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Pulsed Ðeld ionization photoelectron (PFI-PE) spectroscopy combined with ion
coincidence detection has been used with multi-bunch synchrotron radiation at the
Advance Light Source (ALS) to energy select ions and to measure their breakdown
diagram. The resolution for ion state selection achieved with Ar` employing(2P3@2, 1@2)
this PFI-PE-photoion coincidence apparatus is 0.6 meV (full width at half maximum). The
production of from was investigated near the dissociative photoionizationC2H5` C2H5Br
limit with this pulsed Ðeld ionization-threshold photoelectron photoion coincidence (PFI-
PEPICO) scheme. Although the PFI-PE spectra of and benzene showC2H5Br, C2H5I,
that the production of ions in the FranckÈCondon gap regions is quite low, the selectivity
for PFI-PE detection and the suppression of prompt electrons is such that we can detect 1
PFI-PE out of 25 000 total electrons s~1. The derived heat of formation from theC2H5`
analysis of the breakdown diagram and a critical analysis of other results isC2H5Br`
900.5^ 2.0 kJ mol~1 at 298 K, or 913.2^ 2.0 kJ mol~1 at 0 K. This leads to an ethylene
proton affinity at 298 K of 682.0 kJ mol~1. The measured IE of is 10.307 eV.C2H5Br

Introduction
The dissociation dynamics and dissociation onsets for ionic reactions have been investigated
during the past thirty years by the technique of threshold photoelectron photoion coincidence
(TPEPICO) spectrometry.1 In this approach, threshold photoelectrons, TPE, (usually with initial
energies less than about 20 meV) are collected in delayed coincidence with their corresponding
ions. By energy conservation, the coincident ions have an energy equal to where hlhl [ IE] Eth ,
is the photon energy, IE is the moleculeÏs ionization energy, and is the moleculeÏs thermalEthinternal energy prior to ionization. The success of TPEPICO lies in the high efficiency with which
TPE are collected, and energetic electrons are rejected when ions and electrons are extracted by a
small dc electric Ðeld. However, it has proven difficult to improve the resolution of TPE spectros-
copy to better than about 5 meV.2 In addition, unless the light source is pulsed, as in the case of
synchrotron radiation operated in the one or two bunch mode, the analyzer function for TPEs
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contains a long tail toward the high energy side as a result of the energetic or ““hot ÏÏ electrons that
are photo-ejected in the direction of the electron detector.

The remarkable improvement in electron resolution o†ered by the pulsed Ðeld ionization (PFI)
approach to the detection of zero kinetic energy electrons3,4 has permitted the determination of
IEs and vibrational frequencies with sub-wavenumber accuracy (\0.1 meV). In this approach,
long lived atomic or molecular species in high-n Rydberg states (n [ 100) are formed by photoex-
citation and stored in very low electric Ðelds for up to several microseconds during which time any
background prompt electrons are removed from the ionization region. Upon the application of a
small pulsed electric Ðeld, the Rydberg states are Ðeld ionized and the PFI-PE detected with little
interference from the prompt background electrons. Thus the di†erence between TPE and PFI-PE
spectroscopy is that in the former, the detected electrons are formed slightly above the IE, while in
the latter, the detected electrons are formed slightly below the IE.

Although the resolution is excellent, laser based PFI-PE detection is not well suited for
PEPICO studies because in the usual 10È30 Hz pulsed laser sources used to generate the high
Rydberg states many ions are formed at the same time. Thus, it is not possible to collect ions in
coincidence with PFI-PEs. The repetition rate of the ionization laser would have to be greater
than about 1 kHz in order to keep the total ion production rate to less than 10% per laser shot.
However, as shown by Zhu and Johnson some years ago,5 it is possible to prepare ions in selected
energy states by the mass analyzed threshold ionization (MATI) approach in which the ions
produced by Ðeld ionization are distinguished from the directly generated or prompt ions using a
separating electric Ðeld. The problem with this method is that relatively high electric Ðelds are
required to separate the direct ions from the Rydberg states thereby depleting the population of
high-n Rydberg states and thus limiting the MATI signal to those Rydberg states with interme-
diate n values. Consequently, the signal is signiÐcantly lower than that in a typical PFI-PE experi-
ment. The main advantage of MATI is that ions are mass as well as energy selected. It is thus
equivalent to TPEPICO detection, but with an energy resolution that is two orders of magnitude
higher.

We present here the PFI-PEPICO scheme, which can be viewed as an alternative to MATI. In
this method, the light source is dispersed synchrotron radiation that operates in the multi-bunch
mode. The method is illustrated for the dissociation of In addition, we present someC2H5Br`.
PFI-PE spectra and their corresponding photoionization efficiency (PIE) curves for Ar, C2H5Br,

and benzene. Of interest is the intensity of PFI signal in the FranckÈCondon gaps betweenC2H5I,the ionÏs electronic states. In TPE spectroscopy, these FranckÈCondon gaps are generally Ðlled
with electron signal. The mechanism for the formation ion signal in the FranckÈCondon gaps has
been shown to be related to the dissociation to neutral products,6 and a mechanism for their
formation has been proposed.6,7 Because the observation of fragment ion signal at the disso-
ciation thresholds that often fall in these FranckÈCondon gap regions depends on the production
of TPEs, it is of interest to determine whether PFI-PEs will also be produced in these FranckÈ
Condon gap regions.

Experimental approach
The experimental arrangement and procedures for PFI-PE8,9 and the recent extension to PFI-
PEPICO measurements have been thoroughly discussed.10,11 Synchrotron radiation from an
undulator is dispersed by a 6.5 m Eagle-mounted monochromator. The ring, operated in the
multi-bunch mode, generates 512 ns of quasi-continuous radiation followed by a 144 ns dark gap.
The photons excite the molecular beam cooled sample in the presence of a 0.2 V cm~1 dc electric
Ðeld to energies in the vicinity of the dissociative ionization threshold. While the promptly pro-
duced electrons are extracted by the small dc Ðeld, neutrals in high-n Rydberg states remain in the
ion source. They are stabilized by the low dc, or stray electric Ðelds through Stark mixing of the P
and states.12 These high-n and high-P Rydberg states are then Ðeld ionized during the 144 nsmpdark gap by a 7.3 V cm~1, 200 ns long pulsed electric Ðeld. The PFI-PEs are collected in a 5 ns
time window that serves to discriminate against all non-Ðeld-ionized electrons produced by direct
ionization. The success of this experiment is due to the very high photon resolution (\0.001 eV) of
the 6.5 m monochromator13 that permits excitation of a narrow band of high-n Rydberg states
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and the 144 ns dark period of the synchrotron that permits their Ðeld ionization in the absence of
prompt electrons.

Ions are extracted by the constant dc Ðeld of 0.2 V cm~1 as well as by the 1.52 MHz, 7.3 V
cm~1 pulsed Ðeld. The parent ions spend about 7 ls in the pulsed 6 mm accelerationC2H5Br`
region, while the product daughter ions spend 3.5 ls there. Thus, they require on theC2H5`average 10.5 and 5 pulsing cycles to exit this Ðrst acceleration region. The average electric Ðeld in
this quasi-continuous acceleration region is about 3 V cm~1. Typical collection efficiencies for Ar
at its IE were 6% for PFI-PEs and 30% for ions.

The PFI-PEs and ions provided the start and stop signals respectively for a Stanford Research
Systems multi-channel scalar. The ion TOF resolution used in this study was 40 ns per channel.
Time-of-Ñight (TOF) spectra were collected at Ðxed photon energies. The PFI signal for C2H5Br
was not high because the interesting dissociation region is located in the FranckÈCondon gaps
between the ground and the A state. In addition, the high energy resolution necessarily reduces
the number of electrons within the narrow energy window. Typical count rates were 1 count s~1
PFI-PEs, 23 000 counts s~1 ions, and 0.2 count s~1 coincidence events. Most ion TOF distribu-
tions were collected over a period of 1È2 h. All ions were collected with no suppression of ““ false ÏÏ
ions. It was necessary in many cases to close the slits in order to keep the total ion count rates
down to avoid the build up of a false coincidence background. Some planned modiÐcations may
improve the signal to noise ratio in future experiments. One is the installation of a fast ion gate
which will permit only ions associated with a PFI electron to be collected thereby dramatically
reducing the false coincidence counts. A second change is the replacement of the current low
voltage pulser with a 100 V pulser generator. The applied pulse would be applied in two steps.
First a small 4 V cm~1 pulse of 20 ns duration to extract the PFI electrons followed by the 100 V
pulse to extract the ions. This will reduce the width of the ion TOF peaks and thus improve the
signal to noise ratio. Finally, it may be possible to install a time varying Ðeld14 that may help
stabilize the high-n Rydberg states thereby increasing the yield of PFI-PEs.

The vapor of the and samples were diluted in Ar in a seed ratio of aboutC2H5Br, C2H5I, C6H630% and expanded through a 90 lm nozzle. Argon was chosen in part because it provides for
cooling without giving the sample too high a velocity perpendicular to the ion extraction Ðeld.
Upon ionization, the ions were accelerated to a Ðnal energy of 120 eV through three acceleration
regions, and travelled with this energy through the 40 cm long drift tube where they were ultima-
tely detected by a set of microchannel plates. The translational temperature of the molecular beam
as measured from the TOF peak widths was about 30 K. However, this is not necessarily a good
measure of the internal energy of the molecules in the beam.15,16

Results

PFI and PIE spectra

Figs. 1 to 4 show the PFI-PE spectra along with the photoionization efficiency (PIE) curves for
Ar, and benzene. These spectra were collected under identical conditions so thatC2H5Br, C2H5I,the intensities can be compared to each other. The scale on the left ordinate refers to the PIE
signal while the scale on the right refers to the PFI-PEs. Note that the Ar spectral intensities are
about two orders of magnitude greater than those for the molecules. The Ar PIE spectrum shows
the usual s and d Rydberg series that converge to the higher spinÈorbit state of the Ar` (2P1@2).The PFI-PE spectrum shows just the two peaks that correspond to the two electronic states. The
resolution, limited primarily by the photon resolution, is 1 meV.

The energy scale for the PFI-PE spectra for the other three molecules was calibrated by running
scans of Ar and Xe. The width of the origin band for is 4.5 meV, which is most probablyC2H5Br
determined by the rotational temperature of the in the molecular beam. The intensity ofC2H5Br
the PFI peak relative to the total ion peak is considerably less in the case of than in Ar.C2H5Br
In the case of Ar, the peaks were about equal whereas in the PFI peak is weaker by aC2H5Br,
factor of 20. The IE is 10.307 eV and the higher spinÈorbit state lies at 10.614 eV. NoC2H5Br
other PFI-PE spectra have been published for this molecule.

The PFI-PE spectrum of is similar to that of except that the spinÈorbit splittingC2H5I C2H5Br
is larger and the intensity of the PFI-PE peak relative to the ion peak is now 1 : 5, rather than
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Fig. 1 The photoionization efficiency (PIE) spectrum of total Ar ions as a function of photon energy and the
pulsed Ðeld ionization photoelectron (PFI-PE) spectrum in the vicinity of the ground state and the2P3@2 2P1@2excited spinÈorbit state of Ar`. The signal intensities should be multiplied by a factor of 1000 before compar-
ing to the signal levels in the other spectra.

1 : 20. The peak width of the origin peak is 5.4 meV. In addition it shows a strong asymmetry
toward lower energies which is characteristic of PFI-PE peaks in which the resolution is deter-
mined by the intensity of the extraction pulse (3.5 V cm~1). The IE and the upper spinÈC2H5Iorbit state is 9.351 and 9.935 eV, which compares well with a previous PFI-PE study in which

Fig. 2 The photoionization efficiency (PIE) spectrum of total ions as a function of the photonC2H5Br`
energy and the PFI-PE spectrum of The PFI-PE peak at 10.45 eV is due to a vibration in the groundC2H5Br.
spinÈorbit state of the ion. The peak at 10.6 eV is the second spinÈorbit state of while the Ðnal peakC2H5Br`,
at 10.76 eV is a vibration associated with the upper spinÈorbit state of C2H5Br`.
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Fig. 3 The photoionization efficiency (PIE) spectrum of total ions as a function of the photon energyC2H5I`and the PFI-PE spectrum of The PFI peaks at 9.4 and 9.5 eV are vibrations associated with theC2H5I.ground electronic state, while the peak at 9.93 eV is the origin of the upper spinÈorbit state of C2H5I`.

Knoblauch et al.17 reported energies of 9.349 and 9.932 eV, respectively. The Rydberg series
shown in the PIE spectrum are considerably more pronounced in than they are in theC2H5IC2H5Br.

The Ðnal spectrum is that of benzene which is shown mainly to illustrate the method for a
larger polyatomic and because benzene is a standard PFI-PE molecule. Here the PFI-PE peak
intensity relative to that for the ion peak is about 1 : 5. The measured benzene ionization energy

Fig. 4 The photoionization efficiency (PIE) spectrum of total ions as a function of the photon energyC6H6`and the PFI-PE spectrum of The very weak PFI peak at 9.34 eV seems to be associated with a largeC6H6 .
increase in the PIE signal.
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of 9.245 eV is close to 9.2438 eV as recently reported by Neuhauser et al.18 Of particular interest is
the step in the PIE spectrum at around 9.34 eV. This strong step is associated with the excitation
of two vibrational states that are about half of the intensity of the transition origin in the thresh-
old photoelectron spectrum.19 In contrast, the two PFI-PE peaks at 9.34 and 9.375 eV are
extremely weak. Apparently, the high Rydberg states that are produced in this region decay by
other channels and thus do not yield much PFI-PE signal.

These spectra are shown to illustrate the relative intensities of PFI-PE and ion signals. It is
evident that this ratio is very favorable for the case of Ar, and less so for the molecules. In the case
of the ratio is very low. Apparently the high-n Rydberg states in these molecules are lessC2H5Br,
stable than the high-n states in Ar so that they decay to ions more efficiently in the small applied
Ðeld of 0.2 V cm~1. This reduced efficiency of PFI-PE production in molecules is of considerable
importance in the PFI-PEPICO experiment because it reduces the ratio of real to false coin-
cidence signal.

The other aspect of the PFI-PE spectra that is of importance to the PFI-PEPICO experiment is
the PFI-PE signal in FranckÈCondon gaps. Whereas TPE spectra have signiÐcant signal at essen-
tially all photon energies,6,20h23 the PFI-PE signal nearly vanishes in between the FranckÈ
Condon allowed regions of the spectrum. This means that energy selection of ions with
PFI-PEPICO may be more restricted than it is in TPEPICO.

PFI-PEPICO dataC
2
H

5
Br

Fig. 5 shows representative PFI-PEPICO TOF data for the molecule at several photonC2H5Br
energies below and above the dissociation limit for the loss of Br. In these experiments, the total
ion signal was about 23 000 counts s~1, while the PFI-PE signal was about 1 count s~1. The data
indicate that nearly all of the PFI-PE signal collected was due to true PFI-PEs. That is, our
experiment successfully suppressed 23 000 prompt electrons per second. The statistics of PEPICO
experiments permits the calculation of electron and ion collection efficiencies as well as the
number of false coincidences per time interval, *T , by the following relationships :24,25 PFI-PE
detection efficiency\ C/I ; ion detection efficiency\ C/PFIE; and false coincidences\ (counts
from electron detector)(I)(*T ) in which C is the coincidence rate in counts s~1, I is the total ion
count rate in counts s~1, and PFIE is the PFI-PE rate in counts s~1. The false coincidence rate is
determined by the total counts at the electron detector, including any background counts which
may become signiÐcant when the true PFI-PE rate is low. The ion detection efficiencies measured
in these studies varied between 10 and 30% depending on the experimental conditions. For the

Fig. 5 Some representative ion time of Ñight distributions of and ions in the vicinity of theC2H5` C2H5Br`
dissociation limit.
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case of the data at 10.936 eV in Fig. 5, the value was 10%. Thus the false coincidencesC2H5Br
collected in a 3.2 ls time interval is given by (1 count s~1)(24 800 counts s~1)(3.2 ls) \ 0.080
counts s~1, while the number of real coincidences was electron counts times the ion efficiency, or
(1 count s~1)(0.10)\ 0.10. Thus the ratio of real to false signal is 0.10/0.08 \ 1.25, while the mea-
sured value from Fig. 5 is 1.30.

Ethyl bromide ion breakdown diagram and the D
f
HÄ(C

2
H

5
‘)

The breakdown diagram for is shown in Fig. 6. This is a plot of the fractional amountC2H5Br`
of and as a function of the photon energy (hl). If the ions were produced fromC2H5` C2H5Br`
molecules at 0 K (with no internal energy) and the energy resolution were inÐnitely good, the
breakdown diagram should be given by two step functions in which the parent ion signal goes
from 1 to 0 and the daughter ion signal goes from 0 to 1 at the dissociation limit. Because of the
thermal energy of the ions and also because of an apparent increase of the PFI-PE yield with
thermal energy content,16 the breakdown diagram deviates from the ideal. We can model the
breakdown diagram by calculating the thermal energy distribution P(E, T ) at some temperature
and thereby obtain the daughter and parent ion signal by eqns. (1) and (2).

Daughter(hv) \
P
AE~hv or 0

=
P(E, T ) dE (1)

Parent(hv) \
P
0

AE~hv or 0
P(E, T ) dE (2)

The parent ion integral is valid only up to a photon energy that is equal to the 0 K appearance
energy (AE). Beyond that energy, all parent ion signal disappears. This 0 K appearance energy of
11.130^ 0.005 eV is shown by an arrow in Fig. 6.

The only other value for the Br loss onset from the ethyl bromide ion was obtained by Traeger
and McLoughlin26 who reported a 298 K AE of 11.06^ 0.01 eV on the basis of a photoionization
study. This value can be converted to 11.12 eV at 0 K by the addition of the average thermal
internal energy of C2H5Br.

In order to determine the heat of formation of the ion, the ethyl bromide heat ofC2H5`formation must be known. As shown in Table 1, the is listed as [64.52 kJ*fH298 K¡ (C2H5Br)
mol~1 by Wagman et al.27 with no error bars and no source attribution, and as [61.9^ 1.7 kJ
mol~1 by the later compilation of Pedley et al.28 According to the NIST Webbook29 the original
experimental values range from [61.9 to [65.3 kJ mol~1 with an average error of ^2 kJ mol~1.

Fig. 6 The ethyl bromide ion breakdown diagram. The arrow points to the 0 K dissociation limit at
11.130^ 0.005 eV.
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Table 1 The thermochemistry of the systemC2H5Br/C2H5Br`

*fH298 K¡ *fH0 K¡ IE AE0 K(C2H5`)
Molecule /kJ mol~1 /kJ mol~1 /eV /eV

C2H5Br [64.52a [42.63a 10.307^ 0.002b 11.13^ 0.005b
[61.9^ 1.7c [39.8^ 1.7d 11.135^ 0.010e

Br 111.9f 117.9f
C2H5` 900.6g 913.2^ 2h

903.5 916.2^ 2i
904.0^ 2 916.6 ^ 2j
900.2^ 2k 912.8^ 2k

a Wagman et al. (ref. 27). b This work. c Pedley et al. (ref. 35). d Converted from the 298
K value using vibrational frequencies from Shimanouchi (ref. 36). The resulting H298 K¡

kJ mol~1. e The internal energy of 0.075 eV was added to the[ H0 K¡ \ 13.45 C2H5Br
298 K AE of Traeger et al. (refs. 26 and 37). f Cox et al. (ref. 38). g This work. Con-
verted from the 0 K value using calculated vibrational frequencies from Ruscic et al.
(ref. 30). The Rosenstock convention is used for the ion heat of formation in which the
electron is treated as a particle at 0 K. h This work. Derived using the Wagman et al.
(ref. 27) heat of formation. i This work. Derived using the Pedley et al. (ref. 28)C2H5Br

heat of formation. j Traeger and Kompe value (ref. 37). k Determined from theC2H5Br
adiabatic IE of the radical (8.117 eV) by Ruscic et al. (ref. 30) and their quotedC2H50 K heat of formation of the radical (129.7 kJ mol~1).

Our own theoretical ab initio MO e†ort at the MP2/6-311G** level was directed at obtaining the
via the isodesmic reaction : This assumes*fH0 K¡ (C2H5Br) C2H5Br] CH4] C2H6] CH3Br.

experimental values for the heats of formation of and none of which seemsCH4 , C2H6 , CH3Br,
controversial.27,28 These calculations yielded a value of [64.3 kJ mol~1 for *fH0 K¡ (C2H5Br),
thereby supporting the lower Wagman value. Still, the issue is not resolved because the error in
the ab initio calculation is certainly no less than 4 kJ mol~1. All we can really say is that the

lies somewhere between [62 and [64.5 kJ mol~1, a range of 2.6 kJ mol~1. It*fH298 K¡ (C2H5Br)
seems that this value in the end determines the error limits for the derived *fH¡(C2H5`).

Table 1 summarizes the literature and derived and values for Br,*fH298 K¡ *fH298 K¡ C2H5Br,
and The last entry for the is based on the IE of the radical whichC2H5`. *fH298 K¡ (C2H5`) C2H5~was measured by Ruscic et al.30 to be 8.117 ^ 0.008 eV. When this is combined with the heat of
formation of the ethyl radical, we can determine a heat of the ethyl ion. The latest experimental
value for reported by Brouard et al.31a is 118.6^ 1.7 kJ mol~1 which corre-*fH298 K¡ (C2H5~)sponds to a 0 K value of 129.7 kJ mol~1. Very recent calculated results by Marshall31b assert
these values to be 120.5^ 2 and 131.5 kJ mol~1, respectively. These agree within the quoted error
with the experimental values. When we add these values to the measured ionization energy of
Ruscic et al.30 we obtain a of 912.8 or 914.6 kJ mol~1 depending on whether we*fH0 K¡ (C2H5`)
use the experimental or theoretical value for the free radical heat of formation. Our experimental
value based on the dissociative photoionization of falls just in between these two values,C2H5Br
thereby supporting the Wagman value for the heat of formation.C2H5Br

The can be used to derive a proton affinity for via the reaction :*fH¡(C2H5~) C2H4 C2H4Assuming a 298 K of 52.5 kJ mol~1 28 and a of] H`] C2H5`. *fH298 K¡ (C2H4) *fH298 K¡ (H`)
1530 kJ mol~1 32 (stationary electron convention), we obtain an ethylene proton affinity that
ranges from 681.9 to 678.5 kJ mol~1, with the higher value more consistent with the Wagman
value for This can be compared to the ““acceptedÏÏ value of 680.5 kJ mol~1 33*fH298 K¡ (C2H5Br).
and a calculated value of 681.9 kJ mol~1.34 When all of these results are taken together, it would
appear that the lower Wagman value for the heat of formation is preferred and that theC2H5Br

is 900.5 ^ 2.0 kJ mol~1.*fH298 K¡ (C2H5`)
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