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Dissociative photoionization mass spectrometry has been used to measure appearance energies for the
1-hydroxyethyl cation (CECH=OH") formed from ethanol and 2-propanol. Molecular orbital calculations

for these two unimolecular fragmentation reactions suggest that only methyl loss from ionized 2-propanol
does not involve excess energy at the threshold. The experimental appearance energy-bfQl013&V for

this latter process results in a 298 K heat of formation of 598.1.2 kJ mof? for CH;:CH=OH" and a
corresponding absolute proton affinity for acetaldehyde of 720193 kJ mof?. This value is supported by

both high-level ab initio calculations and a proposed upward revision of the absolute isobutene proton affinity
to 803.3+ 0.9 kJ mot. A 298 K heat of formation of 52.2- 1.9 kJ mot? is derived for thetert-butyl

radical.

Introduction lines}O resulting in an absolute accuracy of better than 0.001
eV. All compounds were research grade commercial samples

The absolute proton affinity (PA) for acetaldehyde is one of used without further purification. Experiments were conducted

a series of values used to anchor extensive compilations of . . .
interlocking PA ladder$-* Like most of the reference values, at amt3)|ent _tempe_rature (296 K)’.W'th typical sample pressures
it has been based on a photoionization (PI) appearance energ)Qf 107% Pa in the ion-source region.

(AE) measurement substantiated by high-level ab initio calcula-  Apart from ethanol, analytical corrections were made to all
tions. In this case the threshold process used was H loss fromm/z 45 threshold photoionization efficiency (PIE) curves to
ionized ethanol, from which Ruscic and Berkowitz had derived remove any*3C contribution from a competing lower-energy

a 298 K heat of formation 0£595.44 0.4 kJ mof? for the m/z 44 fragmentation process. Linear extrapolations were used
CH3;CH=0H" cation® On the assumption that there should be to obtain the 298 K AE4! The prethreshold hot-band structure
negligible excess energy associated with the AE, as a result ofobserved at energies below each assigneghfas consistent

the fragmentation being the lowest-energy process and involvingwith that expected for thermal excitation of the neutral precursor.
a simple bond cleavage, Hunter and Lias derived a 298 K PA Standard deviations associated with the linear least-square fits
for acetaldehyde of 7685 1.6 kJ motf™, which was thenused  ysed for the extrapolations and reproducibilities for repeat

as the selected reference value in their compilatidhis was measurements were 0.005 eV or better. However, more con-
supported by the corresponding PA of 770.2 kJTheblculated  seryative uncertainties have been assigned to eachsA&
by Smith and Radorf. compensate for errors in the absolute energy scale and any small

~ Although itis likely that the above cationic heat of formation \4riations introduced by the set of data points used for the actual
is close to the true thermochemical value, ab initio calculations fitting procedure.

suggest that there may be a small reverse activation energy o . . .
involved in the loss of H from ionized ethanol, in which case Al ",ib initio calculations were performgd using the Gaussian
any derived PA for acetaldehyde will be too low. The aim of 03 Suite of prograni$ and carried out using either a dual 2.5

the present study was to use dissociative photoionization mass>Hz PowerPC GS Macintosh desktop computer or the Austra-
spectrometry to investigate the thermochemistry associated withlian Partnership for Advanced Computing (APAC) supercom-
the formation of CHCH=OH"* from several different alcohols, ~ Puter facility. Several different composite methods were used
including ethanol, and to firmly establish the absolute proton to calculae O K energies, including G2, G2(MP2), G3, G3 with

affinity for acetaldehyde. B3LYP/6-31G* optimized geometries (G3B3), CBS-APNO, and
W1U (Table S1). Unless specified otherwise, calculated ther-
Experimental Section mochemical data, includinig®,9s — H° values, were obtained

from the G3 calculations. Transition states were characterized

The photoionization mass spectrometer (PIMS) used in this b : . : G
. - ) . . y a single imaginary vibrational frequency that corresponded
work has been descrlbr_ed in detail prewodsR/Bnefly,_vacuum to stretching of a €X bond, the cleavage of which would result
UV photons produced in a 1.5 kPa hydrogen gas discharge were

. . . in the formation of the CECH=OH" cation. RRKM rate
energy-selected with a windowk4 m Seya-Namioka mono- tant calculati ied out USi locallv developed
chromator. The resolution of the monochromator was fixed at cONStant calcuiations were carried out using a locally develope

. : A
0.135 nm full width at half-maximum, and the photon energy Macintosh program based on the Bey&winehart algorithni:

. . . s ion- i i CH=OH" is i
scale was calibrated internally with known reference emission Because the ion-source residence time fory OH"isin
excess of several microseconds, there will be no kinetic shift

* Author to whom correspondence should be addressed. E-mail: @SSociated with any unimolecular reaction that has a threshold
j.traeger@Iatrobe.edu.au. rate constant-10f s~1.14
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Figure 1. Threshold PIE curve for H loss from ethanol. Figure 2. Threshold PIE curve for CHloss from 2-propanol. The

data have been corrected for 8€ contribution from the lower-energy
) ) CHs-loss fragmentation process.
Results and Discussion

The derivation of absolute PAs from ionization threshold
experiments involves the determination of heats of formation
for protonated moleculésThere are several ways of obtaining
reliable values for these from PIE curves, although they al ! - . -
require some allowance for hot-band structure as a consequenc&duivalen 0 K AE using the relationship
of the precursor thermal enerdfyln addition, they also depend
on the absence of any reverse activation energy associated witf\Eo = AB2gs
the fragmentation process. {H°,04 — H°0} (CH,CHROH) — 6.2 kJ mor? 4)

An early technique involved the measurement of PIE curves
at several different temperatures followed by an extrapolation  gthanol. Figure 1 shows thevz 45 threshold PIE curve for
of the AEs to 0 K!®1"However, this has a limited application  athanol. The 298 K AE of 10.73 0.01 eV convertsa a 0 K
because of sample condensation at low temperatures and,giue of 10.81+ 0.01 eV using eq 4. This is slightly higher
possible thermal decomposition and pyrolysis effects if high {han the 10.78+ 0.02 eV value obtained by Refaey and
temperatures are used. Furthermore, extrapolations over larg&chypka4 and the 10.8Qt 0.05 eV measurement of Potapov
temperature ranges may lead to errSislternatively, the effect 4 Sorokir?s cited in the NIST Chemistry WebBodkbut is
of hot bands can be substantially reduced if a Supersonicin eyact agreement with both the Ruscic and Berkdvaitmlysis
molecular beam is used for the sample introduction, resulting of photoelectrorphotoion coincidence (PEPICO) data reported
in effective temperatures of50 K,'° although it is not always  py Brehm et af® and an unpublished PI measurement of Klemm
possible to know the actual cooling achieved by the expansion g co-worker& cited in the Hunter and Lias PA compendiéim.
process? ) . ) It is also within experimental error of the Ruscic and Berkowitz

The method used by Ruscic and Berkowitz their ethanol value of 10.801+ 0.005 e\
study is based on the generation of an arbitrary kernel function rRrkM calculations show that H loss from ionized ethanol
convoluted with a calculated thermal energy distribution to give g 5 very fast process (Figure S5), so the AE will not be affected
a best fit to the experimental room-temperature PIE 8&Tis 1y any kinetic shift:* Furthermore, as it is the lowest-energy
producs a 0 K AE, orenthalpy of reaction, from which itis  fagmentation process, there will also be no competitive effect
possible to derig a 0 Kcationic heat of formation that can  on the PIE curvé? However, our ab initio calculations indicate
then be modified to give a corresponding 298 K value. that there is a small reverse activation energy barrier associated

An alternative approachthat we have used in previous Pl ity this particular unimolecular decomposition. The G3, G2,
experiment® is to obtain a 298 K AE from a linear threshold 54 G3B3 0 K results of 13.1, 16.7, and 8.0 kJ mpl
extrapolation. For the gas-phase reaction respectively, imply that the above experimental AEs involve

n . some excess energy, in which case any derived cationic heat of
CH;CHROH+ hy — CH,CH=0OH" +R'+e (1) formation can only be an upper limit to the true thermochemical

) ) ) value, as correctly indicated by Ruscic and Berkowitz in their
AEagg is converted directly to a 298 K reaction enthalpy, and a4 analysi.

hence a 298 K cationic heat of formation, using the expression  5_propanol. The threshold PIE curve for GEH=OH"
. + formed from 2-propanol is shown in Figure 2. Unlike ethanol,
AH?; 20(CH;CH=0H") = AE 45+ this is not the lowest-energy process observed, with methane

AH® 56 CH;CHROH) — AH®; ,oo(R") + AH,, (2) loss having a lower Afgg of 10.22 eV (Figure S1). H loss also
’ ’ occurs at lower energies but is only a very minor pro@éss.

It should be noted that the cationic heat of formation in eq 2 is
based on the stationary electron (ion) conventie®s. For
| comparative purposes, a 298 K AE can be converted to the

whereAHc,, is a thermal enthalpy correction, given by The relative first differential PIE curves for these three
fragmentation processes (Figure 2, ref 28) show that as soon as
AH_ o, = {H°505 — H°0}(CH3CH=OH+) + methyl loss becomes energetically feasible it very rapidly

. 01 rae 1 becomes the dominant process, indicating that there should be
{H°295 = H}H(R) — 6.2 kI mol™ (3) no competitive shift associated with théz 45 AE. In addition,
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TABLE 1: Thermochemistry for the Gas-Phase Reaction CHCHROH + hy — CH;CH=0OH™" + R*
AHOfVZQS (kJ morl)

AEzgg AHcora
R (eV) (kJ mol?) CHsCHROH Re CHsCH=OH" ¢
H 10.73+ 0.01 13.4+0.1 ~235.240.3 218.0+ 0.0 595.5+ 1.1
CHs 10.31+0.01 17.6+0.1 —272.6+0.5 146.7+ 0.3 593.1+ 1.2

a Calculated using eq 3. T3 — H° values used for H, Ciland CHCH=0H" were 6.2%210.432 and 13.4 kJ mol', respectively” Reference
31. ¢ Reference 38! Calculated using eq 2.

TABLE 2: Composite Ab Initio 2 298 K Proton Affinities (kJ mol ~1)

G2 CBS-
(MP2) G2 G3 G3B3 APNO W1iu average experimental
CH;CHO 770.6 770.0 771.7 7711 770.2 7721 770.0.8 770.9+ 1.3
is0-C4Hs 802.9 804.1 803.5 803.1 803.8 804.7 803.0.7 803.3+ 0.9

2 Calculated using the Gaussian 03 suite of progr&igis work.

there should be no kinetic shift as RRKM calculations show fragmentation corresponding to loss ob®#° There is no
that methyl loss from ionized 2-propanol is a fast process on calculated reverse activation energy barrier forsCH=0H*

the mass spectrometer time scale (Figure S6). Because of thdormation from these two precursors, but RRKM calculations
lower-energy loss of methane, there will be a sm&C do indicate that both PIE curves will almost certainly be subject
contribution to them/z 45 PIE curve that will have an affecton  to some kinetic shift effect as a result of the relatively slow
the observed AE. The PIE data in Figure 2 have been correctedunimolecular reactions (Figures S8 and S9).

for this interference. Transition-state calculations indicate the Thermochemistry. The thermochemistry associated with the
absence of any reverse activation energy associated with theformation of CHCH=OH" from ethanol and 2-propanol is
formation of CHCH=OH" from 2-propanol. summarized in Table 1. As expected, the heat of formation for

The ABggof 10.31+ 0.01 eV, which becomes 10.41.0.01 CH3CH=OHT" derived from the ethanol AE is slightly higher
eV at 0 K, is slightly higher than both the Refaey and Chupka than the 2-propanol result, albeit within experimental error,
measurement of 10.40 é¥and the Potapov and Sorokin Pl reflecting the small reverse activation energy predicted by
value of 10.40+ 0.03 e\?® but is significantly higher than that  theory. Combining the lower cationic heat of formation of 593.1
obtained by Wei et & in their recent Pl study using 4 1.2 kJ mot?® with AH.95(CH;CHO) = —166.14 0.5 kJ
synchrotron radiation (10.26 0.02 eV). Although these latter ~ mol~1 31 and AHs 298(H") = 1530.054- 0.04 kJ mot?! *results
workers used a molecular beam for their sample introduction, in an absolute PA for acetaldehyde of 77@:91.3 kJ mot?,
which should remove~80% of the internal energy for 2-pro-  which is in excellent agreement with the ab initio calculations
panol2® it is not clear how the actual AE was obtained as no given in Table 2.

experimental PIE curve is available. Wei et al. do mention Mautnef has shown that the relative PA measurements of
however that their AEs were “determined by the onsets in each Sjeclé from pulsed high-pressure mass spectrometry experiments
PIE curve”. Given that, even with a molecular beam, there will are in good accord with the evaluated data of the Hunter and
still be some thermal energy associated with the 2-propanol |jas compilationt Because the PA for isobutene was used as
molecules, the use of any vanishing current method with such an anchor point in Mautner's analysis of the Sieck data, it is
threshold data must inevitably produce an AE lower than possible that this important reference value may also require a
the true 0 K value. It is not unexpected that the present AE small upward revision. The Hunter and Lias recommended value
is higher than all previous Pl experiments as none have of 802.1+ 1.4 kJ mol?was based on a 298 K heat of formation
reported making any?C correction to their PIE data. In support  for thetert-butyl cation obtained from a PEPICO measurement
of the present result, the calculated AE just 0.02 eV higher  for tert-butyl iodide®® and a threshold PIE for isobuteffeA
at 10.43 eV. subsequent evaluatidhwhich also considered thert-C4Hg™
2-Butanol, 2-Pentanol, and 3-Methyl-2-butanol Although AE from neopentane, produced a slightly higher value of 711.5
both ethanol and 2-propanol produce well-defined AEs fos-CH £ 0.2 kJ mof?! for the cationic heat of formation and a
CH=O0H" formation, this is not the case for the three larger correspondingly lower PA for isobutene of 80147 0.9 kJ
alcohols studied here. All three PIE curves show no distinct mol~1. However, all of these determinations used a value of
linear region that could be used to provide a reliable;(dE  19.5 kJ mot? for (H298 — H°) tert-C4Hg™ that was obtained
(Figures S2-S4). For 2-butanol, RRKM calculations indicate from HF/6-31G* calculations in which the harmonic oscillator
that the dissociation process involving ethyl loss is sufficiently approximation was usédRadom and co-workefssubsequently
fast to have no kinetic shift effect (Figure S7). There is also no showed that a free rotor model should instead be usetfor
calculated reverse activation energy. However, in addition to C4Hg™, which reduces its calculated?,9s — H° value to 17.9
competition from the associated/z 44 alkane loss observed kJ moll. Use of this thermal correction would result in a
for 2-propanol, there are methyl and methane losses that alsodecreased value of 709490.2 kJ moi? for AH seg(tert-C4Hg™")
have lower AES® Unlike 2-propanol, there is a significant and a corresponding increased PA for isobutene of 883.3
competitive effect from these latter two processes, resulting in 0.9 kJ mot™, in accord with the proposed small upward revision
a curved threshold region for the PIE curve. A similar effectis to the acetaldehyde PA. Again, this experimental PA is
also observed for 2-pentanol and 3-methyl-2-butanol, with the supported by a range of high-level composite ab initio calcula-
former system having an additional competing lower-energy tions (Table 2)¢
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The revised heat of formation for thert-butyl cation also
may be used to provide an estimate of tee-butyl radical

heat of formation. This does however require the use of a reliable g5g

adiabatic ionization energy for the radical. Although several
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