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Infrared Multiphoton Dissociation of Acetone in a Molecular Beam®
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The infrared multiphoton dissociation of acetone has been studied for the first time under the collisionless
conditions of a molecular beam. A single carbaarbon bond rupture channel resulting in the formation of

an acetyl radical and a methyl radical is the only primary channel observed. The translational energy distribution
for this channel peaks near zero with an average translational energy release of only 2.0 kcal/mol as expected
for a reaction with no exit barrier. Significant secondary decomposition of the acetyl radical to carbon monoxide
and methyl radical is also observed. The translation energy distribution determined for this channel is peaked
well away from zero with an average energy release of 6.1 kcal/mol indicating that it proceeds on a potential
energy surface with a barrier, consistent with previous UV experiments. No molecular elimination pathways
are observed under the conditions of these experiments.

1. Introduction CH; + CH,CO + H
By determination of the primary products of a unimolecular Ll
reaction as well as the translational and internal energy Am B CH3COCH, +H
distributions of the products, a great deal can be learned about £ 100 o8 CHy+CO + CHy
the dynamics of the dissociation event. For example, a simple £ CH3COH + CH, 171 93.9
bond rupture reaction will have a translational energy distribu- Eaok 98
tion which is peaked near zero, with only a small amount of < CH3CO + CHy
energy deposited in the relative motion of the two fragménts. 9 60 |p= 80.6
On the other hand, a decomposition channel which occurs 5
through a concerted elimination pathway with a substantial ® 4P
barrier will have a large fraction of the available energy £ CH,CO +CH,
channeled into translational energy of the fragments as they repel E 20 = CoHg+CO —_—dee
each other down the barrier resulting in a translational energy 21 CH,COCH,
distribution peaked well away from zefo® L e ————
By careful analysis of photofragment translational spectros- e e o —— e -

copy dat‘?‘* itis possible to extract quam.mes S”Ch_as the h(.:‘\atSFigure 1. Schematic diagram of the energetics of acetone decomposi-
of formation of the products and the relative activation energies {jon The heats of formation of all products were from Benomd

for competing channels in the decomposition procéss. the barrier height for acetyl dissociation was taken from ref 6.
Many experiments have been performed to determine the
kinetic parameters (activation energy and Arrherutactor) This results in molecules with energy distributions which are

for thermal dissociation processes (see for example refs 7 andnearly identical to thermal distributiodt has been shown in

8). These experiments are necessarily performed under condi-a large number of experiments that the primary products
tions where collisions are used to heat the molecules of interest.following infrared excitation are identical to those of a thermal
Under these conditions, the primary products of the decomposi- decompositiod? However, because the IRMPD technique relies
tion are often difficult to determine as they can (and do) undergo on absorption of photons for heating and not on collisions, it
secondary reactions before they are detected. One technique thasan be easily incorporated in a molecular beam apparatus where
has often been used to overcome this difficulty is infrared the decomposition can take place under collisionless condi-
multiphoton decomposition (IRMPD). In IRMPD, the molecules tions. This allows for unambiguous determination of the pri-
are vibrationally heated by successive absorption of IR photons mary products as well as the determination of their translational
(usually from a CQ laser). The absorbed energy is rapidly energy distributions through photofragment translational spec-
randomized by intramolecular vibrational energy redistribution. troscopy©

The photolysis—23 and pyrolysié®25-27 of acetone have been
TPart of the special issue “William H. Miller Festschrift”. studied extensively. A schematic diagram of the relative energies
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rupture through reaction *b. molecular elimination channels have been obsebvaediecar-
boxylation channel resulting in GOand methane and a
CH;COCH; — CH; + CH,CO 1) dehydration channel to form water and ketene. In addition, the

) ] S molecular elimination of ethanol and ethylene from diethyl ether
If the acetyl fragment is formed with sufflc_|ent internal energy, |RMPD has been observé#Recently, the molecular elimina-
secondary decomposition to a methyl radical and CO can occurtjpn of HCI from chemically activated acetyl chloride has also
as shown in reaction 22 been postulated? These reactions must all proceed through
. similar tight transition states. Both thermal decomposition and
CH,CO—CH,; + CO 2) IRMPD occur predominately through the lowest energy pathway
available, but in cases where the activation energies for two or
more channels are similar, there can be a competition between
the two and both may be observed.

There has been a large amount of work done to determine the
time scale for the two carbercarbon bond breaking steps in
cases where the products are two methyl radicals ane&5af23

Specifically, many groups have attempted to answer the question ) )

of whether the decomposition is stepwise or concerted. Cur- 2- Experimental Section
rently, the general consensus is that the decomposition proceeds
stepwise as described above, through an acetyl intermediate

This picture of acetone photolysis is supported by recent a mixture of acetone or acetodgin helium was generated by

thesorenca}l calcgtl):laltmn%“l. | liminati th h | passing~240 Torr of helium through a bubbler maintained at
everal possible molecular elimination pathways Nave also _sqec This resulted in a-4% mixture. For these experiments,

been investigated, one eXf”‘mp'e being the formation of methanethe mixture was expanded through a 0.005 in. nozzle held at a
and ketene through reaction 3. temperature 0f-260 °C to eliminate the formation of clusters

CH,COCH, — CH,CO + CH A3) in the beam. The resulting beam typically had a velocity of 1760
3 2 4 m/s with a fwhm spread of 16% for the acetaigand a velocity

Hydrogen atom loss through reaction 4 and ethane formation ©f 1835 m/s with a fwhm spread of 16% for the normal acetone.

These experiments were conducted using a rotating source
molecular beam machine described in detail elsew¥dBeefly,

through reaction 5 are two other possible channels: The'beam yelocity .an('j velocity spread were measured by time
of flight using a spinning slotted whe#.
CH,COCH; — CH,COCH, + H (4) The molecular beam was crossed at the interaction region
with the output from a Lumonics TEA 840 Gaser operating
CH,COCH; — C,H; + CO (5) on the P(12) line of the 9.6m band at 1054 crt for the

acetoneds and the R(20) line of the 9,6m band at 1082 cmt
These channels (reactions 4 and 5) have been determined to béor the normal acetone. The products resulting from the IRMPD
less than 1.5% of the dissociation yield in the UV photolysis process travel 36.7 cm to the detector where they are ionized
of acetone® using an electron impact ionizer, mass selected with a quadru-
On the other hand, the most abundant products in the pole mass filter, and counted using a Daly type ion counter.
pyrolysis of acetone have been determined to be methane andrhe signal is collected in 2s bins by a multichannel scaler
ketene!22”These are thought to be secondary reaction productstriggered with the laser pulse. In this manner, the time-of-flight
from an abstraction reaction following the primary cleavage of spectra are collected at all masses where product signal is
the carbor-carbon bond in reaction #. Thus the thermal  observed. The angle between the source and detector can be
dissociation of acetone is a prime example of a system wherechanged by rotating the source around the interaction region
the primary products are difficult to determine owing to while leaving the detector fixed. The resulting time-of-flight
collisions which can result in secondary reactions. Two IRMPD spectra are analyzed using a forward convolution fitting
studies of acetone under bulb conditions have been reported inprocedure described previou¥lyto obtain the product center
the literature where the final products are analy?&@ut again of mass translational energy distributions.
the primary products are not easily determined because of
collisions and secondary reactions. In the first of these experi- 3. Results
ments?® methane and ethane are observed as significant reaction
products. In the second experiment, ethylene, acetylene, hy- We present here in detail only the results for the acetne-
drogen, and propane are observed in addition to methane andcexperiments because the signal-to-noise ratio is better at many
ethane. The only two IRMPD studies performed to date leave of the product masses for the deuterated case. The results for
open the question of what are the primary pathways in the the normal acetone experiments show no qualitative differences.
thermal decomposition of acetone, since they were performedFor the acetonels experiments, laser dependent signal was
under conditions where secondary reactions dominate thedetected at the following mass-to-charge ratiosie 46
products observed. To our knowledge, this paper presents the(CD;CO'), mle 44 (CD,CO"), m/e 42 (CDCO"), m/e 30
first study of the IRMPD of acetone under collisionless (C.Ds"), me28 (CO"), me26 (GD™'), me 18 (CD;t), m/e 16
conditions, providing direct measurements of the primary (CD.;"), andm/e 14 (CD"). The signals in the case of normal
reaction pathways as well as the translational energy distribu- acetone corresponded to the same product species, with the mass
tions of the resulting fragments. of hydrogen replacing that for deuterium. The signal was
Since the most abundant products of the pyrolysis of acetonemeasured at source to detector angles of 10, 15, 20, 30, and
are methane and ketene and these products are very stable, thé0° at two different laser fluencesy38 and~57 J/cni. The
possibility exists that these products can be formed through adeuterated acetone data presented here were all taken at a laser
molecular elimination channel. This would involve a four-center fluence of~57 J/cnd.
transition state where a hydrogen atom is transferred from one The signal observed in the experiments conducted on normal
methyl group to the other. Such elimination channels are not acetone was much weaker than that observed from the acetone-
unprecedented. In the decomposition of acetic acid, two ds which is consistent with the results of the only other IRMPD
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Figure 2. Time-of-flight spectra obtained at/e 46 (CD;CO') and
m/e 44 (CD,CO') at source to detector angles of 10 and.Zthe circles
are the experimental data, while the solid line is a fit to the data using 200
the translational energy distribution shown in Figure 3.

studies of this molecul.3%In the range of wavelengths of the 10
CO; laser, deuterated acetone absorbs more strongly than normal 0 &
acetone. Typically, the signal ate 15 (CH™) at a fluence of
~65 J/cn? is about a factor of 7 weaker than the signal observed
at me 18 (CD;%) in the deuterated acetone experiments
conducted at a laser fluence #67 J/cni. It should be noted,
however, that neither of these compounds absorbs strongly inFigure 4. Time-of-flight spectra measured ate 18 at 10 and 40

this wavelength region. In the normal acetone experiments, thefrom the molecular beam axis. The solid line is the overall fit to the
signal nearly disappears when the fluence is droppec46 Qata_, the dot_ted line is dissociatively ionized acetyl radlcal, the dashed
Jicn?. However, in the case of acetodg-signal is still observed Is'r;ic';ég? prrrlgt?]r% ?gtrxgr:fgmem’ and the dashddtted line is the

at a fluence of 38 J/cfnagain indicating the stronger absorption Y yiireg '

of the deuterated acetone. _ _ 44 assumes that the signal at this mass results only from
~The highest mass-to-charge ratio at which laser dependentgissociatively ionized acetyl radical generated through reaction
signal was observed was/e 46 (CD;CO"). No signal was 1. The fact that there is no additional component inrtile 44
observed atwe 62 which would have indicated the occurrence spectrum (CBCO") is direct evidence that reaction 3 is not
of the hydrogen atom loss channel, reaction 4. However, this gccurring in this system.
channel would be very difficult to detect given our experimental  Additional evidence that reaction 3 is not occurring is the
setup, since the heavy fragment would not recoil far from the apsence of signal atve 20 (CD4*) (not shown). Even after
molecular beam. High background count rates at angles closersignal averaging for-300,000 laser shots, the time-of-flight
than 10 off the molecular beam axis make measurements there spectrum showed no indication of this product. (Incidentally,
very difficult. Therefore, while we think this channel is unlikely, if this channel did exist, it would be easier to detect in the
given its significantly higher energy (see Figure 1), it cannot deuterated acetone, since there is very little background in our

Flight Time (psec)

be completely ruled out. mass spectrometer at this mass, as opposed to the case of normal
The time-of-flight signal observed atve 46 is shown in methane atwe 16.)
Figure 2 at source to detector angles of 10 ant ZBe open The signal observed at/e 18 at 10 and 40is shown in

circles are the experimental data, and the solid lines are the fitsFigure 4. The open circles are the experimental data, and the
to the data calculated from the translational energy distribution lines represent different components of the fit to the data. The
shown in Figure 3, assuming that the signal is the result of the dotted line is the contribution of dissociatively ionized acetyl
simple carbor-carbon bond rupture channel shown in reaction radical, the dashed line is the methyl radical resulting from
1. reaction 1, the dashedlotted line is a contribution due to
Also shown in Figure 2 is the signal measuredn@é 44 secondary decomposition of the acetyl radical through reaction
(CD,CO"). Note that the signal measured at this mass is 2, and the solid line is the overall fit to the data. The signal due
identical to that observed at/e 46. The fit to the data at/e to the primary methyl radical is fit with the same translational
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0.16 The signals observed at the other mass-to-charge ratios can
all be explained by assuming that they result from dissociative
ionization of one of the products already discussed. Thus, they
reveal no new reaction channels. In particular, no new contribu-
tion to the signal atr/e 16 is observed which could indicate
the loss of CI to form acetaldehyde, reaction 6.

0.14
0.12
0.10
0.08 |
0.06 +
0.04
0.02 r
0.00

Probability (arb. units)

CH,COCH, — CH,CHO + CH, (6)

Additionally, there was no signal observed at the mass of ethane
which would indicate the molecular elimination of ethane.

0 2 4 6 8 10 12 14 16
Translational Energy (kcal/mole) 4. Discussion

Figure 5. Translational energy distribution for secondary decomposi-  4.1. Carbon—Carbon Bond Rupture. As discussed in
tion of the acetyl radical (reaction 2). section 2, the signal observed can be explained as being due to
the primary reaction of acetone through simple carboarbon
bond rupture to give acetyl and methyl radicals, followed by
the secondary decomposition of the acetyl radical to form methyl
radical and carbon monoxide. The primary translational energy
distribution shown in Figure 3 is peaked near zero and extends
to only 5-6 kcal/mol, with an average energy in translation of
only 2.0 kcal/mol. This is typical of a simple bond rupture
reaction which occurs with no barrier to reaction beyond the
endothermicity of the reaction.

4.2. Secondary Decomposition of Acetyl RadicalsThe
translational energy distribution for the secondary decomposition
of acetyl shown in Figure 5 of the acetyl radical is peaked well
away from zero with an average energy in translation of 6.1
kcal/mol. This is nearly identical to the translational energy
the molecular beam axis. The circles are the experimental data, thedlsmb.Utlon obta|r)ed_ for the secondary decompoos |t|o_n c_)f acetyl
dotted line is a possible contribution from dissociatively ionized acetyl, fOIIOW'.ng.UV. excitation of acetone to thelstate?. Th's IS a
the dashed dotted line is the CO formed from secondary dissociation Cléar indication that the secondary decomposition of acetyl
of acetyl (reaction 2), and the solid line is the overall fit to the data. radical is occurring on the same potential energy surface in both

the UV experiments and the present IRMPD experiment. The
energy distribution shown in Figure 3 that was used to fit the fact that this distribution is peaked away from zero indicates
acetyl spectrum, proving that these two fragments are indeedthat there is a significant barrier to the secondary decomposition
momentum matched partners resulting from the same dissocia-of acetyl radical. In fact, this barrier has previously been
tion event. estimated as 17.1 kcal/mdf>21While in the case of the UV

The translational energy distribution used to fit the signal experiments the energy is deposited in the molecule by
due to the secondary decomposition of the acetyl radical is absorption of a single photon with a well-defined energy, in
shown in Figure 5. The partner fragment in this secondary IRMPD the acetone molecules each absorb a different number
decomposition is CO, and the time-of-flight spectrum measured of photons, generating a range of internal energies which make
atm/e 28 is shown in Figure 6. The circles are the experimental extracting an accurate barrier quite difficult. In addition, the
data, the dashed line represents a possible small contributionacetyl radical can also absorb more photons as long as it is born
due to dissociatively ionized acetyl radical, the dasheotted in the interaction region during the laser pulse, which opens up
line is CO from the secondary decomposition of the acetyl the possibility that the dissociation of the acetyl radical is a
radical, and the solid line is the overall fit to the data. It should result of subsequent absorption and not hot acetyl radicals
be noted that these data can be fit equally well without including formed in the primary dissociation step. More likely, there is a
a contribution from dissociatively ionized acetyl; this fit is only ~ contribution from both effects. Since there is almost certainly
included to illustrate that there could possibly be a small a large difference in the internal energy of the acetyl radical in
contribution and that the majority of the signal could not be fit these two experiments, the similarity of the translational energy
assuming it was coming from dissociatively ionized acetyl. The distributions indicates that the translational energy release is
majority of the time-of-flight signal obtained at this mass is controlled in large part by the recoil of the fragments down the
much too fast (appearing at short times) to be fit in that way. repulsive part of the potential beyond the barrier to dissociation.
The observation of fast translationally hot CO is consistent with ~ 4.3. Normal Acetone.Figure 7 shows then/e 15 (CH;™)
the assignment of the short time signal in the methyl spectrum time of flight spectrum from the IRMPD of normal acetone.
to secondary dissociation of acetyl to give CO and;CR The contributions to the signal in this spectrum are the same as
comparison of the yields of primary methyl and primary acetyl those in the deuterated methyl spectrum shown in Figure 4.
products gives a rough estimate of 4020% for the fraction Notice that in this case the fast signal, which arises from
of acetyl radicals that undergo secondary dissociation undersecondary decomposition of the acetyl radical, is significantly
these experimental conditions. The fits to the data are reasonablysmaller than in the case of the deuterated acetone. (The normal
insensitive to the exact shape of the secondary angular distribu-acetone data were collected at a fluence of 65 dighile the
tion, as long as the distribution is kept forwaibackward fluence for the data shown for deuterated acetone was 52.J/cm
symmetric. This could mean that the deuterated acetone is being pumped
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Figure 6. Time-of-flight spectrum measured atfe 28 at 10 from
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elimination channels involving hydrogen migration in systems
similar to acetone is not unprecedented. Thus, it is interesting
that we do not see either of these molecular elimination channels
in the IRMPD of acetone. To our knowledge, there are no
theoretical estimates of the activation energies for the molecular
elimination channels to give ethane or methane from acetone.
4.5. Comparison with Previous ResultsAs stated in the
Introduction, the most abundant products in the thermal dis-
sociation of acetone are methane and ketéhéClearly, this
is completely different from the result observed in the present
experiment, in which a single primary carbecarbon bond
rupture channel is observed. The methane and ketene observed
Flight Time (usec) in the pyrolysis experiments are thought to arise from a methyl
Figure 7. Time-of-flight spectrum measured aie 15 in the IRMPD radical formed in the primary dissociation event extracting a
of normal acetone at 20from the beam axis. The contributions are hydrogen from another acetone molecule to give methane and
identical to those in Figure 4. acetonyP’ The acetonyl radical later decomposes to give ketene
and another methyl radical, which can continue the cycle. This
to a higher excitation level before dissociating than the normal is jllustrated by the series of reactions shown in reaction8.7
acetone due to the greater absorption cross section, or it couldOnly the essential steps are shown here. The full reaction scheme
be that the nascent deuterated acetyl radical absorbs additionaproposed by Herzfeld is presented in both refs 8 and 27.
photons more easily than the normal acetyl radical. Our results
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cannot distinguish between these two possibilities. The trans- CH;COCH; —~ CH; + CH,CO (7)
lational energy distributions used to fit the data are identical to
the ones used to fit the data for the deuterated case, within CH; + CH,COCH; —~ CH, + CH,COCH, (8)
experimental error. The time-of-flight spectra at all other masses
in the normal acetone experiment can also be fit equally well CH,COCH; — CH,CO + CH; )

using the same translational energy distributions as the deuter-
ated acetone case.
4.4. Lack of Molecular Elimination Channels. As discussed

in the Introduction, the IRMPD process commonly proceeds
through the channel with the lowest activation energy. However,
if two or more channels have similar activation energies, they X )
can compete and multiple pathways can be observed. The fac€XPlanation of the pyrolysis results, the methane and ketene
that we do not observe the elimination of either methane or oPserved cannot be the result of a molecular elimination reaction
ethane, even though these pathways give rise to very stabldn @ single step Fhrougr_l reaction 3 but rather are the result of
products, suggests that the barriers to their formation signifi- SEcondary reactions, since they are not observed under colli-

cantly exceed that of the simple bond rupture channel. This puts Sioniess conditions. _ 0
a lower limit on the activation energies for the formation of The previous IRMPD studies of acet were performed

these products; however, they could be much higher. The ina gas cellwhe(e collisions cannot pe ignored.Ong experiment
Arrhenius preexponential factors for the molecular elimination SHOWS results which are consistent with the mechanism presented
pathways are expected to be significantly lower than those for @20Ve for pyrolysis in which they observe methane and ethane
simple bond rupture since they would have to proceed through & Significant products. The second experirffereiports acety-
a tight, constrained transition state. They would thus compete Iene.,.propane, ethylene, and hydrogen among the products in
less effectively if their barriers were near that for the simple 2ddition to ethane and methane. Clearly, these complex product
bond rupture channel, but they should still be observable. d|str|b_ut|ons are the result of secondary reactions that occur
The molecular elimination of methane involving a hydrogen folloyvmg CO"'§'°”S' The re§ults pr_esenteq herg P“’V'de un-
atom migration has been observed in the case of IRMPD of mbiguous evidence for a single primary dissociation pathway
acetic acicP. In this case, another channel involving hydrogen qulw_ng carbor-carbon bond rupture in the “thermal” dis-
atom transfer resulting in the formation of water and ketene SOciation of acetone.
was also observed. Both of these channels were observed undeg Conclusions
the same experimental conditions indicating that the barriers =
are similar, and in this case they were determined to be 62 We report the first measurements of the infrared multiphoton
72.5 kcal/mol. Setser et al. have also recently observed thedissociation of acetone and perdeuterated acetone under the
molecular elimination of HCI from acetyl chloride (which again collisionless conditions of a molecular beam. A single primary
involves a hydrogen atom transfer) after chnemical activatfon. reaction channel involving simple carbenarbon bond rupture
However, this molecular elimination channel is not observed through reaction 1 has been observed. The translational energy
in the UV dissociation of acetyl chlorideAnother case where  distribution determined for this channel is peaked near zero with
a hydrogen migration gives rise to a molecular elimination an average energy of only 2.0 kcal/mol. This is consistent with
channel is the IRMPD of diethyl ether. In this system, the a reaction proceeding with no barrier beyond the endothermicity
formation of ethanol and ethylene results from hydrogen transfer of the reaction. Significant secondary dissociation of the acetyl
from carbon to oxygen through a four center transition state. radical is also observed resulting in the formation of CO and
Interestingly, another molecular elimination channel involving CHs (CDj3) radicals. The translational energy distribution for
a hydrogen atom transfer in a four center transition state to give this channel is peaked well away from zero with an average
ethane and acetaldehyde was not observed, even though theseanslational energy release of 6.1 kcal/mol, suggesting dis-
products are more stable. Clearly, the observation of molecular sociation on a potential energy surface with an exit barrier. This

Notice that the simple carbettarbon bond rupture channel

which is the first step in this scheme is the one observed in the
present IRMPD experiment. The formation of methane and
ketene occurs in secondary reaction steps involving collisions
which do not occur in our experiments. Consistent with the
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is similar to the acetyl radical secondary dissociation observed
in the UV photodissociation experiments. We observe no

Berrie et al.

(14) Kroger, P. M.; Riley, S. 1. Chem. Physl977, 67, 4483.
(15) Lee, E. K. CAdv. Photochem198Q 12, 1.
(16) Donaldson, D. J.; Leone, S. R. Chem. Phys1986 85, 817.

evidence for any other primary reaction pathways, including o ividge. E. L.; Fletcher, T. R ; Leone, S. R Phys. Chemil9e8 92,
methane and ethane elimination under the present experimentas3zgy.

conditions. The product distributions observed in both the

(17) Lightfoot, P. D.; Kirwan, S. P.; Pilling, M. J. Phys. Chen1988

previous thermal dissociation experiments and IRMPD experi- 92 4938.

(18) Trentelman, K. A.; Kable, S. H.; Moss, D. B.; Houston, PJL.

ments were clearly the result of secondary reactions, while the ~,5.” Phys1989 91, 7498.

present experiments allowed clear determination of the primary

reaction pathway.
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