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The dissociative photoionization onsets for the formation of the propionyl igiHs80") and the acetyl ion
(CHs;CO") were measured from energy selected butanone and 2,3-pentanedione ions using the technique of
threshold photoelectron photoion coincidence (TPEPICO) spectroscopy. lon time-of-flight (TOF) mass spectra
recorded as a function of the ion internal energy permitted the construction of breakdown diagrams, which
are the fractional abundances of ions as a function of the photon energy. The fitting of these diagrams with
the statistical theory of unimolecular decay permitted the extractioneod tk dissociation limits of the first

and second dissociation channels. This procedure was tested using the known energetics of the higher energy
dissociation channel in butanone that produced the acetyl ion and the ethyl radical. By combining the measured
dissociative photoionization onsets with the well-established heats of formation af CGHCO", CH;COr,

and butanone, the 298 K heats of formatiawi°,9ek, Of the propionyl ion and radical were determined to

be 618.6+ 1.4 and—31.7+ 3.4 kJ/mol, respectively, artliH°95¢[2,3-pentanedione] was determined to be
—343.7+ 2.5 kd/mol. This is the first experimentally determined value for the heat of formation for 2,3-
pentanedione. Ab initio calculations at the Weizmann-1 (W1) level of theory prAditthesk values for the
propionyl ion and radical of 617.9 anre33.3 kJ/mol, respectively, in excellent agreement with the measured
values.

Introduction ionization method. The benefit of this analysis is the ability to
investigate new species not otherwise accessible.

We have recently studied the heats of formation of the acetyl
radical (CHCO) and ion (CHCO™) through the photoioniza-
tion of acetone and butanediohén the present study, we use
" two starting molecules and three reactions to establish the heats
AB +hw—A"+B (1) of formation of the propionyl radical (1sCC), the propionyl

. ) . ) ion (C;HsCO™"), and 2,3-pentanedione #8sCOCOCH). The
in which the heats of formation of the three species are related reactions involved are the following:

to the threshold energ¥y, by the thermochemical cycle:

Establishing the heats of formation of radicals, ions, and
neutrals by measuring dissociative photoionization onsets is
based on the following reaction:

C,H,COCH, + hv — C,H.CO" + CH,;  (3a)

E,= A(H°[AT] 4+ A(H°[B] — A[H°[AB] 2) — CH,CO" + CH, (3b)
The ideal reaction should meet several criteria, among which C,H;COCOCH, + hv — C,H,CO" + CH,CO" (4a)
are the following: (a) there should be no activation energy for
the reverse reaction, (b) the heats of formation of two of the — CH3CO+ + C,H,CO (4b)

three species must be well established, and (c) the reaction of . . .
interest should in general be the lowest energy dissociation 1€ neat of formation of butanone is known to W'th"&l kd/
channel. The last requirement is a result of the so-called M°l @s are the heats of formation of €HCHs", CHCOT,

competitive shifé—3 which shifts the observed onset for a higher 2nd CHCO> With the aid of velocity focusing optics for
energy channel to higher energies. This is because, at theelectrons and a method for the subtraction of the “hot” electron
dissociation limit for the second channel, the rate of the lowest contamination in the threshold sigrfalve are now able to
energy reaction may be orders of magnitude higher than thedetermme the first dissociation onsets to within 1 kJ/mol and

rate of the second reaction, thereby preventing the observationth€ Second dissociation onsets to within 2 kJ/mol. The propionyl

of products at the dissociation limit. In this paper, we utilize 1°" Production channels (3a and 4a) are the lowest energy
the statistical theory of unimolecular deéatp model the dissociation channels, whereas the acetyl ion produc_tlon _ch{in-
experimental data for higher energy dissociation channels in "€!S (3b and 4b) are the second lowest energy dissociation

order to remove this last limitation associated with the photo- channels. We can test our ability to extract the second onset
energies by using the known thermochemistry of reaction 3b.

t University of North Carolina. The onset of the g4sCO" ion from butanone (reaction 3a)
* Eotvos Lorand University. was investigated some years ago by Murad and Inghisn
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TABLE 1: Vibrational Frequencies Calculated at the B3LYP/6-311++G** Level

CH:COGHs 53, 102, 198, 247, 401, 475, 590, 753, 762, 941, 955, 1000, 1105, 1129, 1185, 1284, 1370, 1387, 1417, 1453, 1467, 1497,
1492, 1500, 1783, 3007, 3028, 3031, 3041, 3085, 3103, 3112, 3137
CH;COGHs" 53, 117, 228, 239, 340, 404, 470, 565, 742, 806, 938, 966, 1014, 1063, 1078, 1246, 1279, 1335, 1406, 1426, 1428, 1449,

1454, 1491, 1695, 3008, 3028, 3035, 3082, 3099, 3121, 3141, 3177

C:HsCOCOCH; 38, 53, 102, 190, 207, 259, 366, 414, 520, 538, 660, 715, 808, 904, 977, 1001, 1045, 1083, 1147, 1247, 1301, 1333, 1389,
1405, 1456, 1458, 1470, 1500, 1507, 1775, 1780, 3036, 3041, 3056, 3097, 3097, 3106, 3119, 3149

C,HsCOCOCH*" 16, 45, 99, 174, 189, 209, 230, 328, 394, 456, 487, 620, 800, 814, 892, 945, 1017, 1036, 1058, 1101, 1260, 1289, 1366,
1413, 1427, 1441, 1453, 1486, 1496, 1985, 1997, 3040, 3053, 3058, 3114, 3122, 3128, 3144, 3148

CHsCO*" 418, 418, 910, 1028, 1028, 1363, 1396, 1396, 2385, 2999, 3080, 3081

C;HsCO* 188, 193, 419, 599, 771, 833, 930, 1069, 1099, 1252, 1271, 1403, 1422, 1487, 1493, 2352, 3007, 3047, 3068, 3154, 3162
CHsCO 110, 469, 855, 956, 1049, 1358, 1453, 1457, 1925, 3016, 3108, 3114

C:HsCO 105, 234, 237, 625, 729, 799, 973, 1047, 1081, 1267, 1316, 1410, 1445, 1493, 1499, 1917, 3039, 3039, 3064, 3106, 3114
CHz 537, 1402, 1402, 3102, 3282, 3282

CoHs 98, 489, 813, 978, 1062, 1190, 1399, 1463, 1481, 1481, 2943, 3034, 3078, 3141, 3241

well as by Traegérand revisited very recently by Harvey and collected in 2-12 h. The TOF distributions, obtained at each
Traeger The latter study yielded A¢H®295{C2HsCO'] value photon energy, are used to obtain the fractional abundance of
of 617.84 0.9 kJ/mol. In a later paper, Murad and Inght8ém  the precursor and the product ions (breakdown diagram). Both
measured the onsets for reaction 4a to be 9.67 eV but did notneutral precursors were acquired from Aldrich Chemical Co.
assign an onset energy for reaction 4b. In the present work, weand used without further purification. No impurities were
repeat these measurements and present the first experimentallgetected in the TPEPICO mass spectra.

determined value for the heat of formation of 2,3-pentanedione

as well as a new value for the heat of formation of the propionyl Theoretical Approach

radical. We also show that the effects of the competitive shift
can be accounted for in the modeling in order to obtain accurate
dissociative onsets for higher energy channels. This ability to
model higher energy onsets permits us to utilize reactions 4a
and b to extract thermochemical values. That is, we can use
the measured onset for 4a to obtain the heat of formation of
2,3-pentanedione, which in turn can be used in reaction 4b to
yield the heat of formation of the propionyl radical from the
higher energy onset.

In support of our data analysis and statistical theory (RRKM)
calculations, the geometry and vibrational frequencies of all
molecules studied were calculated using Becke 3 parameter
exchang® with the functional of Lee-Yang—Parr correlation
(B3LYP)!2 and the 6-31%++G** basis set implemented in the
Gaussian 03 program, version B84l he harmonic frequencies
of butanone and 2,3-pentanedione were used in the calculation
of the neutral internal energy distribution and are listed in Table
1 without scaling. These frequencies were not scaled on the
basis of the findings of Magalhaes and Soares Pinteho
found that B3LYP/6-311++G** frequencies should not be

The threshold photoelectron photoion coincidence (TPEPICO) scaled. In addition, the analysis of parallel dissociation pathways
apparatus has been described in detail elsewAfereBriefly, requires assumptions about the structure of the transition state,
room-temperature sample vapor is introduced into the experi- so that those frequencies were calculated as well. The transition
mental chamber through a small stainless steel capillary pointing states for all dissociation pathways were calculated using the
into the ionization region and is then ionized with vacuum B3LYP functional and the 6-31+G** basis.
ultraviolet (VUV) light from a hydrogen discharge lamp High-level calculations were performed to determine the heats
dispersed by a 1m normal incidence monochromator with a of formation of the propionyl ion and neutral free radical. The
resolution of 12 meV at a photon energy of 10.0 eV. The VUV total atomization energy of the propionyl ion and radical are
wavelengths are calibrated by using the Lyneaemission at calculated at the Weizmann-1 (W1) level of theory, where
1215.67 A, which is the most intense line in this spectrum. The computational methods are outlined by Martin and co-workers
ions and electrons are extracted in opposite directions with anin detail’® Geometry optimization and vibrational frequency
electric field of 20 V/cm. Electrons pass through a second calculations have been performed at the B3LYP/cc-pVTZ level
acceleration region where they are accelerated to a final electronusing the Gaussian 03 program, version BOAAIl other
energy of 74 eV. They then drift 13 cm along a field-free drift calculations were carried out using MOLPRO 200%.3.
region. The applied voltages are designed to velocity focus Briefly, the self-consistent field (SCF) limit was obtained
threshold electrons onto a 1.4 mm aperture at the end of theusing a two-point formufé using Dunning’s augmented cor-
electron drift region, where a Channeltron detects them. At the relation consistent n-tuple zeta basis sets, aug-cc-pVTZ (AVTZ)
same time, energetic electrons, focused to a ring around theand aug-cc-pVQZ (AVQZ). Closed-shell CCSTwith pertur-
central hole, are collected by a Burle multichannel plate detector bative triple correctior?® and spin unrestricted RHF-UCCSD-
(tandem MCPs) and provide a measure of the hot electron signal.(T) open-shell coupled cluster theodkare used to calculate
By subtracting a factor of the coincidence spectrum obtained the electron correlation of the propionyl ion and radical,
with the MCP from the TPEPICO spectrum, we obtain a respectively. The T-1 diagnostf@sfor the propionyl radical
TPEPICO spectrum free of hot electron contamination. (0.019) does not suggest a need for a multireference electron

The ions are accelerated to 100 eV in the first 5 cm long correlation procedure. The largest calculations, CCSD/AVQZ,
acceleration region and travel 40 cm in the first drift region. were carried out using the integral-direct algorif8rimple-
lons are then reflected and travel through another 35 cm secondmented in MOLPRO 2002.3.CCSD and CCSD(T) contribu-
drift region before being collected at a tandem multichannel tions are obtained using the exponent 3.22 derived from W2
plate ion detector. The electron and ion signals are used as startomparisori® The core valence correlations are considered at
and stop pulses for measuring the ion time-of-flight (TOF). the CCSD(T) level using the core correlation basis set MTs-
Typical electron and ion count rates are 50 electrons/s and 300mall.*® BSSE corrections to core valence correlatfdrase not
ions/s, so that a complete TPEPICO TOF spectrum could be considered here. Scalar relativistic effects are considered at the

Experimental Approach
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Figure 1. Threshold photoelectron spectrum of butanone from 9.25 Eigyre 2. Ultraviolet photoelectron spectrum (UPS) of 2,3-pentanedi-
to 11.25 eV. The true threshold signal is obtained by subtracting the gne in the energy range-86.0 eV. The dissociation onsets for the

hot electron contribution (ring) from the center (threshold and hot nropionyl, Es1, and acetylFo2, ions have been marked. The adiabatic
electron contamination) signal. The adiabatic IE (not marked) was |E (not marked) was determined to be 9400.04 eV.

determined to be 9.5 0.04 eV. The dissociation onsets for the
propionyl ion,Eql, and the acetyl iorgy2, are marked. These occur in
a Franck-Condon gap.
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(0%

Butanone
averaged coupled pair functional (ACPFith the MTsmall
basis set, which gives essentially the same results as the more
accurate one-electron Dougtakroll approximatior?®27 at the
CCSD(T)/MTsmall level (only 0.2 kJ/mol difference for pro-
pionyl radical). Spinr-orbit coupling is taken into account from
CODATA 28 The resulting atomization energy is converted into
the heat of formation using the standard formula. The adiabatic
ionization energy (IE) is given by &0 K atomization energy
difference between the cation and neutral at their optimized
geometries. 0 &
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Photoelectron Spectra.The threshold photoelectron spec- . )
Figure 3. Breakdown diagram of butanone in the range 10.0

trum (TPES) of butanone was obtained by scanning the photon X ; = ; .

- ) - eV. The open points are the experimentally determined ion ratios (circles
energy Whl|.e collecting the zero energy electrons. A fraction represent the parent ion, squares represent the propionyl ion, and
of the ring signal (hot electrons) was subtracted from the central gjangles represent the acetyl ion). The lines are the calculated ion ratios.
electrode signal to yield the true TPES shown in Figure 1. The The dissociation onsets for the propionyl id&1, and the acetyl ion,
factor is the same in the breakdown diagram and the TPES.Es2, are marked.

The derived dissociation onsets are indicated with a vertical
arrow. It is apparent that the dissociation limits lie in a Franck in the case of butanone. Here, the adiabatic ionization energy
Condon gap, which means that the production of threshold was determined to be 9.18 0.04 eV, which is in agreement
electrons in the region of the dissociation limit is very small. with the value obtained from the photoionization efficiency
The true threshold electron signal collected at the center measurements of Murad and Inghr&n.
electrode comprised only a small portion of the total signal, = Threshold Photoelectron Photoion CoincidenceButanone.
resulting in a very low yield of the propionyl ion signal. The Time-of-flight mass spectra were recorded in the photon energy
first TPES band of butanone is rather broad, making the range from 10.0 to 12.0 eV. The breakdown diagram, given in
assignment of the adiabatic ionization energy difficult. The Figure 3, is a plot of the ratios of the integrated peak areas for
adiabatic ionization energy was determined to be %52.04 each ion as a function of the photon energy. The breakdown
evV. diagram was corrected for the hot electron contamination, which
Uninteresting technical difficulties prohibited the collection has been described in detail elsewhEYeAt low energies, only
of the TPES of 2,3-pentanedione. Instead, we show in Figure 2the parent ion is observed. The first dissociation pathway is
the ultraviolet photoelectron spectrum (UPS) recorded using the associated with the methyl loss channel producing the propionyl
ATOMKI ESA 32 instrument, which has been described in cation. At a slightly higher ion energy, the ethyl loss channel
detail elsewheré? The instrument is equipped with a Leybold- producing the acetyl ion appears. The open points represent the
Heraeus UVS 10/35 high-intensity gas discharge photon source.experimentally determined ratios of the ion abundances, while
The UPS is obtained by ionizing the neutral precursor using a the lines represent the calculated ratios.
21.217 eV He(l) lamp and scanning the energy of the ejected The time-of-flight (TOF) distributions of the propionyl ion
photoelectrons. Electrons were collected using a hemispherical(C;HsCO") fragments obtained from butanone were symmetric,
energy analyzer, which has a resolution on the order of 25 meV. which indicates that the products are formed via rapid reactions
The spectrum was calibrated using the #3, peak. The with rate constants in excess of’191. The symmetric peaks
dissociation onsets for both the propionyl and acetyl ions occur mean that the observed onset for the first dissociation channel
at the end of the first band, where the yield of threshold is not shifted to higher energy by the kinetic shift associated
electrons, although not massive, was nevertheless greater thamwith slowly dissociating ion$:3
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Because the propionyl ion production is fast, the breakdown for the two reactions. Thus, in addition to the onset enefgy,
diagram for this lowest energy dissociation channel can be we need to vary the transition state frequencies for one species.
modeled with just the thermal energy distribution of neutral The breakdown diagram for the higher energy region was
butanone. We assume that if the total internal energy of an ion modeled as follows. When either G+br C;Hs* fragments are
(hv — IE + En, whereEq is the thermal energy of the precursor |ost, a total of six vibrational frequencies are turned into
molecule) exceeds the dissociation limit, it will dissociate translations or rotations. These frequencies can be identified
instantly. If the sample weret @ K where the thermal energy by carrying out a B3LYP/6-31t+G** calculation with the
distribution is a delta function, the breakdown diagram would RCO-R’ bond stretched from the optimized length in the
exhibit a step at the dissociation limit. The 298 K thermal energy molecular ion to 4 A. The reaction coordinate is then identified
distribution,P(E), broadens this step toward the low-energy side. by the negative frequency and the other five disappearing

We can calculate the parent and daughter ion curBgi$y) frequencies by their low values. We chose to use this set of
andBq(hw), respectively, by integrating this distribution as shown  frequencies for the transition state associated with the propionyl
inegs 5 and 6. ion production. We then found a similar set of five frequencies
Eoty for the acetyl ion channel. These five frequencies were varied

B,(w) = J,~ P(E)dE (5) along with the onset energkg, until the calculated breakdown

diagram agreed with the experimental points. Error limits were
e obtained by varying the frequencies and calculating new best
By(hw) = onfth(E) dE ®) values for the onset energy. The resulting onset energy is 10.475
+ 0.016 eV for the acetyl ion. Murad and Inghrafist this

The thermal ro-vibrational energy distribution at 298 K was value as 10.5 eV, with the lack of significant figures reflecting
calculated using vibrational frequencies obtained at the B3LYP/ their level of confidence in obtaining an onset from a slowly

6-311++G** level of theory. For this reaction, the only rising signal.
adjustable parameter isal® K dissociation onset, which was
found to be 10.353t 0.012 eV. The degree of uncertainty,
determined by varying, until the fit was noticeably worse, is
limited by the scatter in the data and the photon resolution of

12 meV. Ths 0 K dissociation limit is very close to the onset | j/,|5 Although the first dissociation in acetone involves the
measured recently by Harvey and Traeyehose reported 298 |55 of methane, it is a slow reaction that proceeds via tunneling.
K appearance energy in their photoionization experiment s channel is effectively blocked once the acetone ion internal
converts to 10.347 0.003 eV at 0 K. Tk 0 K extrapolated  gnergy is above the methyl loss channel because the latter is a
Murad and Ingrahrvalue is 10.37 eV. , _ fast reaction. Thus, the onset for the methyl loss channel in
The modeling of the higher energy acetyl ion onset is 5cetone; which leads to the acetyl ion, can be determined with
somewhat more involved. Unlike the calculation of the break- g precision. The acetyl ion heats of formation obtained from
down diagram for the lowest energy reaction, the calculation ¢ gissociative ionization of acetone and butanone agree to
of the second channel requires some assumptions about th&yithin 1.4 kJ/mol, which shows that our modeling correctly
transition states for the two competing reactions. The fractional 5.counts for the competitive shift associated with higher energy
abundance of the two products above the onset energy of thegissqciations. This is important to establish because we use this
second product is directly proportional to the ratio of the rate approach for determining the heat of formation of the propiony!

constants for their production. These rates are given by the j4ical from the higher energy dissociation pathway in 2,3-
RRKM statistical theory as pentanedione.

This second onset, along with the established heats of
formation of butanone and .85, was used to determine an
acetyl ion heat of formation of 6658 1.8 kJ/mol, which is in
agreement with our previously reported value of 666.7.1

N#(E— ) 2,3-PentanedioneAs shown in egs 4a and b, the 2,3-
K(E) = B ) pentanedione ion dissociates to yield the propionyl ion and at
ho (E) somewhat higher energy the acetyl ion. The breakdown diagram

for 2,3-pentandione has been constructed in the same manner

whereN*(E — Eo) is the sum of the internal energy states of g described above. A typical TOF distribution is illustrated in
the transition state between 0 did- Ey, his Planck’s constant, Figure 4, and the breakdown diagram is shown in Figure 5.

and ,o(E_) is the densit_y of states of the molecular ion. The Tpe slightly asymmetric propionyl ion peak in the TOF
production of the propionyl and acetyl ions proceeds from the gstripution at~81.5us indicates that this reaction is slow near
same molecular ion; therefore, thelr rates d_|ffer only through the dissociation limit. Slow reactions that form products as the
the numerator of eq 7. Thus, the ratio of their rate constants is parent jons are accelerating in the 5 cm long acceleration region
given by the ratio of the sum of states of the transition states, resylt in asymmetric TOF peaks. Whereas the breakdown
as illustrated by diagram is a plot of the relative rate constants over the entire
4 energy range, the absolute rate constant can be extracted from
k(E) NY(E-E) ®) asymmetric TOF profiles.
k,(E) N#Z(E - E) The TOF distributions and the breakdown diagram for the
propionyl ion onset can be modeled by varying the onset energy
It can be readily appreciated that when the energy of the ion is @nd the transition state frequencies. This second adjustable
just equal toE,, there is only one path for dissociation to the Pparameter is a direct result of the asymmetric TOF distributions,
acetyl ion (i.e.,N#y(0) = 1) but the value oN#(E — E) = where the lowest five frequencies of the transition state are fit
107. This means that the acetyl ion signal cannot compete well to the experimentally determined rate curve.
with the production of the propionyl ion. As a result, the The simulated TOF distribution matches the fast and meta-
observed onset is shifted to higher energies by the competitivestable components nicely, except that a drift peak appears in
shift. How rapidly the acetyl ion signal catches up with the the simulated TOF distribution which is only weakly present
propionyl signal is a function of the transition state frequencies and rather broad in the experimental one. This peak is a result
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Figure 4. Typical time-of-flight (TOF) distribution for 2,3-pentanedi-
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TABLE 2: Ancillary Heats of Formation

Species AfHOOK (kJ/mOI) AfHozggK (kJ/mOI) HozggK - HOOK
acetyl radical —3.6+ 1.8 —9.8+1.8 12.9
acetyl ion 666.7 1.12 659.4+ 1.12 11.8
butanone —216.1+£ 0.8 —238.7+£0.& 19.8
methyl radical 150.3: 0.40'  147.14+ 0.40' 10.8
ethyl radical ~ 129.3£ 0.7 119.0+ 0.7 13.¢0
H radical 216.0 218.0 6.12

aFrom Fogleman et &l.P Conversion calculated by using ab initio
vibrational frequencies from Table 1From IE(butanone) determined
in this study and\sH°zegx(butanone) taken from Ped|83/.¢ Determined
from AiH°o(CH3") from Weitzel et al® and IECH3) from Blush et
al®0 ¢ Private communication from B. Ruscic. L{fdists 118.8+ 1.3
kJ/mol, and Atkinson et &t lists 120.9+ 1.6 kJ/mol.f From Wagman
et al¥®

one at a photon energy of 9.656 eV. The points are the experimental 0.010 eV for the propionyl ion. Murad and Ingrathobtained

counts, while the solid line is the calculated fit. The molecular ion is
the peak at~107.6us, and the propionyl ion is at81.1us. The'3C

peak is also present for the propionyl ion and the molecular ion. The
simulation indicates the presence of a drift peak; however, no peak is
observed experimentally. Note the two different scales.
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Figure 5. Breakdown diagram of 2,3-pentanedione over the energy
range 9.6-11.5 eV. The open points are the experimentally determined
ion ratios (circles represent the parent ion, squares represent th
propionyl ion, and triangles represent the acetyl ion). The lines are the
calculated ion ratios. The dissociation onsets for the propionyHgih,

and the acetyl ionkEg2, are given.

9.5

of dissociation in the drift region before the reflectron. The

e

a 298 K onset energy of 9.67 eV, which translatesat0 K
onset 0f~9.86 eV.

With the first onset established, we can keep these parameters
fixed and vary the transition state parameters (in order to fit
the relative rate constants for the two competing channels) and
the onset energy for the second reaction. That is, we assume
the extrapolated rate constant for the first dissociation and adjust
the second reaction rate to fit the data, as was done for the
second reaction in the case of the butanone ion. This yields an
onset for the propionyl radical formation of 10.047 0.023
eV. The error is somewhat larger because the onset is less
distinct.

Because the two reaction channels differ only in the location
of the charge, the difference in the activation energies;-

E;, is equal to the difference in the ionization energies of the
two radicals. That is,

E, — E; = IE[CH,CO] — IE[C,HCO] 9
which is 0.206+ 0.025 eV.

Heats of Formation of C;HsCO™, C,HsCO*, and C,Hs-
COCOCHs3. The onset energies for reactions 3a, 4a, and 4b
along with the ancillary information in Table 2 permit us to
derive the heats of formation for the propionyl ion and radical
as well as for the neutral 2,3-pentanedione. These values are
listed in Table 3. For example, the propionyhi® K heat of
formation is related to the dissociation limit by

absence of a sharp peak in the experimental TOF distribution A;H°,, [C,H.CO'] =

is a result of the fact that the reflectron is optimized to pass
ions with a certain kinetic energy, namely, parent ions or rapidly

produced daughter ions. When the 2,3-pentanedione ion loses

the acetyl radical at some time in the drift region before entering
the reflectron, the remaining propionyl ion retains just 57% of
its initial translational energy. As a result, the daughter ion

trajectory is altered as it is being reflected, and therefore, many

of these ions never reach the detector. This effect is not
noticeable for H or Chlloss reactions but becomes increasingly

Eo + AfH®0[CHsCOCH;] — AtH%,[CH;] (10)

which yields aA¢H°ok[C2HsCO™] value of 632.4+ 1.4 kJ/mol.
This value can be converted to 298 K through eq 11:

ArH® 08k = AtH 0 — Z(HozgsK — H°0kdetements T
Z(H°298K - HoOK)moIecuIe (11)

problematic as the neutral mass increases. In the case of 2,3in which the H°298« — H°0k)elements Values are taken from
pentanedione, the energy range for metastable ions goes fromiWagman et at® and the H°9sxk — H°k)molecule Values are

the threshold where the minimum rate i€ $0' and rises rapidly
to 10* s1 within 20 meV. Given that the thermal energy

calculated using the vibrational frequencies in Table 1. This
conversion results in a 298 K heat of formation of 61%.6.4

distribution of the molecular ion extends over 200 meV, the kJ/mol, which can be compared to the recent Harvey and
metastable ions contribute a negligible fraction to the overall Traeger value of 617.& 0.9 kJ/mol? The difference in the
signal. As a result, the error associated with the missing signal quoted error limits is probably a subjective matter. In principle,
near the threshold is minor, as the good fit of the breakdown the onset derived by the TPEPICO experiment is more accurate,
diagram demonstrates. The fitting of these TOF distributions or at least its interpretation is less subject to uncertainties about
along with the breakdown diagram yields an onset of 9841 transition probabilities and FranelCondon factors. Neverthe-
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TABLE 3: Heats of Formation of C,HsCO*, C,HsCO*, and C;HsCOCOCH;

other experimental theoretical
species AHo® AiH 20812 AtH 2081 AtH 2081 H®298k — Hk

propionyl ion 632.4-1.4 618.6+ 1.4 617.8+ 0.9 617.9 14.9
618

propionyl radical —18.0+ 3.4 —31.7+ 3.4 -32.3+4.2 —33.3 15.7

—34.3+ 8

2,3-pentanedione —320.7£ 2.5 —343.7+ 2.5 —338.3 24.F

—348

aFrom this study? From Harvey and Traegér.c W1 calculation from this study! Calculation of Nguyen and Nguyéh. ¢ Conversion using
calculated ab initio vibrational frequencies from Table Erom Atkinson et af! and Lud?® based on the kinetic measurements of Watkins and
Thompsorf® ¢Kerr and Lloyd” value corrected for the current ethyl radical heat of formatideodesmic reaction calculated at the B3LYP/6-
311++g** level. ' Approximation by Pedley, Naylor, and Kirymethod.

less, the derived heats of formation clearly agree within the error obtain the neutral methyl ketene heat of formation through its
of the experiments. proton affinity (eq 12).

Having determined the propionyl ion heat of formation from
the butanone dissociation, we can use it and its onset in reactionCH,CH=C=0 + Ht — CZHSCO+
4a to determine the heat of formation of 2,3-pentanedione, as _ e
listed in Table 3. Finally, we use eq 4b to obtain the propionyl AE = PA(CH,CH=C=0) (13)
radical heat of formation)\tH°29sx[C2HsCO] = —31.74+ 3.4
kJ/mol. The larger error bars are a result of cumulative errors
in establishing the 2,3-pentanedione heat of formation and the
+23 meV uncertainty in measuring the second onset.

Theoretical Heats of Formation.To support our calculated
heats of formation, we also carried out high-level theoretical
atomization energy calculations. The ground state conformers
of both the propionyl ion and radical ha@ symmetry at the
B3LYP/cc-pVTZ level. Shorter CO and CC bond lengths (1.116
and 1.428 A) are found for the propionyl ion than for the neutral
(1.180 and 1.515A). The OCC bond angle is 178.6 for the
propionyl ion. As a consequence of the more rigid structure,
the zero-point energy (ZPE) for the ion is higher than that of
the neutral by 4 kJ/mol. The ZPEs calculated at this level do
not affect the atomization energies even for rigid molecules, as
Martin suggested elsewhefeThe calculation was tested on
the acetyl radical and ion, where we obtained 298 K heats of
formation to within 1.3 kJ/mol for the acetyl ion and to within
2.7 kd/mol for the acetyl radical (the experimental values are
given in Table 2). The theoretical heats of formation of the
propionyl ion and radical are listed in Table 3. Excellent
agreement between theory and experiment is noted for the
propionyl ion and propionyl radical in which our calculations
differ by only 0.7 and 1.6 kJ/mol from the measured values,
respectively. Both of these values are well within the experi-
mental uncertainty of 1.4 and 3.4 kJ/mol.

The heat of formation of the 2,3-pentanedione molecule was
also calculated using the following isodesmic reaction:

Bouchoux and Salpift have determined the proton affinity of
methyl ketene to be 839.8 kJ/mol through re-evaluation of
thermokinetic measurements, which leads to a methyl ketene
AtH®298k value of —=71.6+ 2.3 kdJ/mol. This is an updated value
from the Hunter and Lias compilati&hfor which the PA[CH-
CH=C=0] value was listed as 834.1 kJ/mol and is in better
agreement with the theoretical value suggested by Nguyen and
Nguyer* of 842 kJ/mol. Another route to the neutral heat of
formation of methyl ketene is from the appearance energy for
the production of ionized phenol and neutral methyl ketene from
phenyl propionate, which leads to a value-666.9 + 4.7 kJ/
mol.3> However, the phenyl propionate heat of formation, upon
which this calculation is based, was estimated.

A final pathway to the heat of formation of methyl ketene is
through the photoelectron spectrum of methyl ketene reported
by Bock et al3® for which the adiabatic ionization potential
was reported to be 8.95 eV. This value can be combined with
the AfH°29ei{ CH3CH=C=0O"] value 783.5+ 0.3 kJ/mol
obtained by Traegét from the averaged values of the appear-
ance energies of 4£1,0™ from several precursors. This results
in a methyl ketene heat of formation 6f80.9 + 1.3 kJ/mol.
This value seems out of line with the other two determinations,
which led TraegéP to suggest that the ionization energy
calibration in the photoelectron spectrum of Bock et al. could
be off by as much as 0.15 eV. It is evident that the methyl
ketene heat of formation remains somewhat controversial.

Kerr and Lloyd” first reported a heat of formation of the
propionyl radical of—46.0 £ 8 kJ/mol back in 1968 on the

. basis of the kinetics and pressure dependence of the decomposi-

CHCOCOCH + CH, — CHCOCOCH + CHg (12) tion of azoethane in the presence of propionaldehyde. Cadman

_ _ et al38 estimated a\fH°,95[C,HsCO] value of —41.8 kd/mol
Because the heats of formation of methane, butanedione, and,, ihe basis of the Benson group additivity schéfhehich is
ethane are all well established, we can use the calculated reactior, good agreement with the experimentally determined value
energy to obtain the hea_t of formation Qf the 2,3-pentanedione. for Kerr and Lloyd. In 1973, Watkins and Thompé®studied
These low-cost calculations were carried out using B3LYP/6- 4 aqdition of ethyl radicals to carbon monoxide to determine
31L++G* .and yielded aAH 295 value of —338.3 k_J/moI, a the kinetics and thermochemistry of the propionyl radical and,
value tha’g is close to the-343.7 kJ/mol value obtained from using the slope of an Arrhenius plot, were able to determine a
the experiment. AfH®208{CsHCO] value of —44.3 kd/mol. All of the other
entries for the propionyl radical heat of formation in various
compilationg° are based on these two experiments, although

AfH®208{CoHsCO*] as determined in the present study (618.6 not always directly referenced. A confusion occurred when Lias
+ 1.4 kd/mol) and by Harvey and Trae8€617.84+ 0.9 kJ/ et al* erroneously listed &¢H°298[C,HsCCO] value of+41.5
mol) is now well established. As pointed out by Harvey and = 4 kJ/mol from McMillen and Goldef? which was taken from
Traeger® the propionyl ion heat of formation can be used to Watkins and Thompsoftf. Unfortunately, the error (it should

Discussion
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TABLE 4: Derived Neutral C —C Bond Energie$ of butanone, yielding—238 kJ/mol, which is in perfect
species BDE« (kJ/mol)  BDEsk (kJ/mol) agreement with the experimental result. (It was probably used
CHCH,CO—COCH, 29911 45 30204 45 to establlgh the grooup additivity value§.) However, the Benson
CH.CH,CO—CH,CHs 33604 35 3407+ 35 method yleld_s a\iH®298K[2,3-pentanedione] value 6f368 kJ/
CHsCH,CO—CHs 348.4+ 3.5 354.1+ 3.5 mol, which is too low by 20 kJ/mol. The group additivity
CH3CH,-COCHy 341.8+ 3.1 347.9+ 3.0 method vyields the same 368 kJ/mol value for the isomeric
CH;CO—-COCH, 302.9+ 2.7 307.2: 2.7 2,4-pentanedione, whereas the experimentally determined value

aThe neutral bond energies have been determined for several speciesS —382 kJ/mol!” The Benson value is now too high by 14
on the basis of the heats of formation ofHsCO, CH;COr, CHs*, and kJ/mol, but the discrepancy is much less. The method appears
C:Hs' listed in Tables 2 and 3 as well as the heats of formation of the to fail due to nearest-neighbor interactions that are not accounted
molecules taken from PedIé§. for.

The PNK methotf for determining the heat of formation is
the sum of the contributions of the various components (like

have been-41.5 4 kJ/mol) resulted in an IE listing of 5.7 the Benson method); however, group interactions are taken into

eV, which they obtained from the difference between the _ ... o+ \When the PNK method is used. a value-848.4
propionyl neutral and an O_Id ion heat of formatﬁ)mguye_n kJ/mol is obtained foA;H®,9sx[2,3-pentanedione] and a value
and Nguyef then used their calculated value for the propionyl of —380.6 kd/mol is obtained fohH®ses[2,4-pentanedione].

'r?n isefef Tabl?. 3) a?géhll\s]/errolnleo'[%s IE Vallf[_e to rt(;po[t_ a ra?|c|al.|-he value of 2,4-pentanedione agrees extremely well with the
cat of formation o mol. 'n the meantime, the L1as €t al. experimentally determined value380 kJ/mol.

ionization energy has been corrected in the NIST Webl§®8ok,

where it is listed as 6.6 eV. More recently Atkinson et'al. -, lusions

re-evaluated the Watkins and Thompson experimental measure-

ments and, using an updated heat of formation for the ethyl The propionyl ion and radical heats of formation have been

radical, listed aAfH 208 {C2HsCO?] value of —32.3+ 4.2 kJ/ determined through the photodissociation of butanone and 2,3-

mol. This is the value that Luo lists in his Handbook of Bond Ppentanedione. The propionyl ion heat of formation agrees with

Dissociation Energie® A similarly updatedAsH°20gC2Hs- the value determined by Harvey and Traéges well as with

COr] value of Kerr and Lloyd is—34.3 kJ/mol. high-level calculations. The acetyl ion heat of formation
As shown in Table 3, our propionyl radical heat of formation determined from the second loss channel of butanone agrees

of —31.7 kd/mol is in good agreement with the previous values With our previously reported value from the lowest energy

based on neutral kinetics as well as our own theoretical dissociation in acetone.This indicates that modeling can

calculation. This value depends on two onset measurements foicorrectly account for the effects of the competitive shift

the 2,3-pentanedione ion. The first onset establishes the 2,3-associated with high energy dissociations. The results also report

pentanedione heat of formation, and the second onset determine§n the first experimental measurement of the 2,3-pentanedione

the propionyl radical onset. As already pointed out, the first heat of formation. These values are important in establishing

onset involves a metastable ion anlysis (see fit for asymmetric accurate bond dissociation energies for a number of common

TOF distribution in Figure 4). Distributions at three ion energies molecules such as butanone, propanal, and other ketones.

were modeled. Our derived value for the 2,3-pentanedione heat

of formation agrees very well with the theoretical value derived  Acknowledgment. We gratefully thank the Department of
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