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Dissociation of cyclopropanone molecule and ion
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Abstract. Investigate the dissociation and ionization process of cyclopropanone mole-
cules by using the Density functional method. Find the transition states of cyclo-
propanone molecule and ion, and get the products from transition state to isomer.
In the same time, calculate frequency and energy. Confirm their transition states be-
tween the reactants and resultants through the Intrinsic Reaction Coordinates (IRC)
calculation.
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1 Introduction

Ketene is the main component of antimicrobial agents. The study on the properties of
cyclopropanone is beneficial to refine new drug ingredients. Cyclopropanone compound
is very unstable and research reports about cyclopropanone are not so many at domestic
and abroad. As early as 1966, cyclopropanone was formed successfully by Hammond
and DeBoer [1, 2] using ketene and diazomethane in Fluorine chloroform. In 2007, Ai et
al. [3] reported that cyclopropanone could reach the excited states S1 in 292 ~ 365 nm
wavelength light then & C-C bond broke up. There is an intersection (TS1) between the
ground state and first excited state on the fragmentation pathway of « C-C bond. Then
another C - C bond broke up and produced carbon monoxide and ethylene. Those are
based on quantum chemical method using CASSCF B3LYP and MP2 in theoretically and
experimentally. The report is described by the change of bond length and bond angle.
And the reported results also provide some clues and bases on the further theoretical
and experimental work on the dissociation of cyclopropanone molecule and ion.

In this paper, both cyclopropanone molecule and ion are described [4, 5]. We try
to find the characteristics of the cyclopropanone molecule and ion by investigating the
dissociation process. Some helpful information can be obtained, including the disabled
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process of cyclopropanone molecule and ion from its potential energy surface. Therefore,
it is significant for us to work on the dissociation of potential energy surface. Here, two
possible dissociation paths on molecule are reported. One possible dissociation path is
that the 2C - 4C single bond breaks up and forms an open-loop structure, then another
2C -3C bond breaks up and produces CO and Co;Hy. The other is that 3C - 4C bond
breaks up and forms isomer, then dissociates Co,H,O and CH,. It is found that the config-
uration of the cyclopropanone ion is unstable, and the open-loop structure of stable ion
configurations is got.

2 Basic theory and computational methods

Quantum mechanics theory is the basic theory in microscopic field, in which all phenom-
ena can be explained with knowledges of quantum mechanics. Therefore, we use mod-
ern methods of quantum chemistry and atomic molecular theory to study the molecular
problems [6]. Density functional theory is a powerful computational tool to calculate the
larger molecules systems. Compared with Hartree-Fock (HF) and Moller-Plesset (MP),
it can save much time. In this work, geometrical parameters of the reactants, products,
intermediates, and transition states are optimized basing on the unrestricted B3LYP [7]
with the 6-31 + G (d, p) basis set from density functional theory (DFT). Harmonic vibra-
tion frequencies that are calculated at the same level are used for the characterization of
stationary points. Meanwhile, according to further analysis by IRC calculations [8-10],
the transition states are between reactants and products. All calculations are performed
using GAUSSIAN 03 programs.

3 Results and discussion

Cyclopropanone formula is C3H4O. By optimizing structures and correcting correlation
energies of the molecule, the energy is -191. 8966 Hartree, and there is no imaginary
frequency. The optimized geometry of stationary point has been plotted in Fig. 1. The
vibration frequencies and the relative intensities are listed in Table 1 and showed in Fig.
1. There are many vibrational modes around the vibration peaks. From Table 1, the
maximum vibration intensity of 358.371 KM/Mole occurs at the frequency of 1930.79
cm !, its intensity is 108.244 KM/Mole at the frequency of 964.151 cm !, and its intensity
is 27KM/Mole at the frequency of 1018.02 cm~!. In addition, its intensity is 15 KM /Mole
at the frequency of 1072.33 cm~!. Analysis on a few frequencies is given as follows while
other modes are neglected.

First, from Table 1, at the frequency of 1930.79 cm ! and intensity of 358.371 KM /Mole,
1 O atom and 2 C atoms have the strongest vibration. It should make 2C - 3 C bond or 2C
-4 Cbond break up, forming the products of CO and C,Hy, or it may make O -2 C bond
break up, forming O and C3H,. However, transition states of these two dissociations are
not found [11], which shows they are difficult to happen! So it is possible that it makes
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Figure 1: Geometry and infrared Spectrum of cyclopropanone molecule.

Table 1: Frequency and Intensity of cyclopropanone molecule.

No. Frequency(cm™!) Intensity(KM/Mole) | No. Frequency(cm™!) Intensity(KM/Mole)

1 302.538 5.8293 2 499.134 1.8088

3 648.857 0.0002 4 705.332 1.5269

5 715.641 4.0415 6 964.151 108.244

7 1018.02 27.3951 8 1056.58 5.1342

9 1072.33 15.0874 10 1106.07 0.31

11 1160.62 0.0003 12 1422.06 6.2715

13 1440.87 4.2192 14 1930.79 358.371

15 3121.69 3.1641 16 3122.03 1.0457

17 3201.66 0.0001 18 3213.59 2.3383

a single bond(2C - 3C) break up, forming the open-loop structure of isomers, and then
makes the other bond(2C - 4C) break up to form CO and C,Hy. This dissociation path
has been plotted in Fig. 2.

Second, from Table 1, at the frequency of 964.15 cm ! and intensity =108.242 KM /Mole,
vibration amplitude is relatively large. The result of analyzing its vibration [12] shows
that 2C swings left and right and amplitude of its swing is very large. This may cause 2C-



J.-Y. Cui / J. At. Mol. Sci. 5 (2014 ) 132-138 135

S e 9
\}*\v’ e 9 09 .

(a) C3H4O (b) TS1 (¢) community of CO (d) products CO and
and C2H4 C2H4

Figure 2: Dissociation of cyclopropanone molecule (1).

4C or 2C-3C bond break up, forming the open-loop molecular (cyclopropanone molecu-
lar symmetry leading to 2C-4C or 2C-3C bond fracture identical). The transition state [13]
TS1 is calculated and obtained, plotted in Fig. 2. Its energy is -191.8350 Hartree, at the
only imaginary frequency [14] of -642.68 cm~!. Vibration mode shows that 2C vibrates
outwardly strongly, which will probably results in the fracture of 2C-3C bond and TS2
being obtained. The results of IRC calculation shows that TS2 can recur a reactant in one
direction. At the same time, the optimized results of the other direction can form the
community of CO and CoH,. But the community is not stable configuration, whose en-
ergy is -191.9171 Hartree. Then the community dissociates into products CO and CyHs.
The process has been plotted in Fig. 2.

Third, from Table 1, at the frequency of -1018.02 cm~land intensity of 27 KM/Mole,
vibration modes were also analyzed. 3C and 4C vibrate outwards, looking for transi-
tion state TS2 of 3C-4C bond fracture, then obtained it. Imaginary frequency of TS2 is
-525.1544 cm ™!, and its energy is -191.8287 Hartree. IRC calculation shows that it is the
transition state between the reactants and the isomers (INT1). The energy of INT1 is -
191.8799 Hartree and its structure is stable. The vibration mode shows that 2C and 3C
vibrate violently toward opposite directions, causing 2C-3C bond fracture. Then the tran-
sition state TS3 is obtained, whose energy is -191.6539 Hartree and imaginary frequency
is -46.53 cm 1. Eventually, it forms the stable product community of C;H,O and CH,
[15]. However, due to the high barrier of TS3, the molecule dissociates into products
C,H,0 and CH, far less easily than that described above.

The optimized geometries of TS2, INT1, TS3 and corresponding products have been
plotted in Fig. 3.

Forth, from Table 1, at the frequency of 1072.33 cm ™ 'and the intensity of 15 KM/Mole,
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Figure 3: Dissociation of cyclopropanone molecule (2).

vibration directions of 3C and 4C are still in reverse, but they are different from what said
above. The vibration is not outwards, but is up and down. Molecular will twist, which
may cause the fracture of 2C - 3C or 2C-4C bond, similar to the second situation, or
fracture of 3C-4C bond [16] , the same as the third situation.

Table 2: Energy and frequency of cyclopropanone molecule to product and isomer (1 Hartree=27.2114 eV).

Imaginary frequencies (cm 1)

Name SCF energy (Hartree) ~ SCF energy (eV) Contrasting with in the reactant ground state

Reactant C3H,O -191.8966 -5221.7751 0 no

TS1 -191.8350 -5220.0989 1.6761 -642.68

CO and CoH4 community -191. 9172 -5222.3357 -0.5605 two values

Products CO and C,Hy -191.9169 -5222.3275 -0.5524 no

TS2 -191.8287 -5219.9274 1.8476 -525.15
INT1 -191.8799 -5221.3207 -0.4543 no

TS3 -191.6539 -5215.1709 6.6042 -46.53
CyH;0and CH2 community -191.6542 -5215.1791 5.9984 no

Ion C3H,O™ (TS4) -191.5612 -5212.6484 9.1267 -285.23
INT2INT3 -191.5798 -5213.1546 8.6205 no

TS5 -191.5525 -5212.4117 9.3634 -164.15

The normal coordinate of the stable cyclopropanone molecule is regarded as input to
optimize the structure of the ion [4,5,17], resulting in the transition state (TS4). The energy
of TS4 is -191.5612 Hartree. It has only one imaginary frequency of -285.23 cm ™!, which
indicates cyclopropanone ion is unstable. Then the vibration of the imaginary frequency
is observed, both 10 and 2C vibrate strongly towards opposite directions, resulting in
the rupture of 2C-4C or 2C-3C bond, forming the stable open-loop ions (INT2). They are
shown in Fig. 4. The energy of INT2 is -191.5798 Hartree, it has no imaginary frequency
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Figure 4: Isomerism of cyclopropanone ion.

so it is stable. Gaussion view shows that 10 and 2C vibrate outwards. According to
further calculation, TS5 is gotten, its imaginary frequency value is -164.15 cm ™!, and its
energy is -191.5525 Hartree. The result of IRC calculation shows that TS5 is the transition
state between INT2 and INT3. INT2 and INT3 are the geometries of stationary points for
the ions. The process has been plotted in Fig. 4.

The dissociation potential energy surfaces are constructed in Fig. 5 and detailed re-
sults are listed in Table 2.

C:HL,O™(TS4) 9.1267 TS5 93634

8.6205

C,H;0andCH:community 5.9984

82 1.8476

-0.4543

COzndCH, community -0.5603 productsCOandC,H, -0.5524

Figure 5: The energies surface of dissociation of cyclopropanone molecule and ion.

4 Conclusions

We have investigated three dissociation paths of cyclopropanone molecule and ion. It is
found that five transition state structures and three isomeric structures occur during the
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dissociation processes. Based on the calculations and analysis above, we can conclude
that cyclopropanone molecule dissociation products is CO and C,H,, which are the same
results as that of Ai et al. [3]. But there are also C;H,O and CH, products according to
the calculation results.

Although the molecules will form CoH,O and CH, when they are given enough en-
ergy, it is much more difficult to achieve due to higher barrier of TS3 (TS3 =-191.6539 eV)
than the former (TS1 =-191.8350 eV). In addition, it is easy to fracture the single bond,
and it is difficult to fracture the double bonds simultaneously while products are CO and
CrHos.

The same method is used to cyclopropanone ion C3H4O™. Itis unstable configuration,
which has an imaginary frequency value, and its open-loop structure is stable isomer. The
isomerization process is given.
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