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Abstract The advanced experimentaland theoretical tech-
niques enable us to obtain information on the rearrangement
of atoms or molecules in a reaction nowadays. As an exam-
ple, we report on our research work on acetone isomeriza-
tion and aggregation to give an insight into the reaction
pathways, the products and their structures, and the growth
regularity of aggregation. The evidences on the structural
change of acetone and the stability of acetone clusters are
found by a laser ionization mass spectrometer and the results
are interpreted from theoretical analysis based on the DFT/
B3LYP method. Various isomerization channels of acetone
have been established and the optimal structures of the neu-
tral clusters (CH;COCH3;), and the protonated acetone clus-
ters (CH;COCH,), H" for n=1-7 have been determined.
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PACS numbers 33.15.Hp, 82.30.Qt, 36.40.-C

1 Introduction

Studies on molecular reaction dynamics is one of most ac-
tive areas in modern atomic and molecular physics, espe-
cially when advanced tunable light sources, such as lasers
or synchrotron radiation, and well-developed computation
techniques are employed [1 —3]. The main aim of such stud-
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ies on molecular reaction dynamics is to understand the
process in a level of atoms and molecules and then try to
better control the reaction. The questions to be answered are
which bond is broken up or formed in a certain condition
and what products are formed in a specific reaction from the
point of view of energy states or potential surfaces of the
chemical entireties involved [4, 5]. Because acetone acts as
an excellent model for a class of organic molecules (ketone),
its reaction and spectroscopy are of much interest and have
been studied by numerous groups [6—9]. Also, acetone is one
of the main air pollution products. Therefore, it is important
to understand the photochemical process of acetone and
acetone clustering in possible aerosol processes [10].

Different techniques have been employed in the studies of
acetone unimolecular reaction such as dissociation, ioniza-
tion, and isomerization. The early work includes electron
impact ionization and decomposition [11, 12], UV dissocia-
tion and ionization [13, 14]. Combined with spectroscopic
studies [15], the studies have provided many data for the
energetics of acetone unimolecular reactions. Recently, Wei
et al. [16] used a synchrotron radiation for investigating the
photoionization and dissociation of acetone and various dis-
sociation channels were established in a photon energy re-
gion of 8—20 eV.

As far as the isomerization processes of acetone are con-
cerned, Zhang et al., in an electron bombardment experi-
ment, showed that a small fraction of 4 state of acetone
radical cation may rearrange to propen-2-ol, the enol form of
acetone, through a scheme of acetone” <> 1, 2-epoxypropane”
<> propen-2-ol" [17]. Majumder et al. provided another evi-
dence for partial isomerization of the keto form to the enol
form [18]. In their time-of-flight mass spectrometry ionized
by a 355 nm ns-laser, the peaks at m/e = 29 (COH") in the
case of CH;COCHj; and at m/e=30 (COD") for CD;COCD;
are shown up, which cannot be obtained through a simple
dissociation of acetone. All these experiments suggest that,
prior to decomposition, acetone can go through a process of
the isomerization, resulted from the incomplete randomization
of the excited energy in the molecules, which is in agreement
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with the early suggestion of non-ergodic process by Lifshitz
and Tzidony [19].

Acetone clustering has been observed in supersonic mo-
lecular beams by various studies [7, 20—23]. Buzza et al.
measured the time-of-flight mass spectra of acetone clusters
and their fragments such as [(CH;),CO],", [(CH3), CO],-,CH;",
[(CH3), COJ,.;CH;CO" (n=1-4) by using a femtosecond
laser ionization of acetone molecular beam [22]. These frag-
ments were believed to have come from the dissociation of
the larger clusters [23]. Donaldson ef al. interpreted the in-
fluence of acetone clustering on the coupling, energies and
lifetime of the molecular states by comparing the absorption
spectra of acetone molecules and clusters [7]. For small
acetone clusters (7<:3), the structures have also calculated
by either a semi-empirical or quantum method [24, 25].

In this article, we summarize the recent work on isomeri-
zation and aggregation of acetone molecules. Our studies
show that acetone molecules have several isomer structures
that can be realized by photoinduced processes and the mo-
lecular clusters can be formed even in a unimolecular condi-
tion of a supersonic molecular beam. Comparing with the
theoretical calculation from a quantum ab initio approach of
density function theory (B3LYP/DFT), the detailed information
on the isomerization and clustering of acetone molecules is
obtained such as the reaction pathways and products, the
growth regularity and the stable structures of the clusters.
The results derived is suggestive and of general interest for
organic molecules.

2 Experimental methods

The experimental system contains a laser, a time-of-flight
massz spectrometer (TOF-MS) with a reflection, a gaseous
mixing system, and a data acquisition system. Quanta-Ray
Nd*": YAG laser generates 355 or 266 nm UV laser pulse
with about 8 ns pulse duration and 10 Hz repetition rate.
After passing through a quartz lens with 25 cm focal length,
the resulting laser intensity is variable from 10’ W/cm® to
10'"® W/cm’. This laser beam is focused and directed into the
TOF mass spectrometer. It is intersected perpendicularly
with a molecular beam of acetone from a supersonic jet ex-
pansion. Multiphoton ionization is generated and the produced
ions are accelerated and fly in the direction perpendicular
both to the laser and the molecular beams. lon reflector is used
in TOF-MS for reducing possible initial energy and spatial
influences on the mass resolution. The ions are measured
by a dual microchannel plate detector after reflecting. The
output ion signals then are amplified by a fast preamplifier
(EG&G VTI120), and sent to a picosecond time analyzer
(EG&G 9308) or a digital oscilloscope (LeCroy 9361). The
final spectrum is recorded and analyzed by a computer. By
elaborate design of the reflectron, detector, transmitting line,
and the potentials applied a mass resolution better than 3 000
has been achieved in the experiments. The molecular beam

is formed by using a pulsed valve (General Valve Series 9)
with a typical backing pressure of 3x10° Pa (92% Ar and 8%
acetone vapor) and through a two-stage differential pumping.
All timing and synchronization of the experimental setup are
controlled by a delayed signal generator (SRS DG 535).

3 Theoretical calculations

A quantum ab initio calculation is used for the determination
of structures and energies of the transition, intermediate, and
final products in isomerization and cluster processes of ace-
tone. The theoretical approach is based on density function
theory (DFT), which has emerged as a useful tool for calcu-
lating the structures of larger systems, particularly when the
local density approximation (LDA) for exchange and/or
correlation is used [26, 27]. One of the DFT methods used
frequently is the B3LYP method (the combination method of
Becke’s three parameters hybrid functional with Lee, Yang
and Parr correlation functional) [28 —30], with different
levels of the standard basis sets, that can give an approach to
treat the electron correlation and, therefore, predict molecu-
lar geometries reliably.

4 Isomerization of acetone

In our experiment [31], acetone molecule in a supersonic
beam is irradiated by 266 nm and 355 nm laser, the obtained
time-of-flight mass spectrum shows a series of minor peaks
in the region of mass to charge ratio 24—31, as shown in
Fig. 1 for 266 nm and (2) for 355 nm. For identifying these
fragments, a deuterated sample was used for molecular beam.
The obtained mass spectrum of deuterated acetone under the same
condition is shown in Fig. 1 (3) and (4). Thus, the composition
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Fig. 1 Experimental setup of a laser ionization time-of-flight mass
spectroscopy of molecular beam. It contains a laser, a time-of-flight
mass spectrometer (TOF-MS) with a reflection, a gaseous mixing sys-
tem, and a data acquisition system.



of peaks m/z=24, 25 and 26 in acetone spectrum can be de-
termined to be C,", C,H" and C,H,". The composition of
peak m/z =29 in Fig. 2 (1), which can be COH" or C,Hs’, is
determined by comparing the relative intensities of peaks 27,
29 and 31 in acetone spectra and 30, 34 in deuterated ace-
tone spectra. In both 266 nm and 355 nm cases, the intensi-
ties of peaks m/z=34 in deuterated acetone spectra are very
small, while the m/z=29 peaks in acetone spectra are in the
middle intensity in the 266 nm case and the strongest intensity
in the 355 nm case, so the m/z =34 peaks in deuterated ace-
tone spectra cannot be corresponded to m/z=29 peaks in
acetone spectra. Thus, the m/z=30 peaks in deuterated
acetone spectrums have two contributions, i.e., COD" and
C,D;’, corresponding to m/z =27 (COH") and 29 (C,H;") in
acetone spectrums. The ion COH" is from acetone’s isomer
1-propen-2-ol or acetyl radical’s enolic isomerization prod-
uct CH, = COH. As generally been accepted by previous
works [18, 32], the isomerization from acetone ion to 1-
propen-2-ol ion is realized by a proton transfer from one of
the methyl group to the O atom. Thus, the peaks of m/z =34 in
deuterated acetone spectrums are corresponding to peaks
m/z =31 in acetone spectrums, indicating the ion of CH;O".

The isomerization process from acetone to 1-propen-2-ol
can be written as Fig. 3 (a). There are two acetone’s isomers
that can produce CH;O" ion by fragmentation, allyl alcohol
and methoxyethene. Considering their structures, it is pro-
posed that they should be two-process isomerizations, in-
volving a transient product of 1, 2-epoxypropane, the mecha-
nism of which is shown in Fig. 3 (b, c), (b, d) and (b, ¢).
Processes (c), (d) and (e) are the isomerization mechanisms
of 1, 2-epoxypropane given by Dunikova et al. [33], while (b)
is the reverse process of their study from 1, 2-epoxypropane
to acetone.

To validate this proposal, we carried out a laser ionization
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mass spectroscopy of 1, 2-epoxypropane under 266 nm and
355 nm with the same laser intensity. The result is shown in
Fig. 4. A clear peak of m/z = 31 indicates the existence of
CH;0" ion and illustrates that the process (c) or (d) or (e) is
a major process. The similarity of the relative peak intensi-
ties of peaks m/z = 24-27, 31 in Fig. 2 with the above spec-
trum of Fig. 4 and Fig. 2 (2) with the below spectrum of
Fig. 4 declares that these peaks in Fig. 2 are from acetone
isomers and the isomerization process should involve a tran-
sient product of 1, 2-epoxypropane. Furthermore, C,H," (n =
0-2) are believed to be the successive ionization/dissociation
products of C,H;" ion from allyl alcohol or methoxyethene
since, as it is seen from a test of varying laser intensity, the
intensity of peak m/z = 27 increases with a decreasing of
laser intensity.

Figure 5 shows a schematic illustration of the energies of
the reactant, transient states, intermediates and the products
of isomerization process (c), (d) and (e) [34]. From the
overall barrier heights, it is seen that the process (c) and (d)
are favorable than (e). As the overall barrier heights of (c)
and (d) are close, considering each reaction step may have a
reverse reaction competing with it, a process with only one
step, i.e., the process (c) is more favorable than one with
three steps, i.e., the process (d).

The detailed calculation was performed by Xu et al. [35].
The structures and frequencies of the reactant, intermediate
isomers, transition states, and products were calculated at the
B3LYP/6-31G (d, p) level of the DFT while the single-point
energy calculations were obtained at the QCISD (T)/cc-pVDZ
level using the B3LYP/6-31G (d, p) optimized geometries.
The zero-point vibration energies (ZPVE) at the B3LYP/6-
31G (d, p) level were also included and they were scaled by
the ZPVE scaling factor of 0.980 6 [36]. To confirm the
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Fig. 2 TOF Mass spectra of acetone (1), (2), and deuterated acetone (3), (4). These mass spectra were obtained by a laser ionization with

266 nm [seeing (1), (3)] and 355 nm [seeing (2), (4)].



278

.0 (|)H
I , v .
: C
HC CH HC  CH, HC  CH
? - o
N PR
(b) L _C—CH, — _CH—CH,
HC  CH, HC H H,C
o] H
() Cﬁ—\CH HO HCx ok
i C/ ) —> H,C;C‘—CH, — h \C/ \OH
5 H H
P H
() CH—CH, _ , HC—Co-CH. —s  _Cureeees
e 2 —> HC—C- CH, — C CH
HC TNy 0 ue” Yo7
H H,C
/C<";CHj HRC\ ? ]
T > HC ceeeeee- e
H,C 0 HC-=CH, HC—CH,
0
H;C| H:? ----- H ﬁHZ
| (R CH, — E —
2 HC_ CH
N HC\O _CH N

(e)

Fig. 3 Acetone isomerization processes for forming (a) 1-propen-2-ol, (b)
and (c) allyl alcohol, (b) and (d) trans-methoxyethene, (b) and (e)
cis-methoxyethene.

correction of the connection of the transition states with the
reactants and products obtained, the intrinsic reaction coor-
dinate (IRC) calculations were also carried out at the B3LYP/6-
31G (d, p) level of the theory. Altogether five isomerization
reaction channels are confirmed from this work by using the
IRC method and the corresponding isomerization products
are methoxyethene (cis- and trans-), allyl alcohol, and propen-
2-ol. Among them, four channels are through 1, 2-poxypropane.

1,2-epoxy-propane

~7.30
Allyl

alcohol

Obviously, 1, 2-epoxypropane is an important intermediate
in the isomerization process of acetone molecule. Judged by
the number of transition states and the height of energy bar-
riers, the reaction channel from acetone to allyl alcohol is
preferable and allyl alcohol is inferred as the most feasible
product among these four acetone isomers. Finally, it is
noted that all the isomerization processes of acetone ob-
tained in our work involve the process of proton transfer as
in isomerization processes of many organic molecules.
These studies help to give more insight into a large variety
of similar molecules.
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Fig. 4 Laser ionization mass spectrums of 1, 2-epoxypropane for comparison
(above: by 266 nm, below: by 355 nm).
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Fig.5 Schematic diagram of the energetics for isomerizations of 1, 2-epoxypropane, as an important intermediate of acetone. The transition
and intermediate states with their relative energies (in kcal/mol) were obtained from the B3LYP/DFT calculation.



5 Acetone Clustering

The studies of structures and formation of atomic and mo-
lecular cluster are important for understanding many proc-
esses in physics, chemistry, biology, and even fundamental
process in life phenomena, since these can give ability to
varying the number of atoms or molecules to show the
structure and property evolution with the size of matter from
an isolated gas-phase atom or molecule toward a bulk limit
[37—44]. Most of experimental observation from a super-
sonic expansion of gaseous molecular beam gives the in-
formation of these cluster stability. The structures of these
clusters can be calculated based on some theoretical models
such as DFT, molecular dynamics simulation.

Hu et al. observed the clusters and their fragments con-
taining up to 12 acetone molecules in a unimolecular condition
of the supersonic molecular beam by laser (355 or 266 nm)
ionization mass spectrometer as given in Fig. 6 [45]. The
mass peaks consist mainly of (CH;COCHs3), H' (denoted by
A,), (CH;COCHj), CH;CO' (denoted by B,) and (CH; COCH3),
CH;" (denoted by C,) in Fig. 6. Since acetone cluster ions
are weakly bonded as a van der Waals cluster, it is believed
that the (CH;COCHj;), CH;CO™ and (CH;COCHs;), CH;" are
formed from the dissociation of (CH;COCHs3),:;" clusters,
like in the case of acetone molecule. This can be taken as the
evidence to illustrate why the parent cluster ions are rare to
be observed in the mass spectra. Comparatively, the intense
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Fig. 6 The mass spectra of acetone molecular beam ionized by a nano-
second 355 nm laser (1 X 10° W/em?). The peaks denoted by A,, B, and C,
are (CH;COCH3), HY, (CH;COCH3), CH;CO* and (CH;COCH;), CH5',
respectively, and here n is the number of acetone molecules involved in
cluster.
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peaks of (CH;COCH;), H' observed suggest that the protonated
cluster ions are more stable in the experimental condition. This
result is in agreement with the general observation in the ioni-
zation process of weak bound cluster systems [46—49].

Lee et al. have calculated the structures of (CH;COCH;), H'
(n=1, 2), and they imposed C2 symmetry limitation when
n =2 [24]. Aviyente and Vernali used a PM3 semi-empirical
method to calculate the structures of (CH;COCH;), H (n<<3)
[25]. We have carried out a quantum chemical ab initio cal-
culation to determine the structures of these acetone clusters
with n=2-7 [45, 50—52]. The initial geometries of these
clusters are fully optimized at the B3LYP/DFT. The com-
plete geometry optimization is performed by a Berny’s
optimizing algorithm [53] for the clusters on their ground
state. Stationary points are confirmed through the calculation
of vibrational frequencies. In general, the ab initio calcu-
lated frequencies are usually larger than the corresponding
experimental values and contain known systematic errors
due to the neglect of anharmonicity and electron correction
[54]. Therefore, it is usually to scale frequencies predicted at
the B3LYP/6-31G (d) level including some of the effects of
electron correlation by empirical factor of 0.9613 [55].

The structures of the neutral clusters are determined by
the energy-minimum criterion and frequency analysis. In
order to find a local minimum of the energy with a suffi-
ciently high probability, various initial structures for each
cluster have been calculated. For the clusters (CH;COCHj3),
with n=2—7, the calculation and analysis show that the
most stable clusters are with a ring-like structure, similar to
that in the case of water clusters obtained by Xantheas and
Dunning [56]. We show three stable structures, ring-like,
end-to-head and compact chain, of the cluster (CH;COCHj;);
in Fig. 7 as an example. The binding energies for these struc-
tures of the cluster are calculated, leading to the values of
0.074, 0.043 and 0.015 eV for the ring-like, end-to-head and
compact chain structure of the cluster, respectively. Thus,
the most stable cluster is the one with a ring-like structure
among these three possible structures of the clusters.
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Fig. 7 Three stable structures of cluster (CH;COCH;);, calculated by DFT
approach at the UB3LYP/3-21G (d) level. From the left to right: ring-like,

end-to-head and compact chain structure. The most stable structure is the
ring-like one.
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For the stable structure of a neutral acetone molecule cluster
(CH3;COCH3;), with n=1—717, the proton affinity was deter-
mined from the calculation [51], as listed in Table 1. The
result shows that the proton affinity increases with increas-
ing the cluster size. We consider that a proton, H', could act
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as a bridge through its interaction with two oxygen atoms of
different acetone molecule, since oxygen atom has the high-
est electronegativity among all atoms in acetone. The calcu-
lation generates some results in agreement with this consid-
eration [57]. As seen in the most stable structures of
(CH3COCH;), H™ given in Fig. 8, the proton is attached on
the oxygen atom for (CH;COCH;) H™ and lies between two
oxygen atoms for (CH;COCH3), H'. The calculation at the
UB3LYP/3-21G (d) level produces the structural parameters
of (CH;COCH,), H" with n =1, 2, which are listed in Table 2
together with the other results from different calculations
[40, 41]. Our results have large improvement for the cluster
of n =2 since the method we used considers more complete
geometry optimizations with larger basis set and includes
the effects of electron correlation in the case of these small
clusters.

Table 1 The proton affinity E, of the neutral clusters calculated in their
ring-like stable structures (in the unit of Hartree) .

N 1 2 3 4 5 6 7

E, 03111 03594 03664 03742 03816 03834 03844

For larger protonated clusters, the calculated results show
that cluster growth has certain regularity. It is interesting to
note that the stable cluster (CH;COCH;), H', shown in Fig. 8,
plays a kernel role, which can be regarded as an inner solva-
tion shell in acetone clustering. Since (CH;COCH;), H™ has
several activated sites such as the methyl and middle carbon
atoms, the coming acetones will attack them from different
directions during the clustering. For example, the calculated

results show that during acetone cluster growth, the third and
fourth acetone molecules attack the central carbon atom of
one of the acetone molecules in the inner shell (CH;COCH;), H',
respectively, and when the size of the cluster becomes even
larger, the coming acetones begin to attack the different sites
in the inner shell, for example, the fifth acetone attacks the
middle carbon atom of another acetone in the inner shell, the
sixth and the seventh acetone molecules attack the two
methyl of this acetone from almost opposite orientation. It
can be expected that the successive acetone molecules will
attack the methyl of the first acetone in the inner shell from
the opposite direction to form (CH;COCH;), H™ when n =8
and 9, and so on, Finally, the protonated clusters with dif-
ferent sizes are formed (see Fig. 9). This regularity of the
(CH;COCH;), H' cluster growing is similar as described in
Ref. [58].

Cl1

2
o o
o O C4
cs

C6

n=1 n=2
Fig. 8 The structures of (CH;COCHs), H" (n = 1, 2), calculated by
DEFT approach at the UB3LYP/3-21G (d) level.

Table 2 The structure parameters for (CH;COCH3), H' (n = 1, 2) shown in Fig. 8 obtained from a DFT calculation [57].

n=1 n=2

Our work HF / 6-31+G++* MP2/ 6-31+G++* PM3° Our work PM3°
Bond length / (0.1 nm)
C1-C2 1.474 1.4799 1.4723 1.474 1.488
C2-01 1.270 1.254 4 1.2756 1.292 1.250 1.279
Cl1-H 1.090 1.082 5 1.090 2 1.090
O1-H" 0.980 0.9533 0.976 2 0.958 1.130 0.986
H'-02 1.310 1.688
02-C5 1.240 1.233
C4-C5 1.490
Bond angles / (°)
ZC1-C2-C3 122.85 120.37
ZH-01-C2 114.35 115.8 112.7 118.01 114.5
Z02-H"-01 178.16
ZC5-02-H" 122.81
Dihedral angles / (°)
Z01-C1-C2-C3 -179.76 —-179.95
ZH"-01-C2-C3 2.00 2.1 22 1.71
Z£02-C5-C6—-C4 179.91

“data from Ref. [40];
“data from Ref. [41].
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Fig. 9 The optimized equilibrium geometries of the protonated acetone clusters (CH;COCH;), H' (n = 1-7) at the B3LYP/ 6231G (d) level.

6 Summary

As the simplest aliphatic ketone, acetone is of interest for
molecular reaction dynamics since it plays an important role
in photochemistry and environmental science. Our work is
concentrated on its isomerization and aggregation to obtain
the detailed information on the reaction such as the path-
ways, the products and their structures, and the growth
regularity of clusters. Experimentally, we use the laser ioni-
zation mass spectrometer to find the evidences on structural

change of acetone molecule and the stability of acetone molecular
clusters. Theoretical analysis is based on the DFT/B3LYP
method. Various isomerization channels of acetone have
been established. The optimal structures of the neutral
clusters (CH3COCHj;), and the protonated acetone clusters
(CH;COCH,), H' for n=1—7 have been determined. The
methods employed and the mechanism presented here are
general and can be used for measuring and interpreting rear-
rangement of atoms/molecules in isomerization and aggre-
gation of other organic molecules.
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