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In intense laser fields, fragment ions can be produced frorgOCHK (X = CHjs, CF;, and GHs) either by
absorption and dissociation followed by ionization (ADI) or absorption and ionization followed by dissociation
(AID). Electronic structure calculations were carried out using HattFeeek, density functional, and correlated
levels of theory to understand the possible fragmentation pathways. The calculated ionization potentials are
in very good agreement with the available experimental data. For acetone, the acetyl ion is predicted to be
the most preferred dissociation product and can be produced by either mechanism. The veryQ&w C

bond energy in the parent ion of trifluoroacetone provides a clear reason for the abseng€OEE" and

CRCO" ion peaks from the mass spectrum of ;CBCH; after intense laser excitation and indicates that
fragmentation occurs by AID. For acetophenone, both@Bf and GHsCO" are stable fragments, with the

latter being produced by an AID mechanism.

Introduction pathways on the field free energy surfaces can explain certain
observations in the fragmentation patterns in strong field
chemistry. In particular, we wish to understand the absence of
CRCO" and CRCOCH:" intensity peaks from the time-of-
flight mass spectrum of GEOCH;.

Strong field chemical investigations have typically focused
on the interaction of molecules with 800 nm laser pulses in the
intensity regime of~10%—10"W cm2. In this intensity range,
the associated magnitude of the electric field of the radiation is
on the order of the binding energy of the valence electrons in gxperimental Methods
a moleculé:? All molecules that have been probed to date
provide ion signals, often with the parent ion detected in addition
to a variety of fragment ions. Recent experiments demonstrated
that the yield of dissociative ionization channels can be

The mass spectrometer and laser system have been previously
described. The laser produces 50 fs pulses having energies of
1 mJ/pulse at 10 Hz. The maximum intensity produced after

controlled using shaped laser pulses in the strong field regime.fom.JSing the laser to a 100 micrometer Sf()t sizezin the extraction
In particular, the product yield distributions for a series of region of the mass spectrometer |s<z_01 Wem .'_I'he mass
CH,COX molecules (where X= CHs, CFs, and GHs) have spectrometer useq to detect. the reaction cr_lannels. is a linear time-
been manipulated by using closed-loop metRddsietermine of-flight system wih a 1 mdnft tybe gmploylng a microchannel
the optimal pulse shape for a pre-specified reaction channel, Plate o detect and amplify the ion signal. The gas-phase samples

Varying the phase and amplitude of the control pulse induced are 'TtrOdgcetdll;"_?g a variable leak valve and the pressure is
the selective cleavage and rearrangement of chemical bondsMaintained a orr.
Since this experiment was performed in the strong field regime, Computational Methods

our understanding of the detailed mechanism of the control is ) ) ) )
limited. Electronic structure calculations were carried out using the

Gaussian series of prograrh$he geometries of the GEOX
molecule and their fragments (both neutrals and ions) were
optimized at the HF/3-21G, B3LYP/6-31G(d), B3LYP/CBSB?7,
and MP2/6-31G(d) levels of theory as well as QCISD/6-
311G(d,p). The ionization potentials (IP) were calculated by
femtoseconds) and interaction energiesens of electronvolts) Faklng the difference b_etween the energy of the neutra_ll and the
are comparable. In the present work, we wish to obtain a first- 10" (CBS-QB3 calculatiof) and compared to the experimental
order understanding of the fragmentation distributions of P- The energetics of the dissociation of the parent molecules
CH3COX in the impulsive limit. In both strong field ionization ~ (Neutrals and ions) into possible fragments were calculated at
and electron impact ionization, the energy is deposited rapidly the €BS-QB3 level of theory. To explore the potential energy
and the molecule cools by dissociation into fragments. The surface, reaction path scans were carried out at the HF/3-21G
distribution of products may be determined by the energetic level before transition states were calculated at the CBS-QB3

ordering of the product states. Similar to the computational '€V€!-
studies in conventional mass spectrométiryve would like to
see whether the calculated energetics for the dissociation

In some molecules, strong field ionization produces a
fragmentation distribution that is very similar to the distribution
observed using electron impact ionizatibriThis may be
rationalized by a similar impulsive energy deposition mechanism
for the two methods, since the interaction timeténs of

Results and Discussion

The strong field mass spectrum for acetone has been reported

tPart of the special issue “Fritz Schaefer Festschrift”. previously and displays features corresponding to sCH
* Corresponding author. CH3CO", and (CH),CO', similar to the electron impact
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CH,CO" TABLE 1: Calculated and Experimental lonization
60 - Potential of CH;COX and Its Fragments
/ IPb/eV IP/ eV
50 — molecule energyhartrees (calcd) (expt)
CHs;COCH; —192.819611
3 40 CHsCOCH;+ —192.461646 9.74 9.70
@ o CRCOCH; —490.333083
8 2 30 CRCOCH:™ —489.94187 10.65 10.87
hel
% oy CsHsCOCHs —384.210425
£ 20 cH.* : CsHsCOCHs ™ —383.868209 9.31 9.28
o - 3
= CHsCO —152.942026
CH;CO*" —152.685818 6.97 7.60
17 CRCO —450.445780
LL CRCO" —450.129189 8.61
0 T T T T T I CeHsCO —344.331452
0 20 40 60 80 100 120 CsHsCO™ —334.093436 6.48
Mass, amu CHs —39.744795
Figure 1. Strong field mass spectrum of trifluoroacetone {COCH;). CHg" —39.384665 9.80 9.84
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Figure 2. Strong field mass spectrum of acetophenorgi¢COCH;).
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spectrumt® The mass spectra for trifluoroacetone and aceto-
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phenone are shown in Figures 1 and 2, respectively. In the case ,”" CH;CO + CHy
of CRCOCH;, the mass spectrum reveals features forsGH 7

CH3CO", and CR*, with the dominant feature being the 61,7

CH3CO' peak. There are no mass spectral features correspond- /7

ing to the CRCO" and CRCOCH;* ions, in contrast to the —CH.cocH,
electron impact spectrum which does show small peaks for theserigure 3. Dissociation and ionization pathways for acetone calculated
ions. The mass spectral ion intensity distribution remains largely at the CBS-QB3 level of theory (energies in eV).
unchanged even with an order of magnitude reduction in the
laser intensity. In acetophenone, the predominant peak corre-fragmentation distribution governed by the energetics of the
sponds to @HsCO™ (Figure 2). In the transform limited pulse  various product states.
strong field mass spectrum, the parent ion at mass 120 is not To validate the level of electronic structure theory used in
visible, as indicated previoushhut can be detected with lower the calculations, we first computed the adiabatic ionization
intensity pulses (not shown) and can be seen in the electronpotentials of acetone, trifluoroacetone, acetophenone, and the
impact spectra. The parent ion is not stable at higher intensitiesfragments. The calculated results are shown in Table 1 along
in the strong field spectrum and dissociates by cleavage of eitherwith the experimentally measured values where available.
the methyl group or the phenyl group. Comparison of the data indicates that the calculated IP’s are
There are two basic scenarios for the production of fragment within about 0.04-0.1 eV of the experimental values. As seen
peaks in any laser-based excitation scheme: absorption androm the table, the calculated IP of trifluoroacetone is higher
dissociation followed by ionization (ADI); and absorption and than acetone (10.65 eV vs 9.74 eV). This can be attributed to
ionization of the parent followed by dissociation (AID). To the fact that the highly electronegative fluorine atoms have an
obtain a first-order understanding of the relative importance of inductive electron withdrawing effect and hence the presence
these two mechanisms, we consider the energetics of fragmentaeof the CFk group makes ionization more difficult. The same
tion of both the neutral and ionized parent molecules. We effects are responsible for the higher IP of;CPB compared
assume a quasi statistical distribution is produced during energyto CH;CO. There is no data available on the experimental IP
deposition as a result of the spatial distribution of the large of the trifuoroacetyl (CECO) and benzoyl (¢HsCO) radicals.
number of molecules interacting with the laser pulse. In the Since the calculated and experimental IP’s of the other fragments
absence of any significant energy barriers, this leads to aare in very good agreement, our calculated IP’s fog@® and
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Figure 4. Dissociation and ionization pathways for trifluoroacetone
calculated at the CBS-QB3 level of theory (energies in eV).
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Figure 5. Dissociation and ionization pathways for acetophenone
calculated at the CBS-QB3 level of theory (energies in eV).

CsHsCO should be very good estimates of the actual values.

Anand et al.

into CHkCO™ + CHgz is much easier (0.84 eV). The acetyl cation
(CH3CO") is a closed shell molecule stabilized by a triple bond
between C and O. This accounts not only for the low
dissociation energy for the GBOCH™ — CH;CO" + CHj3
reaction but also for the low IP of GEO (6.97 eV compared

to 9.74 eV for acetone). Thus, if one considers the ADI
mechanism, one would expect that the acetyl cation would be
formed in greater proportion than the other fragments. On the
other hand, if the fragmentation followed the AID mechanism,
one would again expect the acetyl ion to be formed with ease.
This is because the bond dissociation energy in the case of
CH3;COCH;* forming CHCO* and CH (0.84 eV) is much
smaller than the applied field. Thus both mechanisms could
account for the dominance of the gED* in the mass spectrum.

In trifluoroacetone, the §£€—C bond is found to be longer
than the HC—C bond in both the neutral and the cation. The
unpaired electron in the ion is on the oxygen atom and there is
a large positive charge on the carbon atom bearing the fluorine
atoms (due to the electronegativity of the fluorine atoms). As
seen in Figure 4, the GFC and CH—C bond dissociation
energies in neutral trifluoroacetone are nearly equal (3.72 and
3.88 eV, respectively) and are very similar to the CHz bond
energy in acetone (3.61 eV). The computed energetics for the
subsequent dissociation of the acyl radicals, 0.25 eV foOCF
and 0.42 eV for CHCO, are in good agreement with published
experimental and calculated dissociation enetgiés (but it
should be noted that these processes have barriers that are 0.2
0.3 eV above the dissociation energy). Of the possible dissocia-
tion paths for CECOCH;, formation of CH™ and CRE* are
disfavored because these have higher IP’s thagQOX Produc-
tion of CHsCO" is preferred thermodynamically because of the
stability of acetyl cation. The trifluoroacetyl cation (gFO")
is less stable than G&O" because of orbital interactions
between the fluorine lone pairs and the-C anti bonding
orbital, leading to a much longer-& bond in CERCO" than

These IP’s are necessary to construct the energy diagrams showin CHsCO* (1.69 A vs 1.45 A, respectively). These same

in Figures 3-5.
When acetone is ionized, the unpaired electron is found to

interactions are responsible for the difference between the
CR—C and CH—C bond lengths calculated for @FOCH;*

be located on the oxygen atom and the positive charge is largely(1.94 A vs 1.48 A, respectively). These orbital interactions also
on the carbonyl carbon. The possible dissociation pathways for account for the low & C bond dissociation energy in @EO*
acetone are presented in Figure 3. As can be seen, the energf0.76 eV vs 3.24 eV in CECO"). Thus CHCO" should be

for the dissociation of acetone cation into £ + CHs* (3.67
eV) is comparable to the formation of GEO + CHz from
neutral acetone (3.61 eV). However, dissociation ofCBICH;"
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the most abundant fragment ion formed from the ionization of
trifluoroacetone, since it requires the least energy to be produced
and is the most stable toward further dissociation. This is in
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Figure 6. Potential energy scan along the-CF; bond in trifluoroacetone at the HF/3-21G level of theory.
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agreement with the strong field mass spectrum, Figure 1, asintensities observed in the strong field spectrum. In acetone,
well as the electron impact mass spectrum. both the AID and ADI mechanisms could be responsible for
The Ck—C bond in trifluoroacetone cation shows significant the dominance of the acetyl ion in the strong field mass
elongation and a very low dissociation energy (0.04 eV) for spectrum. In trifluoroacetone, both the ADI and AID mecha-
that bond. A relaxed potential energy surface scan along this nisms are able to explain the absence of theGpeak in the
bond revealed the presence of a barrier (Figure 6). This can bespectrum. However, the bond energetics suggests that the AID
understood in terms of an avoided crossing between the mechanism may be the dominant process during the dissociation
potentials for the valence bond structures representing theof CRCOCH;. In acetophenone cation, the dissociation of the
reactants and the products. The behavior of these curves carC—CHs bond is facile due to the high stability of the benzoyl
be approximated by rigid scans from the reactant and productradical. We predict the benzoyl and acetyl cations to be major
sides, as illustrated in Figure 6. At the CBS-QB3 level, the fragments with the AID mechanism dominating the formation
transition state resides only 0.027 eV above the trifluoroacetone of the benzoyl cation.
cation. This can be compared with 0.84 eV for £tC
dissociation in CHCOCH;™, and dissociation occurs with little
or no barrier above the thermodynamic dissociation energy. In ment of Defe_nse MURI program as managed f_Jy the Army
the case of CFEOCH,, no mass spectral features corresponding Researc_h Office (R.J.L.) and grants from the National Science
to CRCO" and CRCOCH;™ were detected and the dominant Foundation (CHE 0131157 tg H.B.S., CHE 0213483 to R.J.IT.).
peak is the CHCO' fragment. We therefore turn our attention The _aut_hors thank the National Center for_Supercomputlng
to the energetics of the -€CF; bond in CRCOCH* as a Applications and ISC at WSU for computer time.
possible explanation for the absence of these peaks. The loWReferences and Notes
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