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Abstract

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

Keywords: Photoionization cross sections; Hydrocarbons; Photoionization mass spectrometry (PIMS); Combustion chemistry

1. Introduction measured with an energy resolutis® (fwhm) ~0.5-1.0eV,
limited by the thermal spread of the electron befdné]. The
Photoionization mass spectrometry (PIMS) and dipolemuch higher working resolutions/AE (fwhm) ~400-2000,
electron-ion (e, e +ion) coincidence spectroscopy are widelavailable with monochromated synchrotron radiat[@a10]
used for determinations of cross sections for parent and dissoakes PIMS the method of choice for measurements of
ciative photoionization of moleculd$]. Near-threshold PIMS ionization energies, appearance potentials, and near-threshold
measurements oblative photoionization cross sections yield cross sections for parent ion and fragment ion formation.
adiabatic ionization energies, photofragment appearance thresh- The use of PIMS for quantitative studies of flame chemistry
olds, proton affinities, ionic heats of formation and related ther{11-14] has recently generated renewed interest in measure-
mochemical propertief®]. ments of absolute photoionization cross sections to supplement
Absolute photoionization cross sections of good accuracyrelative photoionization efficiencies traditionally used for deter-
for numerous atoms and simple molecules, measured with theseinations of ionization energies and thermochemical properties.
well-developed techniques, find applications in atmospheri&inetic models of hydrocarbon combustion may incorporate
and astrophysical photochemistry and modeling of fundamentdlundreds of chemical reactions involving several dozen key
photo-physical processefl,3,4]. Although measurements reaction intermediates for which photoionization cross sections
of near-threshold relative cross sections (photoionizatiorare required. Reliable measurements of absolute cross sections
efficiency (PIE) curves) are available for many moleculesfor near-threshold total positive ion production using the sin-
[3-5], reliable measurements of absolute cross sections aige ionization cell[15,16] and more popular double-ionization
less common. Cross sections obtained with the equivalerthamber[1,17-19] methods are available for several simple
dipole electron-ion coincidence (e, e +ion) method are typicallyhydrocarbons of interestin combustion chemif320-27] For
many hydrocarbons, however, the appearance energies for dis-
sociative ionization are within 1-2 eV of the adiabatic ionization
* Corresponding author. Tel.: +1 607 255 4191; fax: +1 607 255 7658.  energy of the parent molecule andss-resolved ion detection
E-mail address: tac13@cornell.edu (T.A. Cool). is required to distinguish the partial contributions to the total
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photoionization cross section made by dissociative ionizatioiure, designed to provide a pressure ratio of 200 between
channels. Indeed, in PIMS studies of flame chemistry, ion fragthe test chamber and the monochromator exit slit. The pho-
ments of a given mass-to-charge/{) ratio may interfere with  ton beam intersects the molecular beam at right angles at a
the detection of parent ions with the sam value. Successful position midway between the repeller and extractor plates of
strategies for quantitative measurements of flame species corire TOFMS. Pulse gating of the repeller plate voltage propels
position often require partial photoionization cross sections fophoto-ions along a 1.3 m flight tube to a microchannel plate
many such dissociative chann§lg]. (MCP) detector (Burle, APD). A multiscaler (FAST Comtec
Studies of hydrocarbon combustion with synchrotron PIMSP7886) records TOFMS mass spectra in 15,008 channels of 2 ns
have been performed with our apparatus with photon energwidth.
spreads ranging from 25 to 60 m¢M1—-14] Quantitative deter- The TOFMS mass resolution is typically/ Am =400. The
minations of flame species concentrations require absolute phaionochromator, with a 600 lines/mm tungsten grating, deliv-
toionization cross sections of comparable resolution, preferablgrs photon fluxes of about>310'3 photons/s with an energy
measured under experimental conditions corresponding to thospreadAE = 40 meV (fwhm) when operated with a 40 exit
used in the flame chemistry studies. In this paper, we presestit in the 9-12 eV photon energy range. A silicon photodiode
previously unmeasured absolute photoionization cross sectiorigternational Radiation Detectors, Inc. SXUV-100) records the
for eight common hydrocarbon combustion intermediates fowariation in photon flux with photon energy. The quantum effi-
photon energies from 9 to 11.75eV, recorded at an energy resiency (electron/photon) of the photodiode was measured over
olution of 50 meV (fwhm). The photoionization cross sectionsthe range of photon energies from 8 to 15eV at the National
presented here contribute to a growing comprehensive databasestitute of Standards and Technology.
critically needed for PIMS studies of hydrocarbon flame The photon energies are calibrated by recording mass spectra
chemistry! for O,™ photo-ions for energies between 12 and 13 eV, aninterval
that includes several narrow autoionized members of the H and
H’ vibrational progression81].
Binary mixtures of nominally 10 Torr propene with 10 Torr

of a given target are prepared in a 3.81 stainless steel sample
cylinder, with Teflon-coated inner surface, to which an addi-
tional 2300 Torr of argon is added. The combined gases are

owed to mix for at least 8h and then are introduced to the
tainless steel reservoir chamber at a steady flow rate of 0.1 sIm
standard liters per minute) along with a second flow of argon

ical Dynamics Beamlind28] of the Advanced Light Source at 0.15sIlm. The quartz-sampling cone is Ioc.ated in a side-
wall of the chamber. The chamber pressure is kept constant

(ALS) of the Lawrence Berkeley National Laboratory. Higher 9T ith lled throtil | he ch
order diffraction and high-energy undulator harmonics are sup"Elt orr with a servo-controlied throttle valve on the cham-

pressed by passing the undulator beam through a gas ﬁltgler_exhau_st. This ar_rangement _enab_les run times of a.lbOUt. Lh,

containing argorfi29]. dun_ng which the ratio of target ion signal to propene ion sig-
The apparatus consists of a stainless steel gas reservoirchaﬂ?—}l, Is recorded over the 9'7_11.'75 eV photon energy range for

ber (“flame chamber’J11,12] containing a binary mixture of which the absolute cross section for molecular photoioniza-

the “target” molecule and a “standard” species (propene) O]Jon of propene has been accurately measured by Person and

known photoionization cross section, a two-stage differentiall;}\IiCOIe [22,24] Although the upper limit on photon energy

pumped molecular beam sampling system, and a time-of-ﬂigl"fpr the present work is set by the 15.76 _eV_ ionizatio_n poten-
mass spectrometer (TOFMS). tial of argon, rather than the 11.75eV lithium fluoride cut-

A nominal mixture of 0.5% each of propene and a givenOff for the Person and Nicole studies, we have confined the
target molecule in 99% argon at a reservoir pressure of 9 Tofpresent measurements to the 9.7-11.75 eV photon energy range,

is expanded to a pressure of about 1Torr through a 0.2 mm excepzt as noted 1|n38bect|(cj$1for cl:)yclopent%r'legﬁs—lzﬁenteng, ,
diameter orifice in a quartz sampling cone. A nickel skimmer7¢5-2-pentene, 1,3-butadiene, benzene, diethyl ether, and viny-

with its 2mm diameter aperture, located 23 mm downstrearﬁacetylene below 9.7 eV and formic acid and acetylene above

from the sampling cone orifice, forms a molecular beam thaill'75 eVv.

passes into the main test chamber and between the repeller andThe sources of the chemicgls used in these studi_es are
extractor plates of a conventional linear (Wiley-McLaf&0]) as follows: propene 99+% (Aldrich), propyne 98% (Aldrich),
TOEMS methanol, 99+% (Aldrich), vinylacetylene 99.9% (Organic

H‘echnologies), diethyl ether 99+% (Aldrich), benzene 99+%
(Aldrich), ethylene CP grade (Air Products), 1,3-butadiene
CP grade (Matheson), acetylene (0.9% in 99.1% nitrogen)
(Matheson), formic acid 95-97% (Aldrich)is-2-pentene

1 A repository, for photoionization cross section data has been establishe%g% (AldnCh)’ trans-2-pentene 99% (AldnCh)’ CyCIOhexane

within the Collaboratory for Multi-scale Chemical Sciences (CMCS) atthe San99% (Aldrich), cyclopentene 96% (Aldrich), ethanol 99.5%
dia National Laboratoriestttp://cmcs.org/technical.php (Aldrich), dimethyl ether 99+% (Aldrich), acetone 99.5%

2. Experimental
2.1. Apparatus

A molecular beam time-of-flight photoionization mass spec
trometeris used for our cross section measurements. Itis coupl
to a 3m off-plane Eagle monochromator, used to disperse sy
chrotron radiation from a 10 cm-period undulator at the Chem

The output beam from the monochromator enters the mai
test chamber through a differentially pumped capillary aper


http://cmcs.org/technical.php
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(Aldrich), 1-propanol 99.5% (Aldrich), 2-propanol 99.5% 2.0
(Aldrich). Diacetylene was prepared through the reaction of 1,4-
dichlorobut-2-yne with potassium hydroxide according to the
procedure of Armitage et g132].

CHLCCH
CH,CHO
C,HsOH
(CH3),C0
(‘,II 3
cyclo-CgHyn

pesed Jol Bal -y ]

2.2. Measurement procedure

1.0
Person and NicolR0-24]have carefully measured total pho-

toionization cross sections for several hydrocarbons using the
dual-beam single ion chamber techniq@g]. 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[&b], which have been 00
widely used as a calibration standa2,33,34]and are in 0 30 40 s e 70 s 0
good agreement with more recent measurem@als Acetone Ton Mass (amu)
was used as a secondary calibration standard for the measure- ] ) o )
ment of photoionization cross sections for other molecillsk Fig. 1. According to Eq(1), the r{;mo of regorded ion S|gqals fora given tgrget

. . molecule to that of propengt/Sp, is proportional to the ratio of photoionization
The dual-beam single ion chamber method used by Person a@&ss sections;t(E)/op(E), multiplied by the mass discrimination factaf;/Rp.
Nicole differs from the more widely used double ion chamberthe symbols are the mass discrimination factors given by(Egfor eight
approach favored for more recent photoionization cross secarget molecules for which the cross section rati(E)/op(E), is known. The
tion measuremen{3—10,36,37] Both techniques give the total S(r)]"(: curve its_ afitto the 8t_meafu“i‘: ":ﬁsfr?]islcrimli”a;i(;” fl:"_cffsnus_e‘:] t‘l)ro?tai”
photoabsorption cross section and the total photo-ion yield. I@Tg:";?:fe'coonrggzslssec fonsfor 1L othermolecules forwhich lon signal ratios,
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-andRt, andRp are mass-dependentresponse factors thataccount
sity of light transmitted by an ionization cell. In the double for differing sampling and detection efficiencies for the target
ion chamber approadid7-19] the light beam passes succes-and propene ions.
sively through two identical sections of an ion chamber. The In this paper, “ion signal” refers to the ion count at a given
ion currents measured with ion collector plates in each sednass/charge:/z ratio, obtained by integration of the accumu-
tion are used to simultaneously record both the total absorptiol@ted ion counts per channel over 25-40 multiscaler channels
cross section and the efficiency of total photo-ion production(50-80 ns) centered about the mass peak, from which the base-
Both methods require that the ion detection efficiency of thdine contribution, obtained from the signal between peaks, is
apparatus be calibrated using a gas (e.g., a rare gas or nitﬁ@lbtracted.ThiS permitsintegration over the entire temporal pro-
oxide) with known photoabsorption and photoionization crosdile of each mass peak, while avoiding overlapping contributions
sections. from adjacent mass peaks.

Our procedure is to use the total photoionization cross sec- The ratiosRr/Re (mass discrimination factor$}0] needed
tions measured by Person and Nicole for eight hydrocarbon® bring our measurements of ion signal ratios [cf. @9} into
(acetylene, ethylene, methanol, propene, propyne, acetaldehyd@greement with the ratios of knoja1-24,26]ionization cross
ethanol, and aceton¢)1-24] supplemented with the double- sectionsrt(E)/op(E) are displayed with symbols #ig. 1 The
ion chamber measurements for benzene of Rennie &al solid curve Oﬂ:lg 1lis a fit to these ratios that we use to obtain
to calibrate the response of our instrument for photoionizatiorinass discrimination factor&r/Rp, for cross section measure-
cross section measurements of other target molecules. The cdients of other molecules.
brated response of our molecular beam TOFMS system accounts The comparisons afr(E) obtained from Eq(1), using the
for mass discrimination effects that deplete the concentrations dtt/Rp Vvalues indicated with symbols iRig. 1, with previ-
beam components of light mass compared with those of heavi@us absolute cross section measurements for methanol, ethanol,
component$38,39] This calibration enables the ion signal for acetone, and benzene presentddgs. 2—5illustrate this proce-

a target molecule with a given/z value to be directly compared dure. Similar comparisons for acetylene, ethylene, and propyne
to the ion signal of propene with/z = 42 for photon energies are available asupplementary material to this paper

0.5

Mass Discrimination Factor Ry/R,

T T T | T T T [ T T T T | T T 1T

AT NS T S S SN S SO T T N S T

from 9.7 to 11.75eV. Some target molecules (acetongs-2-pentene,trans-2-
The ratio of target ion signal to propene ion signal is givenPentene, 1-propanol, cyclohexane) yielgHg" fragment ions
by the relationship: in the energy range of these studies. In these cases, supplemen-
tal measurements of the yield of fragment ions in the absence
St — {PT] [GT(E)} {RT} 1) of admixed propene were performed. These measurements
Sp Pp| [op(E)] | Rp enabled the contributions to thelds™ (m/z = 42) and3CsHe"

Here P1/Pp is the ratio of target to propene partial pressures/z=43) isotopomer signals owing to target ion fragmentation
in the binary gas mixturert(E)/op(E) is the ratio of target to tc_J be quantitatively distinguished from the corresponding ion
propene photoionization cross sections at the photon etgrgy Signals from propene.
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Fig. 2. A comparison of the total photoionization cross section for methanoFig. 4. A comparison of the total photoionization cross section for acetone with
with the previous measurements of Person and Nij@3g24] The comparison  the previous measurements of Person and Nifié¢ The comparison gives
gives the “best fit” valu®y/Rp = 0.77 for methanol plotted iRig. 1. The photon  the “best fit” valueRt/Rp = 1.25 for acetone plotted Ifig. 1 The error bars give
energies given by Person and Nicole have been increased by 20 meV in this cortl standard deviations for three separately prepared samples.

parison. The error bars shown with representative data points até tsiandard

deviations for three separately prepared sample mixtures. 1 Mb*8 &6,

The appearance potential for @EIO* fragment ions at
mlz=43 from acetone is approximately 10.4d¥]. Cross
sections for the parent (GhCO* (m/z=58) and fragment

not mass-resolved, the contributions of photofragment ions ar HsCO" ions are .d|splayed IRig. 4‘."“0”9 with their sum and
included in the total photoionization cross sections they hav&'® total photoionization cross section for acetone (SO|I%CUI’V€)
reported. For methanol, only a small contribution from4CH _reported by Persorl fand Nicof24]. The contrlbutlpn of c
(m/z=31) fragment ions is present above 11.6 €g( 2), but Isotopomers of 6He" is iubtracted f_rom the/z= 43_|on signal
more extensive fragmentation is observed for ethanol and ac«E‘(3 determme_ the CkLO fragmen_t 10N CToss SECt.'O”' Supple-
tone, asillustrated iRigs. 3 and 4For ethanol, the fragmentions mental studies of the fragmentatlf)n of acetone in the_absence
C,HsO" (mlz=45) and CHO* contribute substantiall{s,41] of admixed propene revealedld, O™ fragment ions a/z = 42

to the total photoionization cross section measured previousl ithan appearance energy near 10.5 e.v' The fragment :)on signal
by Person and Nicoli23,24] tmlz =42 was negligible, however, being less than 0.7% of the

mlz =58 parent ion signal for photon energies below 11.8 eV.

2.2.1. Methanol, ethanol, acetone
Because the measurements of Person and Nji2ie24]are
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R Benzene
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E F 6 m:",:i‘? E E 50 d Rennie &
F mfz=: T ~ o 1
E tla mien ] 2 [ 1
S 8 - 8 L i
(}}3 [ i sS4 ) ]
et miz=46 . v [ Rennie, et al. ]
e o ] 2 r ]
< | YT ELCL LD ] 530k .
T N ]
= r . L i
‘4 |- Person & Nicole o 5 L i
~N - J7=45 A ‘A‘A“A‘A 4 = - _
g [ M/Z=42 L4 A ] :'3 20 | —
a N L ]
R r . = L ]
g 2t WY /=31 o | e [ ]
L A i o - 4
& | s \Oooo" i SRUIS ]
L uh OOCAAAAAA i E i 1
O e B e s o e R e e Dy o L S 3 4
10.0 10.5 10 115 12.0 e T B e e
Photon Energy (eV) 9.0 9.5 10.0 10.5 11.0 11.5 12.0

Photon Energy
Fig. 3. A comparison of the total photoionization cross section for ethanol with

the previous measurements of Person and Ni@3g4] The comparison gives  Fig. 5. Acomparison of the parention photoionization cross section for benzene
the “best fit” valueRt/Rp=1.028 for ethanol plotted ifrig. 1L The photon  with the previous measurements of Rennie €4]. The comparison gives the
energies given by Person and Nicole have been increased by 20 meV in thibest fit” valueRt/Rp = 1.45 for benzene plotted ifig. 1L The photon energies
comparison. The error bars givel standard deviations for two separately pre- of Rennie et al. have been increased by 20 meV in this comparison. The error
pared samples. bars give+1 standard deviations for two separately prepared samples.
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2.2.2. Benzene 1-Propanol
For benzene, we have chosen to normalize our measurements 3 L
of o(E) (solid circles) with the measurements of Rennie et. al.
[26] (solid curve) shown iffrig. 5, performed using synchrotron
radiation, a 5-m normal incidence monochromator, and a dou-
ble ion chambef7]. 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 Perg@0], 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 3eg— 4p and 3gy— 4f autoionizing Rydberg transitions i e o > e lNEE——
converging onto the AE,g ionization threshold26]. Our ben- 9.5 10.0 10.5 LLO IL5
zene cross sections Bfg. 5have been extended to include the Photon Energy (eV)
region from threshold (9.24 eV) to 9.8 eV by using the measuregig. 6. Molecular and dissociative photoionization cross sections for 1-propanol.
ion signal form/z =78, corrected for the changes in photon flux The total photoionization cross section is compared with the previous measure-
with photon energy recorded with the calibrated photodiode. ments of Koizumi et al[45,46]

T T T

total xs
Koizumi a
m/z=60
m/z=59
m/z=42
m/z=31

Hrom%hr e

Koizumi, et al.

>
' NN AT AT AT AT

Photoionization Cross Sections (Mb)

LI B L L B L

%]

3. Results toionization cross section is almost entirely attributable to the
fragment ions GHsO" (m/z = 45) and GH4O* (m/z = 44) with

Eq. (1) used with the response factor ratios (fitted curve) ofvery littte CsH7OH* (m/z=60) parent ion formation. Minor
Fig. 1 yields absolute cross sections for binary mixtures of afragments GH;O" (m/z=59) and GH7* (m/z=43) are also
given target molecule and propene. In this section, we presembserved below 11.75e6,41]. The contribution of the-3C
absolute cross sections for 1-propanol, 2-propanol, vinylacetyisotopomers of gHg" at m/z =43 is subtracted to obtain the
lene, diacetylene, 1,3-butadiene, dimethyl ether, diethyl ethefzH7" ion signals for 1- and 2-propanol. lonization above the
cis-2-pentenetrans-2-pentene, cyclopentene, cyclohexane, andsecond ionization potentials, 11.36 and 11.30 eV for 1-propanol
formic acid. and 2-propanol, respectivel#3], is indicated by the increases

Because the target ion signal, corrected for changes in phdn total ionization cross sections above 11.3eV.
ton flux with photon energy with the NIST-calibrated photodi-  The total photoionization cross sections for 1- and 2-propanol
ode, is directly proportional to the target ion photoionizationare in reasonable agreement with the previous measurements
cross section, it was possible to extrapolate the cross secti@f Koizumi and co-workers, with an estimated accuracy of
measurements for cyclopentens;2-penteneyans-2-pentene, 20-30%, obtained with synchrotron photoionization and a
1,3-butadiene, benzene, diethyl ether, and vinylacetylene frorouble-ionization celf44,45] Our absolute cross section mea-
9.8 eV to their ionization thresholdis] at 9.01, 9.01, 9.04, 9.07, surements are also in good qualitative agreement with the rel-
9.24,9.51, and 9.58 eV, respectively. The flux-corrected ion sigative photo-ion yields reported by Refaey and Chupka in their
nals for formic acid and acetylene were also used to extend cross
section measurements to 12.41 and 13.5 eVgapplementary

. .. . 2-Propanol
datg, respectively. The error limits shown with the data for a few Sl I S B L B
representative photon energies aretliestandard deviations for ol s ,
. Olzumi \ x =
two to four separately prepared target/propene mixtures. /=45 Total Cross Section

m/z=44 i 1
m/z=6() _ —
mfz=43 4
mfz=59

IS5 -

e *0O>PrO

3.1. 1-Propanol and 2-propanol

Figs. 6 and Misplay the extensive fragmentation observed
for 1-propanol and 2-propanol for photon energies less than 1 eV
above the adiabatic ionization energy of the parent molecules.
For 1-propanol, the parent iongB70H* (m/z=60) is accom-
panied by the major fragment ionglds* (m/z=42), GH;O*
(mlz=59) and CHO" (m/z=31) with appearance energies -
below 11.75 eV\[5,41]. Minor fragments GHs0O* (m/z = 45) and ol g T
CsH7* (m/z=43) also appear below 11.75 ¢¥,41]. Measure- 9.5 10.0 10.5 11.0 1.5 12.0
ment of the partial cross sections for thgHg* and GH7* Photon Energy (eV)
dissociative channels reqylred SquIemental pbservatlons gg.?. Molecular and dissociative photoionization cross sections for 2-propanol.
CsHe" and GH7" fragmentions from 1-propanolin the absenceThe total photoionization cross section is compared with the previous measure-
of admixed propene. In the case of 2-propanol, the total phoments of Koizumi et al[45,46]}

10

Photoionization Cross Sections (Mb)
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Fig. 8. Absolute cross section for the photoionization of vinylacetylene. TheFig. 9. Absolute cross section for the photoionization of diacetylene. The adia-
first and second ionization potentials and the expected energiesf théd, 2 baticionizationthresholdat10.17 eV and a well-defined step for directionization
members of a progression in the=C stretch of the cation are indicated (see to thev), = 1 vibrational level of the cation at 10.43 eV are indicated. An ori-
text). 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

. . s . ... 12.63eV (see text).
extensive study of molecular and dissociative photoionization

of methanol, ethanol, 1-propanol and 2-propdddal.
[5,48]. The vacuum ultraviolet absorption spectrum of diacety-
3.2. Vinylacetylene lene was first recorded by Price and Wal4B], and later by
Smith [48]. No previous studies of photoionization efficiency

Fig. 8 presents the absolute photoionization cross sectiohave been undertaken.
for vinylacetylene for photon energies ranging from 9.33 to The cross section data Big. 9show the adiabatic ionization
11.78eV. The ratios of ion signals at/z=52 andm/z=42  threshold at 10.17 eV and the origin band of an autoionizing
recorded from 9.8 to 11.78eV are used with Eh) to cali-  electronic state at 11.2eV. The step at 10.43eV arises from
brate the photoionization efficiency for vinylacetylene againsdirect ionization to thes, C=C (2177 cntt) [50] symmetric
that of propene. The PIE for vinylacetylene is extended tcstretch of the GH>" ground state. The origin band at 11.2 eV
the 9.33-9.8 eV region by using the measured ion signal fo(90,330 cnt?) is accompanied by the first two members of a
mlz =52, corrected for the changes in photon flux with photonprogression with a vibrational spacing of 0.1eV (807¢in
energy recorded with the calibrated photodiode. This spacing matches the frequency of theC—C symmetric

Although the photoelectron spectrum of vinylacetylene hag/ibration of the A1, state (second ionization potential) of the
been recorded46,47] over the range of photon energies of ion [50,51], which suggests that these bands are vibronic com-
Fig. 8 no other photoionization efficiency measurements forponents of an autoionizing member of a Rydberg series leading
vinylacetylene have been published. Photoelectron spectroscopy the AT1, state at 12.63 eV. Indeed, Smith observed a weak,
places the adiabatic ionization energy at 9.58 eV, the second iostrongly predissociated, absorption with no observable vibra-
ization potential at 10.58 eV, and the frequency of te€&ym-  tional structure at 91,120 cm, in the vicinity of thevy = 1
metric stretch of the ground state of the cationgt 2020cnt!  peak at 11.3eV (91,140 cm) displayed inFig. 9, which he
[46,47] The first and second ionization potentials and theassigned to the =4 member of a Rydberg series converging
expected energies of thg = 1,2 members of a progression onto the AT, state[48].
in the G=C stretch are indicated by the vertical linedHig. 8.

The structure seen between 9.58 and 10.33 eV, with promi3.4. 1,3-Butadiene
nent broad peaks at 9.63, 9.88, and 10.13¢eV, is quite repro-
ducible with good signal-to-noise. This discrete structure sug- The cross section for parent ionization of 1,3-butadiene
gests poorly resolved vibrational autoionization resonanceshown inFig. 10is qualitatively similar to the photoionization
strongly broadened by predissociation, for Rydberg series corefficiency curve recorded by Parr and EIdBR]. The parent

verging to thev, = 1, 2, and 3 states of the cation. ion cross section reaches a short plateau at 9.8eV, rises fur-
ther and then decreases rapidly beyond 11.4 eV, the appearance
3.3. Diacetylene energy for GHs*™ (m/z=39) fragment ions. gHs*fragment

ions, recorded by Parr and Elder with appearance energy of

Both absorption and photoelectron spectroscopy have beell.56 eV, were not observed at the detection limit of the present

used to study the spectrum of diacetylene in the region betweesxperiments. The total photoionization cross section (open cir-
the first (10.17 eV) and second (12.62 eV) ionization potential€les inFig. 10 is nearly constant between 11.4 and 11.75¢V,
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Fig. 10. Parent ion gHg" (m/z=54) and GH3™ (m/z=39) fragment ion pho-  Fig. 12. Molecular and dissociative photoionization cross sections for diethyl
toionization cross sections for 1,3-butadiene. ether.

the decrease in the parent ion cross section is balanced by ttien with the fragmentation channel to the 11.75 eV limit of the
increasing partial cross section fogldz*, indicative of the com-  present measurements. The total photoionization cross section

petition between these two ionization channels. rises smoothly from threshold to beyond the second ionization
potential at 11.65 eV43].
3.5. Dimethyl ether and diethyl ether The parention cross section for diethyl ethet{(= 74) shown

in Fig. 12rises smoothly from threshold at 9.51 g8}, reaches a
Absolute cross sections for the photoionization of dimethylmaximum of 10.7 Mb near the 10.33 ¢%3] appearance energy
ether and diethyl ether are presentedigs. 11 and 12These  for C3H70" (m/z =59) ions, and then decreases slightly over the
measurements are in good qualitative agreement with the relativid.3-11.75 eV range. A second dissociative ionization channel
photo-ion yields for molecular and dissociative photoionizationforming C4HgO" (m/z=73) fragment ions opens at 10.22 eV
of dimethyl and diethyl ether carefully recorded by Botter et al.[53], but makes a much smaller contribution to the total pho-
[53]. Absolute total photoionization cross sections for dimethyltoionization cross section. Thes870" fragment ion and total
ether reported by Koizumi et g44,45]are in reasonable agree- ionization cross sections increase rapidly for photon energies
ment with the present measurements as showvfignll exceeding the second ionization potential at 11.0343Y.
The parention cross section for dimethyl ethefigf. 11rises
smoothly from threshold at 10.03 €¥], reaches a maximum of 3.6. cis-2-Pentene, trans-2-pentene, and cyclopentene
10.4 Mb atthe 11.0 eYp,53,54]appearance energy fopBsO*
(mlz=45) fragment ions, and then slowly decreases in competi- The cross sections fatis- and rrans-2-pentene shown in
Figs. 13 and 14are very similar; both rise from adiabatic
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Fig. 11. Molecular and dissociative photoionization cross sections for dimethyl
ether. The total photoionization cross section is compared with the previouEig. 13. Parention §H10* (m/z=70) and GH7* (m/z=55) fragment ion pho-
measurements of Koizumi et §5,46] toionization cross sections fois-2-pentene.
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Fig. 14. Parention §H1o" (m/z=70) and GH7* (m/z=55) fragment ion pho-  Fig. 16. Molecular and dissociative photoionization cross sections for cyclo-
toionization cross sections fotns-2-pentene. hexane. The total photoionization cross section is compared with the previous
measurements of Koizumi et §416,61]

thresholds near 9eY5] to reach plateaus near 10eV before 3.7. Cyclohexane
dissociative ionization channels leading tqHG* (m/z=55)
and GHg" (m/z=42) open near 10.7 efp]. The GHg* cross Cyclohexane exhibits a parention cross section that increases
sections required supplementary measurements of the fragmegradually above threshold at 9.88 %] in a fashion typical
tation of cis- and rrans-2-pentene in the absence of admixed of other alkane§56-58] The fragment ions §He™ (m/z=42),
propene. Traeger has recorded the photoionization efficienogsH;* (m/z=43), GH7" (m/z=55), GHg" (m/z=56), GHg*
for cis-2-pentene over this energy ranff], but no PIE data (m/z=69), and GH11* (m/z=83) have appearance potentials
for trans-2-pentene have been reported. in the 11.1-11.5eV rangp]. The most prominent fragment
The cyclopentene photoionization cross sections for pareribns below 11.75 eV arefElg* and GHo*, with cross sections
CsHg* (m/z=68) ions and GH7" (m/z=67) fragment ions are shown inFig. 16 Cross sections fon/z=42, 43, and 55, not
shown inFig. 15 Here again the parent ion cross section risesshown inFig. 16 are given irthe supplement to this papdihe
from threshold near 9eV5] to a plateau near 10eV before C3Hg" and GH* cross sections required supplementary mea-
the onset of dissociative ionization near 11[y. The GH7*  surements of the fragmentation of cyclohexane in the absence
fragment ion and total ionization cross sections rise steeplpf admixed propene. The contribution bic isotopomers of
beyond the second ionization potential at 11.148]. No pre-  C3Hg" is subtracted from the 487" (m/z =43) ion signal. The
vious cross section measurements for cyclopentene have be€gH;,* ion fragment reported by Sergeev et [@9] was not
reported. observable at the detection limit of the present measurements.
The parent photoionization cross sectiam'z(=84) shown in
Fig. 16reaches a peak of 50 Mb near 11.2 eV before decreas-

Cyclopentene ing in competition with the dissociative ionization channels. The
3 prerr T total ionization cross sections reported by Koizumi ef48,60]
A woulxs ] are in good agreement with the present measurements, as shown
30 O  m/z=68 — . )
o mi=6] ] in Fig. 16

Total Cross Section

~~

3.8. Formic acid

The HCOOH (m/z=46) parent ion photoionization cross
section ofFig. 17exhibits a well-defined step for direct ioniza-
miz=68 tion to thev; = 1 state of the cation in agreement with previous

studies of the photoelectron spectr{i] and photoionization
=T efficiency[62] of formic acid. Thevz mode is a €O stretch
with a frequency of 1495 cnt in the ground state of the cation
0 e ] [61]. The appearance energy for CHO(m/z =45) fragment
85 90 95 100 105 1L0 115 120 ions at 12.3e\[5,62]is nearly coincident with the second ion-
Photon Energy (eV) ization potential at 12.38eY61]. The present measurements
Fig. 15. Parent ion €Hg* (m/z=68) and GH* (m/z=67) fragment ion pho-  ONly extend to 12.41 eV, but the photoionization efficiency mea-
toionization cross sections for cyclopentene. surements of Villem et al[62] indicate the HCOOH parent

Photoionization Cross Sections (Mb)

LI
T
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Formic Acid for many additional stable and radical intermediate species.
T T T 1 T T T 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 radicdl83,64]
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4. Conclusion

o ) ) Supplementary data associated with this article may be found,
The precision of the present measurements, with typical stanq yhe online version, afoi:10.1016/}.jms.2005.08.018
dard deviations of less than 10%, is primarily a measure of
the reproducibility of sample preparations rather than uncer:
tainties in ion sighal measurements. Although discrepancies o
0 .2 .
2(_M)l?et_ween me_asurements performed in dlﬁerentlaboratorleﬁ] JW. Gallagher, C.E. Brion, JAR. Samson, PW. Langhoff, J. Phys.
with S|m|Iartechn|ques are common, the careful pr(.)ced.ures u_sed Chem. Ref. Data 17 (1988) 9.
by Person and Nicolfl5] ensure that the uncertainty in their [2] S.G. Lias, J.E. Bartmess, J.F. Liebman, J.L. Holmes, R.D. Levin, W.G.
absolute cross section measurements for propene, used here as aMallard, J. Phys. Chem. Ref. Data 17 (Suppl. 1) (1988) 1.
calibration standard, is unlikely to exceed 10%. Possible errors{S] J. Berkowitz, Photoabsorption, Photoionization and Photoelectron Spec-
in th discri ! tion fact &ig. 1 b | troscopy, Academic Press, New York, 1979.
In thé mass |scr|m|na Ion factors ( 9. ) may be a§ f?lrge_ [4] J. Berkowitz, Atomic and Molecular Photoabsorption, Absolute Total
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normalization of the data for benzene to that of Rennie et al.[5] P.J. Linstrom, W.G. Mallard (Eds.), NIST Chemistry WebBook, NIST
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an uncertainty of 20% in the cross sections reported here. and Technology, Gaithersburg, MD, 2003.
The primary burpose of this study is to provide reliable pho- [6] G. Cooper, J.E. Anderson, C.E. Brion, Chem. Phys. 209 (1996) 61.
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within about 2 eV of the adiabatic ionization energies. Unam-  Transfer 45 (1991) 77. _ _ _
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knowledge of near-threshold cross sections for parent and frag-, J. Chem. Phys. 82 (1985) 4856.
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Or F1g. o with photolonization €fficiency measurements per-- =y, e | oy A Morel, Proc. Combust. Inst. 30 (2004) 1631.
fo_rmed in flame environments is 'nC!Uded as a SUPP|em_ent tR3] C.A. Taatjes, D.L. Osborn, T.A. Cool, K. Nakajima, Chem. Phys. Lett.
this paper (sesupplementary daYaThis supplement contains 394 (2004) 19.
tabulated cross sections for the 16 molecules discussed hef#d] C.A. Taatjes, S.J. Klippenstein, N. Hansen, J.A. Miller, T.A. Cool, J.
presented along with figures and tabulated cross sections for \(’;’gggs slavldeE' Law, P.R. Westmoreland, Phys. Chem. Chem. Phys. 7
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will require measurements of photoionization cross sections  105.
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