with
the ejection of energetic electrons of 2 eV and the
production of low-energy (0.35 eV) N1 ions. By
conservation of momentum, the total translational
energy associated with the ion and the O atom must be
0.66 eV. The electron energy of 2 eV associated with
a photon energy of 23.75 eV means that the NO1 ions
were produced with an internal energy of 21.75 eV (c

Fig. 10. The breakdown diagram for H loss from the acetylene ion
obtained by a pulsed field ionization-PEPICO experiment with
sub-milli eV resolution. The open data include warm acetylene
sample, whereas the solid data include only the acetylene molecules
that have been cooled in the supersonic expansion. The two signals
were distinguished by their peak widths. The lines through the
points are calculated breakdown diagrams that take into account the
thermal energy distribution of the acetylene molecules. The arrow
shows the 0K dissociation onset. Reprinted with permission from
Jarvis et al. [73].
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3P state). By subtracting the total translational energy
of 0.66 eV from thisc state energy, we can deduce
that the products are N1(3P) and O(3P) at an energy of
21.1 eV. The next most important peak, labeled II is
associated with low-energy electrons, but high-energy
ions. When the electron energy of 0.4 eV is added to
the N1 energy of 1.2 eV and the corresponding O
atom energy of 1.05 eV, energy conservation indi-
cates that the same N1(3P) 1 O(3P) limit at 21.1 eV
is reached. This is also evident by the line labeled L1

in Figure 12. The other process, labeled III is associ-
ated with a small electron energy and a small ion
kinetic energy and shows that the final state produced
is either the N1(1D) 1 O(3P) limit at 22.90 eV or the
N1(3P) 1 O(1D) limit at 22.92 eV. These two limits
are shown as the lines L2 and L3.

This example is just a small fraction of the com-
plete information that is contained in the data. It
highlights the kinetic energy release information that
can be derived. Of special note is the fact that
quantitative branching ratios to the final product states

are obtained because all electrons and ions are de-
tected with equal probability, regardless of their
translational energies or their initial angle of ejection.
In addition to the kinetic energy release and the
branching ratios, the data contain a wealth of angular
distribution information including all the vector cor-
relations between the departing electron and the N1

ion. Because the products are atomic species, all of
the energy is fully accounted for. When this type of
experiment is applied to polyatomic ions, the infor-
mation will be less detailed. However, the ability to
collect coincidence signal of ions with electrons of
various energies, rather than just threshold electrons
will be very valuable, because the state of the ion
produced may well depend on the manner in which
the ions are produced. This was noted some time ago

Fig. 11. The experimental arrangement of the imaging experiment
in which the TOF and position of both electrons and ions were
determined. Various angular correlations between the electron and
the ion fragment can be derived from the multidimensional data.
Reprinted with permission from Lafosse et al. [85].

Fig. 12. A two-dimensional contour plot of the electron and ion
coincidence intensity versus the electron and ion kinetic energies
for the dissociative photoionization of NO to N1 1 O in which the
products can be formed in a variety of electronic states. The
dominant channels, indicated as I and II lead to the production of
N1(3P) 1 O(3P), but from different NO1 electronic states. A
minor channel (III) leads to low translational energy, but high
electronic energy products. Reprinted with permission from
Lafosse et al. [85].
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in the case of the CF3I
1 dissociation dynamics, in

which it was found that nominally identical energy
ions decayed differently when produced with thresh-
old electrons and with energetic electrons [86].

5. Conclusions

Photoelectron photoion coincidence spectroscopy
is an extremely versatile tool for investigating the
dissociation dynamics of ions as well as ion molecule
reactions. High-resolution studies, especially with
angle-resolved methods on small ions can lead to very
detailed understanding of the ionic behavior at the
quantum level. The application of PEPICO to the
study of larger ions has been revolutionized by the
ability to calculate ionic structures and vibrational
frequencies by ab initio and density functional meth-
ods. By careful consideration of the molecule’s ther-
mal energy and the dissociation rate as a function of
the ion internal energy, accurate dissociation limits
can be extracted. These values are essential for
establishing quantitative heats of formation for ions,
and they also provide one of the most effective means
for determining neutral bond energies.
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