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Abstract

Threshold photoelectron—photoion coincidence spectroscopy has been used to investigate the dissociation dynamic:
the acrolein ion (CHCHCHO*). The two lowest energy dissociation channels g+ + CO and GHzO" + H* are
observed at photon energies between 10.0 and 12.0 eV. FHu? €ion time-of-flight distributions exhibit characteristics of a
two-component reaction rate. A three-well-two-channel model is proposed to explain the multi-component dissociation rat
The simulation that fits both the time-of-flight distributions and the breakdown diagram shows that the slow component ¢
the reaction rate for £H4,°* production is dominantly caused by tunneling through the isomerization barrier connecting the
acroleinion (A) and the distonic iohCH,CH,CO™ (B). After being produced, only small amounts of B isomerize to the lowest
energy conformer, the methylketene ion (C). The energy barrier heights of the isomerization from A to B astd4®e ©n
production are B74-0.02 and 0924-0.02 eV, respectively. The 0 K appearance energy of &30 ion is determined to be
11.034-0.02 eV. Using the acrolein heat of formation-e69+ 10 kJ/mol, the 298 K heat of formation of the @EHCO" ion
is determined to be 78810 kJ/mol. (Int I Mass Spectrom 218 (2002) 37—-48) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction ion has come from some early electron ionization
appearance energy (AE) measurements, in which the
The gas phase photochemistry of neutral acrolein nVz 29 (HCO") andmvz 27 (G;H3™) fragments were
(CH,CHCHO), one of the smallest unsaturated car- reported9-11]. These two ions correspond to the di-

bonyl compounds, has been well studj@d-3]. It is rect dissociation of the acrolein ion by cleavage of the
thus surprising that no photoionization study of the C-C single bond. More recently, collision-induced
ionic dissociation dynamics has been reported. dissociation studies of the acrolein ion by Maquestiau

The photoelectron spectrum of acrolein has been et al. [12] and Traeger et al[13] showed that the
measured by several groups and the ionization acrolein ion at low energies dissociates primarily via
energy (IE) was determined to be 10.11 §4/8]. H* atom and CO loss reactions. A similar spectrum
The only information about the fragmentation of the was obtained for methylketene. The similarity of the

acrolein and methylketene dissociation suggests that
* Corresponding author. E-mail: baer@unc.edu these ions isomerize and dissociate via a common

1387-3806/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
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mechanism. McLafferty and coworkef$4,15] stud- then accelerated to 220eV in a short second region.
ied the formation, isomerization and dissociation of The ions were detected after drifting through a 30 cm
three GH4O°* isomers, acrolein, the distonic ion field-free drift region. The electrons detected by a
(*CH,CH,CO™) and methylketene (C4CHCO* ™), channeltron electron multiplier and ions detected
using the neutralization—reionization mass spectrom- by a multi-channel plate detector were used as start
etry (NRMS). They obtained similar product ions and stop pulses for measuring the ion time-of-flight
of mass numbers 55 (EIsO1) and 28, 27 and 26  (TOF). The TOF for each coincidence event was
(CoHa*t, CoH3™ and GHy* ). stored on a multi-channel pulse height analyzer. TOF
In contrast to the sparse experimental data on the distributions were obtained in 1-24h depending on
acrolein ion dissociation, a number of theoretical cal- the photon intensity and the desired spectrum quality.
culations of the @H40°* isomers have been reported. Two types of experiments were carried out. First,
These are reviewed in the accompanying pdp6}. the fractional abundances of the parent and the daugh-
In this paper, we report the experimental results ter ions were measured as a function of the photon
on the dissociation reactions of the acrolein ion ob- energy (breakdown diagram). Second, the product ion
tained with threshold photoelectron—photoion coinci- TOF distributions were measured at energies close to
dence (TPEPICO) spectroscopy, a technique by which the dissociation limit of the parent ion. Slowly disso-
the molecular ions can be energy-elected. The analysisciating (metastable) ions decay in the first acceleration
of the breakdown diagram and the ion time-of-flight region. The resulting product ion TOF distribution,
distributions provides information about the dissocia- which is asymmetrically broadened toward long TOF,
tion dynamics including the dissociation rate constants can be analyzed to extract the ion dissociation rates
as well as information about isomerization reactions. as a function of ion internal energy.
Finally, dissociation onsets provide information about ~ The acrolein sample @40, 90%, Aldrich) was
the fragment ion heats of formation. used without further purification. The small amounts
of water and cyclic acrolein dimer impurities did not
affect the analysis of experimental mass spectra.
2. Experimental approach

The TPEPICO apparatus has been described in3. Quantum chemical calculations
detail previously[17,18] Briefly, room temperature

sample vapor was leaked into the experimental cham-  In the simulations for the experimental data, reliable

ber through a 1.0 mm diameter inlet and then was
ionized with vacuum ultraviolet (VUV) light from an
H, discharge lamp dispersed by a 1 m normal inci-
dence monochromator. The VUV wavelengths were
calibrated using the hydrogen Lymandine. The

ions and the electrons were extracted in opposite di-

rections with an electric field of 20 V/cm. Threshold

vibrational frequencies of the equilibrium structures
and the transition states are required to calculate the
energy distribution of the molecular ion and reaction
rate constants. These were obtained with quantum
chemical calculations using Gaussian-98 package
[20], discussed in detail in the accompanying paper
[16]. Briefly, all neutral and ionic species were fully

photoelectrons were selected by a recently developedoptimized at the HF/6-31Gand DFT (B3LYP)/6-

velocity focusing electron analyzdi9]. This ana-

31G* levels. The stationary points and first-order sad-

lyzer has a threshold electron collection efficiency dle points were confirmed through the calculation of
of 45%, a combined photon and electron energy res- harmonic vibrational frequencies. The transition states
olution of about 13meV, and excellent suppression were obtained using the synchronous transit-guided
of energetic (hot) electrons. lons are accelerated in quasi-Newton (STQN) method21,22]. For all tran-

the first 5cm long acceleration region to 100eV and sition states, the intrinsic reaction coordinate (IRC)
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Table 1

Frequencies used in the energy distribution and RRKM calculations

C3H40O 175, 320, 572, 612, 929, 993, 1023, 1044, 1181, 1309, 1410, 1475, 1701, 1805, 2901, 3162, 3199, 3251
C3H4O°t (A) 200, 325, 492, 591, 888, 951, 955, 1087, 1134, 1206, 1315, 1412, 1498, 1637, 2935, 3179, 3234, 3273
C3H4O** (B) 195, 215, 381, 523, 652, 788, 836, 1022, 1093, 1262, 1268, 1416, 1466, 2306, 3029, 3080, 3199, 3328
C3H4O°t (C) 113, 208, 428, 608, 669, 853, 952, 1109, 1151, 1335, 1396, 1438, 1494, 2258, 3002, 3041, 3172, 3188
TSaB —1060, 214, 415, 565, 625, 758, 872, 912, 1066, 1112, 1233, 1397, 1491, 1534, 2194, 3163, 3195, 3310
TSec —1378&, 214, 322, 502, 613, 794, 867, 887, 1088, 1158, 1222, 1396, 1460, 2218, 2285, 3165, 3199, 3331
™S —137, 80, 127, 131, 225, 653, 806, 912, 1051, 1211, 1282, 1456, 1533, 2257, 3145, 3153, 3247, 3266
TS —532, 79, 330, 380, 539, 603, 708, 890, 928, 1088, 1095, 1299, 1452, 1643, 2219, 3163, 3188, 3286

aReaction coordinate.

calculations were performed to verify the transition constants are small, are shownhig. 1. The points
states obtained to be the right transition states. correspond to experimental data while the solid
According to calculations[16] of the various lines corresponds to the fitted TOF distributions (as
C3H40° ™ ion structures, three low energy isomers are discussed in the following section). The ion peak at
involved in the low energy dissociation of the acrolein about 17.4.s, assigned to the parent iongh;O°*
ion. These are the acrolein ion (RCH,CH,CO™ (B) (m/z56), consists of two parts, a central peak on top of
which is a distonic ion produced from acrolein by a a broader one. The sharp part results from the effusive
1,2-H atom shift, and the lowest energy methylketene
ion, CHRCHCO** (C), which is formed from B via
another H atom shift. The transition states connecting ] C.H
them are Tag and TSc, respectively. The lowest
energy dissociation channel topi4°** + CO pro- | 33
ceeds directly from isomer B. However, the acrolein 11.03 eV
ion needs to overcome an energy barrier {g5to
produce B. Once formed, B can either dissociate or
isomerize further via Tgc to form the lowest en-
ergy structure C. A second dissociation channel to
C3H30™ + H® has a slightly higher calculated onset.
Table 1lists the vibrational frequencies of neutral
acrolein, as well as those of ions and transition states.
These frequencies are used in the calculations of
the thermal energy distribution and dissociation rate
constants.

10.98 eV
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4.1. The TOF distributions and breakdown T T T T T T TP T T T~ T=1
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4. Results and discussion

The TOF mass spectra were collected in the photon _. T . .
Fig. 1. lon TOF distributions at different photon energies. The

energy range of 10.0-14.0eV. Typical TOF distri- points are the experimental data and the solid lines are the simu-
butions at low energies, in which the reaction rates lation results.
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jet produced by the sample inlet, while the broad peak  Although the breakdown diagram shown hig. 2
results from the acrolein vapor in the background. extends just up to 12eV, additional fragment ions
The simulation shows that the proportion from the were observed at higher energies. Their phenomeno-
effusive jet is less than 1%. At a photon energy below logical onsets (i.e., not modeled in detail) were HCO
10.8 eV, the only product ion is iz (m/z 28). at12.7eV, GHs™ at 13.0eV, and gH,*+ at 13.1eV.
The CO* + C;H4 product channel, which also pro-  The further analysis to determine thermochemical on-
duces a mass 28 ion, is ruled out on energetic groundssets for HCG', CHz™ or C;H»*+ was not attempted
because its thermochemical threshold is some 3.5 eV because the peaks o¥z 26, 27, 28 and 29 are poorly
above that of the gHs*" + CO products. At pho- resolved due to broadening as a result of kinetic energy

ton energies in excess of 10.8eV, a peakrét 55, release. The DFT calculat¢ti6] appearance energies
which corresponds to the*Hoss product, gH3O0™, of HCO", CoHst and GH»*t are 12.55, 12.94 and
appears. 13.27 eV, respectively. A complete analysis would

Fig. 2shows the breakdown diagram of the acrolein require taking into account the thermal energy of the
ion between 10 and 12 eV. The points are the experi- sample, which shifts the onsets to lower energy, and
mental ratios with error estimates, while the solid lines the kinetic shift, which shifts the onsets to higher
are the simulation results. As is evident in the TOF energy. Because these two effects shift the onsets
mass spectra ifrig. 1, at low energies the Hloss in opposite directiong23], the phenomenological
fragment peakr{Vz 55) is not well resolved from the  onsets already mentioned are within about 0.2eV
parent ion, and so the peak areas of the fragment ionof the 0K onsets, and indeed they agree fairly well
and the parent ion were determined by fitting the peak with the DFT calculated onsets. The appearance of
shapes with two (for the parent ion) and one (for the the GH>*" 4+ H,CO channel at 13.1 eV is somewhat
fragment ion) Gaussian functions, respectively, to ob- surprising because according to the DFT calculations,
tain a more accurate breakdown diagram. its charge transfer pair, £, + H,CO*t, has a

1.0 +—8——ar
CHO0"
3774
0.8
5}
Q
g
- 0.6+
=
=]
o
<
=
[5}
o~
0.2 1
0.0 ——"—‘l‘—:.’—

T T T T T T T T T T T
10.2 10.4 10.6 10.8 11.0 11.2 11.4 11.6 11.8
Photon Energy/ eV

Fig. 2. Breakdown diagram of 4£1,0°* showing the relative abundance of the precursor and the two fragment ions as a function of the

ion internal energy. The points are the experimental data with error estimates, and the solid lines are the simulation results. The dashed
lines indicate the derived 0K dissociation onsets for the;CHCO" + H* channel and the thermochemical dissociation onset for the
CzH4*™ + CO products. Our derived upper limit for the latter channel is at 10.76 eV.
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thermochemical onset that lies 0.44 eV below 13.1 eV.
Yet, we see no evidence for anyz 30 ions.

At low photon energies between 10.6 and 11.0eV,
the peak shapes of theB4** ion TOF distributions
in Fig. 1 are found to be comprised of two parts,

one symmetric Gaussian peak, which corresponds to a

fast reaction, and one asymmetric peak tailing toward
the parent ion. Asymmetric TOF distributions indicate

a slow ion dissociation caused by the production of
daughter ions during the course of acceleration. How-
ever, two component TOF distributions indicate that

some ions dissociate rapidly, while others dissociate
slowly.

4.2. The simulation of the experimental data
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In order to fit the experimental two-component wherekeass kmed and ksiow are the three roots of the

TOF distributions, a three-well-two-channel model
is suggested to describe the dissociation and iso-
merization reactions of the acrolein ion on the basis
of our theoretical result§l6]. The two-dimensional
depiction of this potential energy surface is shown in
Fig. 3. The differential equations associated with the
potential energy surface are given By. (1}

% — ks[B]. % = —(k1 + ke)[A] + k2[B],
% = k1[A] — (k2 + k3 + k4)[B] + ks[C],
% R B R A R

where A, B and C refer to the three isomers of
C3H40°*, Py the GH4*t + CO channel, and Pis
the GH3OT + H°® channel. The DFT calculations
[16] indicate that ion C can also dissociate directly to
the B channel. However, once the C ion is formed,
dissociation to P (CO loss) dominates over the*H

loss channel so that the back reaction can be ignored.

The solutions of the system of equations, obtained
with the aid of Mathematica, yield the following
results:

[A] () = a1 exXp(—kiastt) + a2 EXP(—kmed?)
+az exp(—ksiowt),

following cubic equation:

kP — (ky + k2 + k3 + ka + ks + ke)k?
+[ (k2 + k3 + ka) (k1 + ke) — k1ko
+(k1 + ko + k3 + ke)ks]k;

+k1koks — (k2 + k3) (k1 + ke)ks] = O 3

The solution for [C]f) is not shown because it is
even more complicated than the equations shown. The
parametersy1, a2, andas are determined by the ini-
tial conditions, suchas[Al = 0) = 1 = a1 +az+as,
[B](t=0) =0, and [C]t =0) = 0.

The rate constants in theq. (3) can be calculated
using the statistical RRKM theory formu[a4].

o N*(E — Ep)

KB = —,®

4)

in which Eg is the activation energyy*(E — Ep) the
sum of states of the transition state from Q&e- Eo,
o(E) the density of states of the ion, respectively, and
o is the symmetry parameter, which is 1 for all the
reactions shown iffrig. 3.

Slow dissociation rate constants can be explained
by two mechanisms. According to the statistical the-
ory of unimolecular decay, if the activation energy for
a dissociation step is large, the rate constant will be
slow primarily because the density of vibrational states
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Fig. 3. Three-well-two-channel model of the acrolein dissociation and isomerization reactions.

of the molecular ion is very large. In the dissociation the acrolein molecule, it was possible to fit the data in
of the acrolein ion, the phenomenological activation Figs. 1 and 2However, the fit could only be achieved
energy is not large. Yet, the rate constant at threshold if the measured gH,*+ appearance energy was close
is very slow. This slow rate constant can arise if the to thermochemical dissociation limit to84°*+CO.
acrolein ion were to isomerize into a much lower en- This requirement meant that the heat of formation of
ergy structure prior to dissociation. Previous experi- the acrolein molecule would have to be lowered by
ments as well as theoretical calculations (as discussedsome 25 kJ/mol below its currently accepted value, a
in Section ) showed that several isomers are lower value that has been calculated a number of times by
in energy than the acrolein ion. In addition, our own high level ab initio[16,29] and molecular mechanics
calculations (accompanying paper) have shown that [30] methods. Thus, we searched for an alternative
at least two of these, the distonic and methylketene mechanism to explain the slow rate constant.
ions can be reached by relatively low barriers fromthe A second mechanism that results in a slow rate
acrolein ion structure. constant is tunneling through a potential barrier.
We thus attempted to fit the breakdown diagram Thus, even a reaction with a small activation energy
and the asymmetric TOF distributions with a model can have a slow rate constaj®l]. As pointed out
that involved the rapid isomerization of the acrolein in the accompanying paper, the loss of CO from the
ion into the deep wells associated with the distonic acrolein ion involves a hydrogen atom transfer, which
ion and the methylketene ion. Such a model was suc- suggests that tunneling could play an important role.
cessful in describing the dissociation dynamics of the Therefore, the rate constanks, ko, k4 andks, which
pentene isomerf25] as well as a number of small correspond to the isomerization processes between A
ester iong[26—28] By adjusting the energies of the and B or B and C, were calculated using the following
various ionic structures and the heat of formation of RRKM theory formula with the tunneling correction
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[24,32} (Egc), 1.54 eV Ecp), 0.99eV E;) and 0.92eVEy).
These relative energies for the acrolein, distonic, and
methylketene ions are ones that are close to the ac-
cepted experimental and theoretical val[#%35,36]

The six energies were then varied in a program that
calculated the TOF distributions and the breakdown
diagram, and compared them to the experimental

o E—Ep 4
k(E) = m/_EO k(e)p7 (E — Eg — &) det
)

in which p#(E) is the density of states of the transi-
tion stateg; is the translational energy in the reaction
coordinate, andc(er) is the tunneling probability data inFigs. 1 and auntil a best least squares fit was
modeled with an Eckart barrig24]. obtained. The TOF distributions at low energies are
Since the sample used in the experiments is at room sensitive to the magnitude of the rate constants, while
temperature, it has a thermal energy distribution. In the breakdown diagram is sensitive only to the ratio

addition, the electron analyzer function has a width of ©f rate constants, but over a wider energy range.

13 meV. These broadening features must be taken into [N order to obtain an estimate of the errors associ-

account in modeling of the ion TOF distributions and ated with the derived energy parameters, the energy

the breakdown diagram. barrier heights or the well depths were individually
The internal energy distribution of the neutral sam- adjusted and held fixed (one at a time), while the rest

ple at 298K was calculated using the Boltzmann of the parameters were allowed to vary for an opti-
formula: mum fit. These parameters were varied until the over-

all fit to the data worsened noticeably. In this manner,
it was possible to not only determine the error limits
on each parameter, but also determine its effect on the
in which the rovibrational density of states(E), is simulation quality.
calculated using a direct count methfa#,33] The The simulations indicate that the breakdown dia-
acrolein molecule can be approximated as a symmet- gram is dominantly influenced gag andEy, and is
ric top by replacing the calculated rotational constants also slightly affected by the ££14°" + CO channel
(47.96, 4.629 and 4.222 GHz) with the geometric energy relative to the A well (i.eEag — Ega + E1).
average of the latter two (4.421 GHz). To obtain the This is because all of the *Hoss product is formed
ion internal energy distribution, this thermal energy directly from the A isomer so that all ions that iso-
distribution in the neutral acrolein is then convoluted merize to B produce only the CO loss product. Thus,
with the electron energy analyzer function that is the breakdown diagram is fitted almost exclusively by
obtained from a threshold photoelectron spectrum the ratio ofks(E) to ki(E). This fixes the energie&;
(TPES) of Xe[19]. and Eag. The breakdown diagram is of course also
The ion TOF distributions and the breakdown di- strongly influenced by the entropies of activation of
agram can be calculated using the following known the transition states leading to® Hoss and isomer-
information: the thermal energy distribution of the ization to B. However, these frequencies are largely
molecular ion, the acceleration electric fields, the fixed by our DFT calculations.
acceleration and drift distances, and the adiabatic ion- The simulations also show that the depths of the
ization energy of the acrolein, 1 +0.01eV[34], a B and C wells and the energy barrier height ofggS
value confirmed in our experiment. In the simulation are of little importance for the simulation of the ex-
calculations, we assumed the vibrational frequencies perimental breakdown diagram and TOF distributions

p(E) e—E/RT

P(E) = fooop(E)e_E/RTdE

(6)

determined from the DFT calculatiof$6], and var-
ied only the six energies shown Kig. 3. The initial
set of energies, derived from the DFT calculation
[16], were 0.86eV Eag), 1.35eV Ega), 0.94eV

within £0.30eV, a value higher than the assumed
error limits of the DFT result§l6]. Thus, in the sim-

ulation, the B ion is fixed at the DFT calculated 0K
thermochemical energy 866 kJ/mol, and the C ion
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is fixed at the evaluated value, 799 kJ/mol based on appearance energy is 10.76 eV. However, this energy is

the several experimental and theoretical resul&.
With this greatly simplified simulation, the best fit to
the experimental data iRigs. 1 and 2was obtained
with the following set of energies, which are very
close to the original DFT values: 0.8EAg), 1.40eV
(Ega), 0.89eV Egc), 1.59eV Ecg), 0.99eV E1),
and 0.92eV ). The simulation fixes the values of
Eag and Ex to within £0.02 eV. Thus, the 0K ther-
mochemical dissociation limit for §H301 formation

is determined to be 1@3+ 0.02 eV. The simulation
also determines an upper limit of 0.65eV for the
CoH4*™ + CO channel energy,FHpg — Epa + E1).
When this energy is higher than 0.65 eV, the simula-
tion quality of the breakdown diagram becomes sig-
nificantly worse. Thus, the upper limit of theB,°**

14 -

log (k/s™)

0.19 eV above the thermochemical value based on the
known heats of formation of £H4°* + CO, and the
calculated heat of formation of the acrolein molecule
(discussed in the following section). In other words, it
is the TSpg barrier that determines the;B4°t onset
energy and not the final product energies.

The RRKM calculated rate constant curvés
ke) using the energies that yielded the best fit are
shown inFig. 4 along with the activation entropies
for each channel. These entropies were calculated at
600K with the ion and transition state frequencies
as described by Baer et 4l.7]. The rate constants,
ks and kg have positive activation entropies, which
indicates that the two reactions proceed via loose
transition states. This is consistent with the fact that

AS' =-3.13 J/mol K
AS",=-13.2 J/mol K
AS’,=23.7 J/mol K
AS’,=-11.3 J/mol K
AS’;=-11.4 J/mol K
AS: =15.5J/mol K

T
10.5 11.0 11.5

12.0 12.5 13.0 13.5

Energy Relative to Acrolein Molecule/ eV

Fig. 4. RRKM calculated rate curves (solid lines) and the activation entropies (at 600K) of all reactionksast,Hened and Ksiow rate
curves are indicated by dashed lines. Below 11.0@\y follows k;, whereas above 11.0eV, it followks.
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these two reactions are simple bond-cleavage reac-combination of the acrolein molecule thermal energy

tions. Fig. 4 also shows thdgast, Kmeg andKgjow rate

distribution that extends over 0.15 eV, and the rapidly

curves (dashed lines), which are complicated functions rising tunneling rate constants (a0’ s~1) over this
of k1 to kg. These three rate constants, given by the small energy range. That is, the slow component is

roots of Eq. (3) arise from the three potential energy
wells. Their contributions to the total dissociation rate
are directly proportional to the population of the three

isomers during the course of reaction. It can be seen

that at the energies above 11.0eV, tQgy curve is
dominantly caused by tHe curve, which corresponds
to the isomerization from C back to B. However, at
this energyksiow is already greater than 46-1. Be-
low 11.0 eV, the energy region in which we observe a
slow rate,Ksjow, kmed» andkiast correspond primarily
to kg, ks, andks, respectively. Because the B and C
wells in Fig. 3 are barely populated, the major con-
tribution to the GH4*t formation is fromk;. The

determined by the low energy ions, while the fast com-
ponent is caused by the high energy tail of the thermal
distribution.

Fig. 5shows the population of A, B, C,1Pand B
as a function of time at a photon energy of 10.98 eV
over a time scale from 16 to 1072s. The acrolein
thermal energy distribution and the instrument resolu-
tion are included in the ion energy. The vertical line
at 5.6us corresponds to the time at which the par-
ent ion leaves the acceleration region. The branching
ratios for the productions in the breakdown diagram of
Fig. 2are determined by the ion concentrations at that
particular time. lons decaying between 0.1 andus6

apparent “two-component” decay is thus caused by a will appear as product ions in the TOF spectrum of

1.0
10.98 eV
0.8 - /“
l:)l
§ -
=S 0.6
=
=
o J
<
L 044
g=
S |
(0]
(a2
0.2
PZ
0.0
T I T I T 1 T ) T ) i 1
-14 -12 -10 -8 -6 -4 2

log(time/ s)

Fig. 5. Concentrations of the reactant, intermediates and products as a function of reaction time at the photon energy of 10.98eV. The i
energy includes the photon energy of 10.98 eV, as well as the thermal energy distribution and the electron energy analyzer function. T
dashed line indicates the time that it takes for the acrolein ion to traverse the first acceleration region. The breakdown diagram ion sigr
ratios at 10.98 eV correspond to the ion concentrations at this dashed line.
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Fig. 1 between 12.5 and 1&s. The production of the  reaction dominates over the isomerization to C. The
C3H30™" ion (P) levels off after 108s because the  small concentration of isomer B is determined by the
H* loss channel is associated only with a fast reaction. ratio ofk; andks. Isomers B and C are formed in even
On the other hand, the lower energy ions associated smaller concentrations at lower energies.

with hot electrons produce only theB4*+ + CO

products. It is evident irFig. 5 that the intermedi-  4.3. The thermochemical data

ate ion, B is formed only sparingly, and the produc-

tion of C is imperceptibly small. This is similar with The 298 and 0K thermochemical data of all rel-
the collision-induced dissociation result obtained by evant molecules and ions of this study are listed in
Traeger et al[13] who suggested on the basis of the Table 2 which also lists other available experimental
translational energies released that the distonic ion, B, or theoretical results of the 298 K heats of forma-
did not isomerize to the other ions prior to decompo- tion. The fitting of the data yielded energies for the
sition. C is not produced becaukegrises rapidly with C3H30" + H* dissociation energy and the 1S
internal energy relative tky so that the dissociation  Although the best known values in the potential energy

Table 2

Thermochemical data (kJ/m8l)

Species At H5gg¢ ArHyy HSgg — Hok Other results ofAf H5gg

C3H40°* (A) 907 + 10° 917 + 10° 14.06' 916.%, 900, 904

C3H40 (A) —69 + 10° —58 + 10° 13.90 —67.68, -7, —66"

C3H40°* (B) 857 + 20° 866 + 209 15.23 843.%

C3H40° T (C) 790+ 109 799 + 109 15.1¢ 79%, 763, 797, 759, 778.F,
765+ 5, 783.5+ 0.3", 799

C3H30™ <783+ 10° <790 + 10P 13.338 779, 753, 755.%, 749 + 5¢

CoHg*t 1067.24 1075.365 10.912 -

co —110.53+ 0.17 —113.82+ 0.17 8.677 -

H* 217.998+ 0.006 216.035+ 0.006 6.197 -

In the Hjgg ¢ — H calculations, the heat capacity of electron was treated as 0.0 kd/mol at all temperatures (the ion cdi@#tion

In order to convert to the electron convention, which treats the electron as a real particle, 6.197 kJ/mol should be added to the 298 K heat

of formation of each ion.
bThe average of three theoretical results.
€ AH5gg =~ AHy.
d Determined from DFT calculated vibrational frequencies.
€G2 result by McKee and Radof29].
f Bouchoux and Hoppilliard38].
9DFT results by Li and Baef16].
h Allinger et al. [30]
i Scott and Radonii36].
I GIANT results by Lias et al[39].
kK Traeger et al[13].
I Aubry et al.[40].
M Traeger{35].
"Nguyen and Nguyeif41].
®AHGk — AHjgg.
PBased on measured AE.
9Holmes et al[42].
"AHY(CaHg) + IE, in which AHG,(CoHy) is obtained byAHSq, — AHG, and IE is 106138+ 0.0006eV [34], and
AH$gg(CoHa) = 52.467 kd/mol[43].
SNIST Webbook[34].
tWagman et al[44].



Y. Li, T. Baer/International Journal of Mass Spectrometry 218 (2002) 37-48 47

surface ofFig. 3 is the GH4*™ 4+ CO dissociation

limit, its energy could not be used to anchor the en-

scheme for methyl vinyl ketone. The problem with
our measurement is thatbss reactions are often ac-

ergy scale because the large barrier for the formation companied by a reverse activation barfig€s] caused

of the distonic ion, Txg, prevents product formation

by, if nothing else, a centrifugal barrier due to the low

at its thermochemical limit. Instead, we are forced to moment of inertia of the departing H atom. Thus, our
anchor the scale with the neutral acrolein. There are onset is strictly speaking only an upper limit, which
no reliable experimental values for the heat of forma- could accommodate lower values for thgHzO™"

tion of the acrolein molecule. The value listed in the energy. As pointed out in the theoretical paper on

GIANT book of Lias et al[39] is only an estimated

acrolein [16], TS13, seems to have a structure that

value. On the other hand, there are three recent and in-qualifies as a barrier for the*Hoss reaction. However,
dependent theoretical values for the acrolein molecule arguing against such a barrier is the fact that the ex-
heat of formation that agree quite well. These are perimental entropy of activation for the’Hbss step is
based on a G2 calculation of McKee and Radom +15.5J/molK. This moderately loose transition state

(—67.6 kJ/mol)[29], an MM3 molecular mechanics
value of Allinger (-66 kJ/mol)[30], and a DFT value
reported in the accompanying paper 7@ kJ/mol)
[16]. Thus, we suggest a value ef69 + 10 kJ/mol
for the heat of formation of acrolein. This heat of
formation combined with the §H30" appearance
energy of 11.03eV (0K value) results in a 298K
heat of formation for @H30T of 783+ 10 kJ/mol.
Although this value is consistent with the DFT re-
sults[16], it is about 30 kJ/mol higher than the value
suggested by Lias et g89] and the results obtained

is clearly associated with a dissociation step, rather
than an isomerization step. Thus, we can offer no
definitive conclusion concerning thesB830™ heat of
formation.

5. Conclusions
The dissociation dynamics and thermochemistry

of acrolein are investigated using the threshold
photoelectron—photoion coincidence spectroscopy.

from two independent appearance energy measure-The breakdown diagram and time-of-flight distribu-

ments[13,42] Traeger et al[13] measured the ap-
pearance energy of thesB30™ ion by dissociative

tions of the fragment ions associated with the low-
est two dissociation channels,»ld4*T + CO and

photoionization of cyclopentanone. The problem here C3H3zO" 4 H*, are obtained. The ££4°* ion time-

is that the first dissociation limit leads tozB40°*
(methylketeng+ CoHy at 10.42 eV. The dissociation

of-flight distributions appear multi-component with
slow and fast rate constants. A three-well-two-channel

to C3H301 +C,Hs® has a weak onset at 10.85eV. The model is suggested to describe the dissociation—
weak onset could be due to collision-induced dissoci- isomerization reactions of the acrolein ion. The slow

ation, or it could be due to the kinetic shift relative to
the major dissociation limit to the methylketene ion.

component of the reaction rate for4** produc-
tion is predominantly caused by a slow tunneling

If it is the former, then the reported onset is too low through the isomerization barrier between the acrolein

(in agreement with our findings). But if it is due to a

and the intermediate distonic iotrCH,CH,CO™.

competitive shift, then the onset should if anything be The multi-component rates are a result of the thermal

lower still. The other determination by Holmes et al.

energy distribution that leads to a broad range of tun-

[42] is based on an energy selected electron impact neling rate constants. The third and most stable ion,

dissociative ionization onset §€30" 4 CHz*®) from

methylketene plays very little role in the reaction.

the methyl vinyl ketone precursor. The problem here is Using derived energy barrier heights and an acrolein
that methyl vinyl ketone does not have an experimen- heat of formation of~-69+ 10 kJ/mol, an upper limit
tally known heat of formation, and thus, the derived for the 298 K heats of formation of ionic GIEGHCO"
C3H3O™ energy is based on a Benson’s additivity is found to be 783t 10 kJ/mol.
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