
International Journal of Mass Spectrometry 247 (2005) 18–27

Photoionization cross sections for reaction intermediates in
hydrocarbon combustion

Terrill A. Coola,∗, Juan Wanga, Koichi Nakajimaa, Craig A. Taatjesb, Andrew Mcllroyb

a School of Applied and Engineering Physics, 228 Clark Hall, Cornell University, Ithaca, NY 14853, USA
b Combustion Research Facility, Sandia National Laboratories, Livermore, CA 94551, USA

Received 31 March 2005; received in revised form 29 August 2005; accepted 29 August 2005
Available online 17 October 2005

Abstract

Previously unmeasured absolute photoionization cross sections are presented for eight common reaction intermediates found in the combustion
of many simple hydrocarbons. Total photoionization cross sections recorded for 11 additional hydrocarbons are in good agreement with previous
studies. The measurements are performed with photoionization mass spectrometry (PIMS), using VUV synchrotron radiation. Absolute cross
sections for molecular and dissociative photoionization are determined by comparison of the photoionization efficiencies for each intermediate
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ith that of propene, used as a calibration standard, for photon energies from 9.7 to 11.75 eV, recorded with a photon energy re
0 meV(fwhm).
2005 Elsevier B.V. All rights reserved.
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. Introduction

Photoionization mass spectrometry (PIMS) and dipole
lectron-ion (e, e + ion) coincidence spectroscopy are widely
sed for determinations of cross sections for parent and disso-
iative photoionization of molecules[1]. Near-threshold PIMS
easurements ofrelative photoionization cross sections yield
diabatic ionization energies, photofragment appearance thresh-
lds, proton affinities, ionic heats of formation and related ther-
ochemical properties[2].
Absolute photoionization cross sections of good accuracy

or numerous atoms and simple molecules, measured with these
ell-developed techniques, find applications in atmospheric
nd astrophysical photochemistry and modeling of fundamental
hoto-physical processes[1,3,4]. Although measurements
f near-threshold relative cross sections (photoionization
fficiency (PIE) curves) are available for many molecules

3–5], reliable measurements of absolute cross sections are
ess common. Cross sections obtained with the equivalent
ipole electron-ion coincidence (e, e + ion) method are typically

measured with an energy resolution�E (fwhm) ≈0.5–1.0 eV
limited by the thermal spread of the electron beam[1,6]. The
much higher working resolution,E/�E (fwhm) ≈400–2000
available with monochromated synchrotron radiation[7–10]
makes PIMS the method of choice for measurement
ionization energies, appearance potentials, and near-thre
cross sections for parent ion and fragment ion formation.

The use of PIMS for quantitative studies of flame chem
[11–14] has recently generated renewed interest in mea
ments of absolute photoionization cross sections to supple
relative photoionization efficiencies traditionally used for de
minations of ionization energies and thermochemical prope
Kinetic models of hydrocarbon combustion may incorpo
hundreds of chemical reactions involving several dozen
reaction intermediates for which photoionization cross sec
are required. Reliable measurements of absolute cross se
for near-threshold total positive ion production using the
gle ionization cell[15,16] and more popular double-ionizati
chamber[1,17–19] methods are available for several sim
hydrocarbons of interest in combustion chemistry[3,20–27]. For
many hydrocarbons, however, the appearance energies fo
∗ Corresponding author. Tel.: +1 607 255 4191; fax: +1 607 255 7658.
E-mail address: tac13@cornell.edu (T.A. Cool).

sociative ionization are within 1–2 eV of the adiabatic ionization
energy of the parent molecule andmass-resolved ion detection
is required to distinguish the partial contributions to the total
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photoionization cross section made by dissociative ionization
channels. Indeed, in PIMS studies of flame chemistry, ion frag-
ments of a given mass-to-charge (m/z) ratio may interfere with
the detection of parent ions with the samem/z value. Successful
strategies for quantitative measurements of flame species com-
position often require partial photoionization cross sections for
many such dissociative channels[12].

Studies of hydrocarbon combustion with synchrotron PIMS
have been performed with our apparatus with photon energy
spreads ranging from 25 to 60 meV[11–14]. Quantitative deter-
minations of flame species concentrations require absolute pho-
toionization cross sections of comparable resolution, preferably
measured under experimental conditions corresponding to those
used in the flame chemistry studies. In this paper, we present
previously unmeasured absolute photoionization cross sections
for eight common hydrocarbon combustion intermediates for
photon energies from 9 to 11.75 eV, recorded at an energy res-
olution of 50 meV (fwhm). The photoionization cross sections
presented here contribute to a growing comprehensive database
critically needed for PIMS studies of hydrocarbon flame
chemistry.1

2. Experimental

2.1. Apparatus
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ture, designed to provide a pressure ratio of 200 between
the test chamber and the monochromator exit slit. The pho-
ton beam intersects the molecular beam at right angles at a
position midway between the repeller and extractor plates of
the TOFMS. Pulse gating of the repeller plate voltage propels
photo-ions along a 1.3 m flight tube to a microchannel plate
(MCP) detector (Burle, APD). A multiscaler (FAST Comtec
P7886) records TOFMS mass spectra in 15,008 channels of 2 ns
width.

The TOFMS mass resolution is typicallym/�m = 400. The
monochromator, with a 600 lines/mm tungsten grating, deliv-
ers photon fluxes of about 3× 1013 photons/s with an energy
spread�E = 40 meV (fwhm) when operated with a 400�m exit
slit in the 9–12 eV photon energy range. A silicon photodiode
(International Radiation Detectors, Inc. SXUV-100) records the
variation in photon flux with photon energy. The quantum effi-
ciency (electron/photon) of the photodiode was measured over
the range of photon energies from 8 to 15 eV at the National
Institute of Standards and Technology.

The photon energies are calibrated by recording mass spectra
for O2

+ photo-ions for energies between 12 and 13 eV, an interval
that includes several narrow autoionized members of the H and
H′ vibrational progressions[31].

Binary mixtures of nominally 10 Torr propene with 10 Torr
of a given target are prepared in a 3.8 l stainless steel sample
cylinder, with Teflon-coated inner surface, to which an addi-
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A molecular beam time-of-flight photoionization mass sp
rometer is used for our cross section measurements. It is co
o a 3 m off-plane Eagle monochromator, used to disperse
hrotron radiation from a 10 cm-period undulator at the Ch
cal Dynamics Beamline[28] of the Advanced Light Sourc
ALS) of the Lawrence Berkeley National Laboratory. Hig
rder diffraction and high-energy undulator harmonics are
ressed by passing the undulator beam through a gas
ontaining argon[29].

The apparatus consists of a stainless steel gas reservoir
er (“flame chamber”)[11,12] containing a binary mixture o

he “target” molecule and a “standard” species (propene
nown photoionization cross section, a two-stage different
umped molecular beam sampling system, and a time-of-
ass spectrometer (TOFMS).
A nominal mixture of 0.5% each of propene and a gi

arget molecule in 99% argon at a reservoir pressure of 9
s expanded to a pressure of about 10−5 Torr through a 0.2 mm
iameter orifice in a quartz sampling cone. A nickel skim
ith its 2 mm diameter aperture, located 23 mm downstr

rom the sampling cone orifice, forms a molecular beam
asses into the main test chamber and between the repell
xtractor plates of a conventional linear (Wiley-McLaren[30])
OFMS.

The output beam from the monochromator enters the
est chamber through a differentially pumped capillary a

1 A repository, for photoionization cross section data has been estab
ithin the Collaboratory for Multi-scale Chemical Sciences (CMCS) at the
ia National Laboratories:http://cmcs.org/technical.php.
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ional 2300 Torr of argon is added. The combined gase
llowed to mix for at least 8 h and then are introduced to
tainless steel reservoir chamber at a steady flow rate of 0
standard liters per minute) along with a second flow of a
t 0.15 slm. The quartz-sampling cone is located in a
all of the chamber. The chamber pressure is kept con
t 9 Torr with a servo-controlled throttle valve on the ch
er exhaust. This arrangement enables run times of abou
uring which the ratio of target ion signal to propene ion
al is recorded over the 9.7–11.75 eV photon energy rang
hich the absolute cross section for molecular photoion

ion of propene has been accurately measured by Perso
icole [22,24]. Although the upper limit on photon ener

or the present work is set by the 15.76 eV ionization po
ial of argon, rather than the 11.75 eV lithium fluoride c
ff for the Person and Nicole studies, we have confined
resent measurements to the 9.7–11.75 eV photon energy
xcept as noted in Section3 for cyclopentene,cis-2-pentene

rans-2-pentene, 1,3-butadiene, benzene, diethyl ether, and
acetylene below 9.7 eV and formic acid and acetylene a
1.75 eV.

The sources of the chemicals used in these studie
s follows: propene 99+% (Aldrich), propyne 98% (Aldric
ethanol, 99+% (Aldrich), vinylacetylene 99.9% (Orga

echnologies), diethyl ether 99+% (Aldrich), benzene 99
Aldrich), ethylene CP grade (Air Products), 1,3-butad
P grade (Matheson), acetylene (0.9% in 99.1% nitro

Matheson), formic acid 95–97% (Aldrich),cis-2-pentene
8% (Aldrich), trans-2-pentene 99% (Aldrich), cyclohexa
9% (Aldrich), cyclopentene 96% (Aldrich), ethanol 99.
Aldrich), dimethyl ether 99+% (Aldrich), acetone 99.5

http://cmcs.org/technical.php
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(Aldrich), 1-propanol 99.5% (Aldrich), 2-propanol 99.5%
(Aldrich). Diacetylene was prepared through the reaction of 1,4-
dichlorobut-2-yne with potassium hydroxide according to the
procedure of Armitage et al.[32].

2.2. Measurement procedure

Person and Nicole[20–24]have carefully measured total pho-
toionization cross sections for several hydrocarbons using the
dual-beam single ion chamber technique[15]. The response of
their apparatus was calibrated using measured photo-ion signals
for nitric oxide with the accurate photoionization cross sec-
tion measurements of Watanabe et al.[16], which have been
widely used as a calibration standard[26,33,34] and are in
good agreement with more recent measurements[35]. Acetone
was used as a secondary calibration standard for the measure-
ment of photoionization cross sections for other molecules[15].
The dual-beam single ion chamber method used by Person and
Nicole differs from the more widely used double ion chamber
approach favored for more recent photoionization cross sec-
tion measurements[7–10,36,37]. Both techniques give the total
photoabsorption cross section and the total photo-ion yield. In
the dual-beam single ion chamber method, the total photoab-
sorption cross section is measured separately with split-beam
detection of both the incident light intensity and the inten-
sity of light transmitted by an ionization cell. In the double
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Fig. 1. According to Eq.(1), the ratio of recorded ion signals for a given target
molecule to that of propene,ST/SP, is proportional to the ratio of photoionization
cross sections,σT(E)/σP(E), multiplied by the mass discrimination factor,RT/RP.
The symbols are the mass discrimination factors given by Eq.(1) for eight
target molecules for which the cross section ratio,σT(E)/σP(E), is known. The
solid curve is a fit to the 8 measured mass discrimination factors used to obtain
photoionization cross sections for 11 other molecules for which ion signal ratios,
ST/SP, are recorded.

andRT, andRPare mass-dependent response factors that account
for differing sampling and detection efficiencies for the target
and propene ions.

In this paper, “ion signal” refers to the ion count at a given
mass/chargem/z ratio, obtained by integration of the accumu-
lated ion counts per channel over 25–40 multiscaler channels
(50–80 ns) centered about the mass peak, from which the base-
line contribution, obtained from the signal between peaks, is
subtracted. This permits integration over the entire temporal pro-
file of each mass peak, while avoiding overlapping contributions
from adjacent mass peaks.

The ratiosRT/RP (mass discrimination factors)[40] needed
to bring our measurements of ion signal ratios [cf. Eq.(1)] into
agreement with the ratios of known[21–24,26]ionization cross
sectionsσT(E)/σP(E) are displayed with symbols inFig. 1. The
solid curve ofFig. 1 is a fit to these ratios that we use to obtain
mass discrimination factors,RT/RP, for cross section measure-
ments of other molecules.

The comparisons ofσT(E) obtained from Eq.(1), using the
RT/RP values indicated with symbols inFig. 1, with previ-
ous absolute cross section measurements for methanol, ethanol,
acetone, and benzene presented inFigs. 2–5, illustrate this proce-
dure. Similar comparisons for acetylene, ethylene, and propyne
are available assupplementary material to this paper.

Some target molecules (acetone,cis-2-pentene,trans-2-
pentene, 1-propanol, cyclohexane) yield CH + fragment ions
i lemen-
t ence
o ents
e
( tion
t ion
s

on chamber approach[17–19], the light beam passes succ
ively through two identical sections of an ion chamber.
on currents measured with ion collector plates in each
ion are used to simultaneously record both the total absor
ross section and the efficiency of total photo-ion produc
oth methods require that the ion detection efficiency of
pparatus be calibrated using a gas (e.g., a rare gas or
xide) with known photoabsorption and photoionization c
ections.

Our procedure is to use the total photoionization cross
ions measured by Person and Nicole for eight hydrocar
acetylene, ethylene, methanol, propene, propyne, acetalde
thanol, and acetone)[21–24], supplemented with the doub

on chamber measurements for benzene of Rennie et al.[26],
o calibrate the response of our instrument for photoioniza
ross section measurements of other target molecules. Th
rated response of our molecular beam TOFMS system acc

or mass discrimination effects that deplete the concentratio
eam components of light mass compared with those of he
omponents[38,39]. This calibration enables the ion signal
target molecule with a givenm/z value to be directly compare

o the ion signal of propene withm/z = 42 for photon energie
rom 9.7 to 11.75 eV.

The ratio of target ion signal to propene ion signal is g
y the relationship:

ST

SP
=

[
PT

PP

] [
σT(E)

σP(E)

] [
RT

RP

]
(1)

ere PT/PP is the ratio of target to propene partial press
n the binary gas mixture,σT(E)/σP(E) is the ratio of target t
ropene photoionization cross sections at the photon eneE,
3 6
n the energy range of these studies. In these cases, supp
al measurements of the yield of fragment ions in the abs
f admixed propene were performed. These measurem
nabled the contributions to the C3H6

+ (m/z = 42) and13C3H6
+

m/z = 43) isotopomer signals owing to target ion fragmenta
o be quantitatively distinguished from the corresponding
ignals from propene.



T.A. Cool et al. / International Journal of Mass Spectrometry 247 (2005) 18–27 21

Fig. 2. A comparison of the total photoionization cross section for methanol
with the previous measurements of Person and Nicole[23,24]. The comparison
gives the “best fit” valueRT/RP = 0.77 for methanol plotted inFig. 1. The photon
energies given by Person and Nicole have been increased by 20 meV in this com-
parison. The error bars shown with representative data points are the±1 standard
deviations for three separately prepared sample mixtures. 1 Mb = 10−18 cm2.

2.2.1. Methanol, ethanol, acetone
Because the measurements of Person and Nicole[21–24]are

not mass-resolved, the contributions of photofragment ions are
included in the total photoionization cross sections they have
reported. For methanol, only a small contribution from CH3O+

(m/z = 31) fragment ions is present above 11.6 eV (Fig. 2), but
more extensive fragmentation is observed for ethanol and ace-
tone, as illustrated inFigs. 3 and 4. For ethanol, the fragment ions
C2H5O+ (m/z = 45) and CH3O+ contribute substantially[5,41]
to the total photoionization cross section measured previously
by Person and Nicole[23,24].

F l with
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t
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p

Fig. 4. A comparison of the total photoionization cross section for acetone with
the previous measurements of Person and Nicole[24]. The comparison gives
the “best fit” valueRT/RP = 1.25 for acetone plotted inFig. 1. The error bars give
±1 standard deviations for three separately prepared samples.

The appearance potential for CH3CO+ fragment ions at
m/z = 43 from acetone is approximately 10.4 eV[5]. Cross
sections for the parent (CH3)2CO+ (m/z = 58) and fragment
CH3CO+ ions are displayed inFig. 4along with their sum and
the total photoionization cross section for acetone (solid curve)
reported by Person and Nicole[24]. The contribution of13C
isotopomers of C3H6

+ is subtracted from them/z = 43 ion signal
to determine the CH3CO+ fragment ion cross section. Supple-
mental studies of the fragmentation of acetone in the absence
of admixed propene revealed C2H2O+ fragment ions atm/z = 42
with an appearance energy near 10.5 eV. The fragment ion signal
atm/z = 42 was negligible, however, being less than 0.7% of the
m/z = 58 parent ion signal for photon energies below 11.8 eV.
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ig. 3. A comparison of the total photoionization cross section for ethano
he previous measurements of Person and Nicole[23,24]. The comparison give
he “best fit” valueRT/RP = 1.028 for ethanol plotted inFig. 1. The photon
nergies given by Person and Nicole have been increased by 20 meV
omparison. The error bars give±1 standard deviations for two separately p
ared samples.
is

ig. 5. A comparison of the parent ion photoionization cross section for be
ith the previous measurements of Rennie et al.[26]. The comparison gives th

best fit” valueRT/RP = 1.45 for benzene plotted inFig. 1. The photon energie
f Rennie et al. have been increased by 20 meV in this comparison. The
ars give±1 standard deviations for two separately prepared samples.
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2.2.2. Benzene
For benzene, we have chosen to normalize our measurements

of σ(E) (solid circles) with the measurements of Rennie et. al.
[26] (solid curve) shown inFig. 5, performed using synchrotron
radiation, a 5-m normal incidence monochromator, and a dou-
ble ion chamber[7]. The photoionization efficiency (PIE) was
normalized to that of nitric oxide reported by Watanabe et al.
[16]. The cross sections of Rennie et al. are consistently higher
than those reported by Person[20], but in better agreement with
values derived from the absorption measurements of Person and
Nicole [42] in a later study. The vibrational structure evident
in the higher resolution measurements of Rennie et al. is not
resolved in our data. This structure belongs to vibronic states of
the 3e2g→ 4p and 3e2g→ 4f autoionizing Rydberg transitions
converging onto the A2E2g ionization threshold[26]. Our ben-
zene cross sections ofFig. 5have been extended to include the
region from threshold (9.24 eV) to 9.8 eV by using the measured
ion signal form/z = 78, corrected for the changes in photon flux
with photon energy recorded with the calibrated photodiode.

3. Results

Eq. (1) used with the response factor ratios (fitted curve) of
Fig. 1 yields absolute cross sections for binary mixtures of a
given target molecule and propene. In this section, we present
absolute cross sections for 1-propanol, 2-propanol, vinylacety-
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Fig. 6. Molecular and dissociative photoionization cross sections for 1-propanol.
The total photoionization cross section is compared with the previous measure-
ments of Koizumi et al.[45,46].

toionization cross section is almost entirely attributable to the
fragment ions C2H5O+ (m/z = 45) and C2H4O+ (m/z = 44) with
very little C3H7OH+ (m/z = 60) parent ion formation. Minor
fragments C3H7O+ (m/z = 59) and C3H7

+ (m/z = 43) are also
observed below 11.75 eV[5,41]. The contribution of the13C
isotopomers of C3H6

+ at m/z = 43 is subtracted to obtain the
C3H7

+ ion signals for 1- and 2-propanol. Ionization above the
second ionization potentials, 11.36 and 11.30 eV for 1-propanol
and 2-propanol, respectively[43], is indicated by the increases
in total ionization cross sections above 11.3 eV.

The total photoionization cross sections for 1- and 2-propanol
are in reasonable agreement with the previous measurements
of Koizumi and co-workers, with an estimated accuracy of
20–30%, obtained with synchrotron photoionization and a
double-ionization cell[44,45]. Our absolute cross section mea-
surements are also in good qualitative agreement with the rel-
ative photo-ion yields reported by Refaey and Chupka in their

F anol.
T asure-
m

ene, diacetylene, 1,3-butadiene, dimethyl ether, diethyl e
is-2-pentene,trans-2-pentene, cyclopentene, cyclohexane,
ormic acid.

Because the target ion signal, corrected for changes in
on flux with photon energy with the NIST-calibrated photo
de, is directly proportional to the target ion photoioniza
ross section, it was possible to extrapolate the cross se
easurements for cyclopentene,cis-2-pentene,trans-2-pentene
,3-butadiene, benzene, diethyl ether, and vinylacetylene
.8 eV to their ionization thresholds[5] at 9.01, 9.01, 9.04, 9.0
.24, 9.51, and 9.58 eV, respectively. The flux-corrected ion
als for formic acid and acetylene were also used to extend
ection measurements to 12.41 and 13.5 eV (seesupplementar
ata), respectively. The error limits shown with the data for a
epresentative photon energies are the±1 standard deviations f
wo to four separately prepared target/propene mixtures.

.1. 1-Propanol and 2-propanol

Figs. 6 and 7display the extensive fragmentation obser
or 1-propanol and 2-propanol for photon energies less than
bove the adiabatic ionization energy of the parent molec
or 1-propanol, the parent ion C3H7OH+ (m/z = 60) is accom
anied by the major fragment ions C3H6

+ (m/z = 42), C3H7O+

m/z = 59) and CH3O+ (m/z = 31) with appearance energ
elow 11.75 eV[5,41]. Minor fragments C2H5O+ (m/z = 45) and
3H7

+ (m/z = 43) also appear below 11.75 eV[5,41]. Measure
ent of the partial cross sections for the C3H6

+ and C3H7
+

issociative channels required supplemental observatio
3H6

+ and C3H7
+ fragment ions from 1-propanol in the abse

f admixed propene. In the case of 2-propanol, the total
.

f

-

ig. 7. Molecular and dissociative photoionization cross sections for 2-prop
he total photoionization cross section is compared with the previous me
ents of Koizumi et al.[45,46].
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Fig. 8. Absolute cross section for the photoionization of vinylacetylene. The
first and second ionization potentials and the expected energies of thev′

2 = 1, 2
members of a progression in the C≡C stretch of the cation are indicated (see
text).

extensive study of molecular and dissociative photoionization
of methanol, ethanol, 1-propanol and 2-propanol[41].

3.2. Vinylacetylene

Fig. 8 presents the absolute photoionization cross section
for vinylacetylene for photon energies ranging from 9.33 to
11.78 eV. The ratios of ion signals atm/z = 52 andm/z = 42
recorded from 9.8 to 11.78 eV are used with Eq.(1) to cali-
brate the photoionization efficiency for vinylacetylene against
that of propene. The PIE for vinylacetylene is extended to
the 9.33–9.8 eV region by using the measured ion signal for
m/z = 52, corrected for the changes in photon flux with photon
energy recorded with the calibrated photodiode.

Although the photoelectron spectrum of vinylacetylene has
been recorded[46,47] over the range of photon energies of
Fig. 8, no other photoionization efficiency measurements for
vinylacetylene have been published. Photoelectron spectroscopy
places the adiabatic ionization energy at 9.58 eV, the second ion-
ization potential at 10.58 eV, and the frequency of the CC sym-
metric stretch of the ground state of the cation atυ2 = 2020 cm−1

[46,47]. The first and second ionization potentials and the
expected energies of thev′

2 = 1, 2 members of a progression
in the C C stretch are indicated by the vertical lines inFig. 8.

The structure seen between 9.58 and 10.33 eV, with promi-
nent broad peaks at 9.63, 9.88, and 10.13 eV, is quite repro-
d sug-
g ces,
s con
v

3

bee
u wee
t tials

Fig. 9. Absolute cross section for the photoionization of diacetylene. The adia-
batic ionization threshold at 10.17 eV and a well-defined step for direct ionization
to thev′

2 = 1 vibrational level of the cation at 10.43 eV are indicated. An ori-
gin band at 11.2 eV with partially resolved vibronic structure may belong to
an autoionizing Rydberg state converging on the second ionization potential at
12.63 eV (see text).

[5,48]. The vacuum ultraviolet absorption spectrum of diacety-
lene was first recorded by Price and Walsh[49], and later by
Smith [48]. No previous studies of photoionization efficiency
have been undertaken.

The cross section data ofFig. 9show the adiabatic ionization
threshold at 10.17 eV and the origin band of an autoionizing
electronic state at 11.2 eV. The step at 10.43 eV arises from
direct ionization to theυ2 C C (2177 cm−1) [50] symmetric
stretch of the C4H2

+ ground state. The origin band at 11.2 eV
(90,330 cm−1) is accompanied by the first two members of a
progression with a vibrational spacing of 0.1 eV (807 cm−1).
This spacing matches the frequency of theυ3 C C symmetric
vibration of the A2�u state (second ionization potential) of the
ion [50,51], which suggests that these bands are vibronic com-
ponents of an autoionizing member of a Rydberg series leading
to the A2�u state at 12.63 eV. Indeed, Smith observed a weak,
strongly predissociated, absorption with no observable vibra-
tional structure at 91,120 cm−1, in the vicinity of thev′

3 = 1
peak at 11.3 eV (91,140 cm−1) displayed inFig. 9, which he
assigned to then = 4 member of a Rydberg series converging
onto the A2�u state[48].

3.4. 1,3-Butadiene

The cross section for parent ionization of 1,3-butadiene
shown inFig. 10is qualitatively similar to the photoionization
e t
i s fur-
t rance
e t
i gy of
1 sent
e n cir-
c eV;
ucible with good signal-to-noise. This discrete structure
ests poorly resolved vibrational autoionization resonan
trongly broadened by predissociation, for Rydberg series
erging to thev′

2 = 1, 2, and 3 states of the cation.

.3. Diacetylene

Both absorption and photoelectron spectroscopy have
sed to study the spectrum of diacetylene in the region bet

he first (10.17 eV) and second (12.62 eV) ionization poten
-

n
n

fficiency curve recorded by Parr and Elder[52]. The paren
on cross section reaches a short plateau at 9.8 eV, rise
her and then decreases rapidly beyond 11.4 eV, the appea
nergy for C3H3

+ (m/z = 39) fragment ions. C4H5
+fragmen

ons, recorded by Parr and Elder with appearance ener
1.56 eV, were not observed at the detection limit of the pre
xperiments. The total photoionization cross section (ope
les inFig. 10) is nearly constant between 11.4 and 11.75
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Fig. 10. Parent ion C4H6
+ (m/z = 54) and C3H3

+ (m/z = 39) fragment ion pho-
toionization cross sections for 1,3-butadiene.

the decrease in the parent ion cross section is balanced by the
increasing partial cross section for C3H3

+, indicative of the com-
petition between these two ionization channels.

3.5. Dimethyl ether and diethyl ether

Absolute cross sections for the photoionization of dimethyl
ether and diethyl ether are presented inFigs. 11 and 12. These
measurements are in good qualitative agreement with the relative
photo-ion yields for molecular and dissociative photoionization
of dimethyl and diethyl ether carefully recorded by Botter et al.
[53]. Absolute total photoionization cross sections for dimethyl
ether reported by Koizumi et al.[44,45]are in reasonable agree-
ment with the present measurements as shown inFig. 11.

The parent ion cross section for dimethyl ether ofFig. 11rises
smoothly from threshold at 10.03 eV[5], reaches a maximum of
10.4 Mb at the 11.0 eV[5,53,54]appearance energy for C2H5O+

(m/z = 45) fragment ions, and then slowly decreases in competi-

F ethy
e vious
m

Fig. 12. Molecular and dissociative photoionization cross sections for diethyl
ether.

tion with the fragmentation channel to the 11.75 eV limit of the
present measurements. The total photoionization cross section
rises smoothly from threshold to beyond the second ionization
potential at 11.65 eV[43].

The parent ion cross section for diethyl ether (m/z = 74) shown
in Fig. 12rises smoothly from threshold at 9.51 eV[5], reaches a
maximum of 10.7 Mb near the 10.33 eV[53] appearance energy
for C3H7O+ (m/z = 59) ions, and then decreases slightly over the
10.3–11.75 eV range. A second dissociative ionization channel
forming C4H9O+ (m/z = 73) fragment ions opens at 10.22 eV
[53], but makes a much smaller contribution to the total pho-
toionization cross section. The C3H7O+ fragment ion and total
ionization cross sections increase rapidly for photon energies
exceeding the second ionization potential at 11.03 eV[43].

3.6. cis-2-Pentene, trans-2-pentene, and cyclopentene

The cross sections forcis- and trans-2-pentene shown in
Figs. 13 and 14are very similar; both rise from adiabatic

F -
t

ig. 11. Molecular and dissociative photoionization cross sections for dim
ther. The total photoionization cross section is compared with the pre
easurements of Koizumi et al.[45,46].
l
ig. 13. Parent ion C5H10

+ (m/z = 70) and C4H7
+ (m/z = 55) fragment ion pho

oionization cross sections forcis-2-pentene.
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Fig. 14. Parent ion C5H10
+ (m/z = 70) and C4H7

+ (m/z = 55) fragment ion pho-
toionization cross sections fortrans-2-pentene.

thresholds near 9 eV[5] to reach plateaus near 10 eV before
dissociative ionization channels leading to C4H7

+ (m/z = 55)
and C3H6

+ (m/z = 42) open near 10.7 eV[5]. The C3H6
+ cross

sections required supplementary measurements of the fragmen-
tation of cis- and trans-2-pentene in the absence of admixed
propene. Traeger has recorded the photoionization efficiency
for cis-2-pentene over this energy range[55], but no PIE data
for trans-2-pentene have been reported.

The cyclopentene photoionization cross sections for parent
C5H8

+ (m/z = 68) ions and C5H7
+ (m/z = 67) fragment ions are

shown inFig. 15. Here again the parent ion cross section rises
from threshold near 9 eV[5] to a plateau near 10 eV before
the onset of dissociative ionization near 11 eV[5]. The C5H7

+

fragment ion and total ionization cross sections rise steeply
beyond the second ionization potential at 11.1 eV[43]. No pre-
vious cross section measurements for cyclopentene have been
reported.

F -
t

Fig. 16. Molecular and dissociative photoionization cross sections for cyclo-
hexane. The total photoionization cross section is compared with the previous
measurements of Koizumi et al.[46,61].

3.7. Cyclohexane

Cyclohexane exhibits a parent ion cross section that increases
gradually above threshold at 9.88 eV[5] in a fashion typical
of other alkanes[56–58]. The fragment ions C3H6

+ (m/z = 42),
C3H7

+ (m/z = 43), C4H7
+ (m/z = 55), C4H8

+ (m/z = 56), C5H9
+

(m/z = 69), and C6H11
+ (m/z = 83) have appearance potentials

in the 11.1–11.5 eV range[5]. The most prominent fragment
ions below 11.75 eV are C4H8

+ and C5H9
+, with cross sections

shown inFig. 16. Cross sections form/z = 42, 43, and 55, not
shown inFig. 16, are given inthe supplement to this paper. The
C3H6

+ and C3H7
+ cross sections required supplementary mea-

surements of the fragmentation of cyclohexane in the absence
of admixed propene. The contribution of13C isotopomers of
C3H6

+ is subtracted from the C3H7
+ (m/z = 43) ion signal. The

C6H11
+ ion fragment reported by Sergeev et al.[59] was not

observable at the detection limit of the present measurements.
The parent photoionization cross section (m/z = 84) shown in
Fig. 16reaches a peak of 50 Mb near 11.2 eV before decreas-
ing in competition with the dissociative ionization channels. The
total ionization cross sections reported by Koizumi et al.[45,60]
are in good agreement with the present measurements, as shown
in Fig. 16.

3.8. Formic acid

ss
s a-
t ous
s n
e
w on
[ t
i n-
i nts
o ea-
s t
ig. 15. Parent ion C5H8
+ (m/z = 68) and C5H7

+ (m/z = 67) fragment ion pho
oionization cross sections for cyclopentene.
The HCOOH+ (m/z = 46) parent ion photoionization cro
ection ofFig. 17exhibits a well-defined step for direct ioniz
ion to thev′

3 = 1 state of the cation in agreement with previ
tudies of the photoelectron spectrum[61] and photoionizatio
fficiency[62] of formic acid. Theυ3 mode is a CO stretch
ith a frequency of 1495 cm−1 in the ground state of the cati

61]. The appearance energy for CHO2
+ (m/z = 45) fragmen

ons at 12.3 eV[5,62] is nearly coincident with the second io
zation potential at 12.38 eV[61]. The present measureme
nly extend to 12.41 eV, but the photoionization efficiency m
urements of Villem et al.[62] indicate the HCOOH+ paren
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Fig. 17. Absolute cross sections for the photoionization of formic acid. A well-
defined step for direct photoionization to thev′

3 = 1 (C O stretch) of the cation
is indicated at 11.52 eV.

ion cross section remains nearly constant for photon energies to
13.5 eV.

4. Conclusion

The precision of the present measurements, with typical stan-
dard deviations of less than 10%, is primarily a measure o
the reproducibility of sample preparations rather than uncer
tainties in ion signal measurements. Although discrepancies o
20% between measurements performed in different laboratorie
with similar techniques are common, the careful procedures use
by Person and Nicole[15] ensure that the uncertainty in their
absolute cross section measurements for propene, used here a
calibration standard, is unlikely to exceed 10%. Possible error
in the mass discrimination factors (cf.Fig. 1) may be as large
as 10% for the heaviest masses because of uncertainties in t
normalization of the data for benzene to that of Rennie et al
[26] (cf. Fig. 5). With consideration of these factors, we assign
an uncertainty of 20% in the cross sections reported here.

The primary purpose of this study is to provide reliable pho-
toionization cross sections for PIMS studies of flame chemistry
The focus of these measurements is on the near-threshold regio
within about 2 eV of the adiabatic ionization energies. Unam-
biguous concentration measurements of flame species requi
knowledge of near-threshold cross sections for parent and frag
m min-
i n
o irec
c ylen
o er-
f nt to
t ns
t her
p s fo
a tes
i istry
w tions

for many additional stable and radical intermediate species.
The measurement of absolute photoionization cross sections
for radical species presents difficult experimental challenges,
although recent progress has been achieved with measurements
for propargyl, vinyl, allyl, and 2-propenyl radicals[63,64].
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