International Core Journal of Engineering Vol.4 No.4 2018

ISSN: 2414-1895

Study On addition Reaction Mechanism betwween Acetone and
Organic Amine Catalyzed by Monomolecular Water using Quantum
Chemistry Calculation Method
Zegang Dong 1, 2, a,*, Fang Xu 1, b
1School

2College

of Materials Science and Engineering, Guizhou Minzu University, Guizhou,
Guiyang 550025, China;

of Eco-Environmental Engineering, Guizhou Minzu University, Guizhou, Guiyang
550025, China.
adzegang@sina.com, bvivi_fang1211@126.com

Abstract
We have used density functional theory and conventional transition state theory to study
the reaction mechanism of CH3COCH3 + (CH3)2NH/CH3NH2 reactions catalyzed a single
water molecule from the aspects of energetics and kinetics, respectively. The energy barrier
of CH3COCH3 + (CH3)2NH + H2O is lower than that of CH3COCH3 + (CH3)2NH by 25.31
kcal/mol, similar reaction with methylamine is also reduced by 24.55 kcal/mol, and the
reaction energy barrier of dimethylamine is lower. The rate calculation results show that
water catalysis can significantly accelerate the reaction rate. Both in energetics and kinetics,
CH3COCH3 + (CH3)2NH reaction involving water catalyzed are all more competitive. The
mechanism of these of reactions may be used to help explain the formation of
alkanolamines in the atmosphere and the formation mechanism of secondary aerosols.
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1. Introduction
Organic amines are one of the most abundant substances in the atmosphere[1,2]. The most common
are 24 species of methylamine (MA), dimethylamine (DMA), and trimethylamine (TMA) [3].
Sources of organic amines include natural and artifical sources. Natural sources mainly come from
biodegradation, metabolism, and biomass burning, human activities contribute more emissions,
including factory emissions, automobile exhaust, and animal husbandry excretion[3–6]. Organic
amines not only have a low olfactory threshold, and are prone to olfactory aversion, but also can harm
human health when they reach a certain concentration in the air, including respiratory diseases,
central nervous system and cardiovascular damage, and even induce canceration[7]. Therefore, it has
long attracted widespread attention and research[8,9].
Although the concentration is much lower than that of NH3, benefit from its stronger alkalinity, it can
react with atmospheric nitric acid, sulfuric acid, etc. to form low volatile organic amine salts. Studies
also have shown that organic amines can react with OH-, NO3-, and O3 to form secondary aerosols
(SOA) and contribute significantly to the growth of particulates[10,11]. In recent years, the reaction
of aldehydes and organic amines has also attracted the attention of researchers, either theoretical or
experimental studies, which react mainly form imines, enamines, and finally evolve into
aerosols[12–16]. Further experiments also have confirmed the presence of macromolecular
ammonium salts in aerosols[17]. Sinha et al. calculated the reaction of formaldehyde with organic
amines to show that this type of reaction may contribute to the formation and growth of aerosols in the
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atmosphere[18]. However, the mechanism for the formation secondary aerosols is still not fully
explained. Given that acetone is one of the most abundant carbonyl compounds[19], and Water is the
most commonly effective catalyst in the atmosphere[20–22], we examine the reaction of
dimethylamine and methylamine with CH3COCH3 involving a single water molecules and
water-free catalysis.
In the current work, we first examined all reactions from the perspective of energetics and compared
the energy barriers of water-catalyzed reaction of CH3COCH3 + DMA/MA. The reaction rate of
CH3COCH3 + DMA/MA + H2O was investigated in terms of kinetics, and also compared the
reaction rate of CH3COCH3 + OH, discuss the possible contribution of the reaction mechanism in the
atmosphere.

2. Calculation Method
Using density functional theory with M06-2X functional[23], based on Gauss 09 program
package[24], geometric configurations of all reactants, intermediates, transition states, and products
were completed at the 6-311++G(d,P) basis group level. Moreover, the vibration frequency of each
stagnation point was also calculated at this level, confirming that the transition state has only one
imaginary frequency, and the other stable points are all positive frequencies. The lowest energy path
of the linked reactants and products was determined by intrinsic reaction coordinate (IRC)
calculations. To obtain more accurate energy information, a higher level single-point CCSD(T)-F12
method was carried out with JUN-cc-pVTZ basis set. Finally, conventional transition state theory
with Echart tunneling [25,26]was used to calculate rate constants for each reaction studied here[27] ,
while rate constant calculations have executed using TheRate code[28].

3. Results and Discussions
3.1 Energetics Analysis
Previous literature reports have pointed out that the reaction of carbonyl compounds with amines
needs to overcome certain energy barriers[18]. We first discuss the reaction of dimethylamine
addition to acetone from energetics. Figure 1 shows the potential energy surface of the CH3COCH3 +
NH(CH3)2 reaction. It can be seen from the figure that acetone and DMA react first at the initial stage
of the reaction to form a pre-complex (RC1) and then undergo a transition state (TS1) to form the
final product (CH3)2NC(CH3)2OH alkanolamine, with a energy barrier height up to 27 Kcal/mol
relate to the separate CH3COCH3 + (CH3)2NH reactants. The specific reaction mechanism is the
cleavage of the carbonyl group on the acetone, while the N-H bond on the DMA is broken and the
protons are transferred to the acetone molecule's C=O to form the alkanolamine. In contrast, when a
single water molecules were introduced into the CH3COCH3 + (CH3)2NH reaction, a quick look at
the structures shown in Figure 2, the energy barrier at TS2 is as low as 2.06 kcal/mol, compared to the
reaction energy barrier for CH3COCH3 + (CH3)2NH alone the difference is 25.31 kcal/mol,
apparently the presence of water molecules can greatly reduce the energy barrier of the reaction and
accelerate the reaction. This is mainly due to the greater tension of the six-membered ring formed
between water molecules, dimethylamine and acetone. For the reaction of CH3COCH3 + (CH3)2
NH+ H2O, according to the classical collision theory, the probability of simultaneous reaction of
three molecules is extremely low, so we consider the collision reaction of two molecules and then
react further with the third molecule. Thus only the two reactions DMA⋯H2O + CH3COCH3 and
CH3COCH3⋯H2O + DMA may take into account. Further, Previous studies indicated that the
DMA⋯H2O complex will greatly limit the reaction site of subsequent addition reaction[18,29], so
we only consider CH3COCH3 + H2O to form CH3COCH3⋯H2O reaction path.
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Fig 1. The potential energy profile for the CH3COCH3 + NH (CH3)2 reaction at the
CCSD (T)-F12a/JUN-cc-pit //M06-2X/6-311++G (d, p) level

Fig 2. The potential energy profile for the CH3COCH3 + NH (CH3)2 +H2O reaction at the
CCSD (T)-F12a/JUN-cc- pit //M06-2X/6-311++G (d, p) level
Considering the prominent role of water molecules in reducing the reaction energy barrier, we further
investigated the reaction of CH3COCH3 + CH3NH2 with water and water deficit catalysis. Similar to
the discussion of dimethylamine, the schematic diagram of the potential energy surface for
CH3COCH3 + CH3NH2 reaction is shown in Figure 3. The reaction energy barrier of CH3COCH3 +
CH3NH2 is 29.54 kcal/mol, which is even higher than that of acetone and dimethylamine. Similarly,
when the water molecules are introduced into the reaction, the reaction energy barrier height is
reduced to 4.44 kcal/mol. Thus a single water molecules can significantly reduce the reaction energy
barrier of similar reactions. We can also find that Dimethylamine is more easily reacted with acetone
than methylamine. Comparing the results of HCHO + H2O + DMA/MA calculated by Francisco et al.
at the CCSD(T)/6-311++G(3df,3dp)//MP2/6-311++G(3df,3dp) level, the reaction energy barriers are
-5.4 kcal/mol and -1.5 kcal/mol, respectively. The reaction of acetone with methylamine and
dimethylamine needs to overcome higher energy barriers, This is mainly due to the larger steric
hindrance of acetone. However, It is extremely obvious that the presence of water molecules helps to
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reduce the reaction energy barrier, accelerate the reaction process, and is consistent with the results
reported in the literature[20–22].

Fig 3. The potential energy profile for the CH3COCH3 + CH3NH2 + H2O reaction at the
CCSD (T)-F12a/JUN-cc- pit //M06-2X/6-311++G (d, p) level

Fig 4. The potential energy profile for the CH3COCH3 + CH3NH2 + H2O reaction at the
CCSD (T)-F12a/JUN-cc-pit //M06-2X/6-311++G(dip) level
3.2 Kinetic Analysis
Due to the important role of aldehydes and ketones in the conversion and transfer of atmospheric
substances. To further confirm the effect of CH3COCH3 + (CH3)2NH reaction on the atmospheric
environment and SOA formation, we compared the rate of reaction of CH3COCH3 + (CH3)2NH +
H2O and CH3COCH3 + (CH3)2NH in the atmosphere by means of rate constant calculations.
Moreover, for the purpose of comparison, we also caculate the rate constant of CH3COCH3 + OH.
The main reaction steps of DMA with acetone in the absence and presence of water are as follows:
(1)
(2)
(3)
(4)
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(6)

In the above equation,

means the equilibrium constant of the eq.2.

and

represent the rate

constants of the bimolecular reactions of CH3CHO + (CH3)2NH and CH3CHO H2O + (CH3)2NH,
respectively. Additionaly,
is the rate constant ratio between eq.4 and eq.5. At the same time,
consulting the literature shows that the concentration of water molecules in the atmosphere is about
3.9 ×1017 molecules/cm3. The kinetic calculation results are shown in Table 1:
Table 1. Equilibrium constant (Key, molecules/cm3), the rate constants (cm3⋅molecules-1⋅s-1), and
the rate ratio between 298 and 350 K.
T
298K
310 K
320 K
330 K
340 K
350 K

Keqb

a
-36

4.26 × 10
2.24 × 10-35
8.16 × 10-35
2.75 × 10-34
8.65 × 10-34
2.55 × 10-33

d

c
-28

8.43 × 10
1.08 × 10-27
1.32 × 10-27
1.59 × 10-27
1.90 × 10-27
2.25 × 10-27

-23

8.74 × 10
1.06 × 10-22
1.23 × 10-22
1.42 × 10-22
1.63 × 10-22
1.86 × 10-22

f

e
-41

1.81 × 10
1.25 × 10-40
5.87 × 10-40
2.58 × 10-39
1.06 × 10-38
4.10 × 10-38

-24

6.60 × 10
9.08 × 10-24
1.17 × 10-23
1.48 × 10-23
1.86 × 10-23
2.30 × 10-23

+03

6.75 × 10
1.99 × 10+03
7.74 × 10+02
3.20 × 10+02
1.40 × 10+02
6.39 × 10+01

g

1.20 × 10+08
3.06 × 10+07
1.02 × 10+07
3.56 × 10+06
1.29 × 10+06
4.93 × 10+05

a The rate constant of the (CH3)2NH + CH3COCH3 reaction, b The equilibrium constant of
CH3COCH3+H2O reaction to form CH3COCH3⋯H2O complex, c The rate constant of the
CH3COCH3⋯H2O + (CH3)2NH reaction, d The rate constant of the CH3COCH3 + CH3NH2
reaction,e The rate constant of the CH3COCH3⋯H2O + CH3NH2 reaction, f The reaction rate ratio
between CH3COCH3 + (CH3)2NH + H2O and CH3COCH3 + (CH3)2NH, g The reaction rate ratio
between CH3COCH3 + CH3NH2 + H2O and CH3COCH3 + CH3NH2
It can be clearly seen from Table 1 that all the bare reactions and the reactions catalyzed by a single
water molecule show a good positive dependence on the temperature. Under the same conditions, the
reaction rate of CH3COCH3 + (CH3)2NH + H2O is 1-3 orders of magnitude faster than that of
CH3COCH3 + (CH3)2NH, and similarly the reaction of methylamine is even 5-8 orders of
magnitude faster. Further, compared with the CH3COCH3 + MA reaction, the CH3COCH3 + (CH3)
2NH reaction has a more pronounced rate advantage. However the reaction rate of methylamine and
dimethylamine catalyzed by single molecule water is almost equivalent, It is mainly because when
water is used as a catalyst, the rate constants of the two are roughly the same, and the concentration of
methylamine in the atmosphere is about three times that of dimethylamine. ([(CH3)2NH] 1.9 × 108
molecules/cm3, [CH3NH2] ≈ 6 ×108 Molecules/cm3).
Given that the importance of the OH reaction in the atmosphere, we also compare the reaction rate
between CH3COCH3 + (CH3)2NH + H2O and CH3COCH3 + OH. A similar rate ratio equation can
be written in eq.7 :
(7)
In eq.7,
is the rate of OH reaction at room temperature. R. Atkinson et al. reported that the reaction
rate constant of CH3COCH3 + OH reaction at room temperature is 1.8×10-13 cm3⋅molecules-1⋅s-1,
and the concentration of OH radicals in the atmosphere is approximately 1.06×108 molecules/cm3.
The results show that the OH reaction rate has categorically advantages and occupies an absolute
dominant position in the reaction competition in the atmosphere. Therefore, these reactions may have
a negligible contribution to SOA formation under gas phase conditions, but it may also play an
important role in liquid phase reactions.
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4. Conclusion
Using the density functional and ab initio methods, the reaction of methylamine and dimethylamine
addition to acetone was calculated from energy and kinetic simulations. The calculated results show
that a single water molecules can significantly reduce the reaction energy barrier and accelerate the
reaction rate; the reaction energy barrier and rate of CH3COCH3 + (CH3)2NH are significantly better
than that of CH3COCH3 + CH3NH2 under the same conditions. Compared with the reaction of
organic amine addition to formaldehyde, acetone has a slightly higher reaction energy barrier and
slower rate due to steric hindrance, but this type of reaction mechanism can still play a positive role in
revealing the formation mechanism of SOA.

Acknowledgements
The project was supported by the Research Fund Project of Guizhou Minzu University (2017ZD016),
the Education Department of Guizhou Province (NO. KY[2017]003).

References
[1] M. Kulmala, How Particles Nucleate and Grow, Science. 302 (2003) 1000 LP-1001.
[2] R.J. Charlson, J.H. Seinfeld, A. Nenes, M. Kulmala, A. Laaksonen, M.C. Facchini, Reshaping
the Theory of Cloud Formation, Science. 292 (2001) 2025 LP-2026.
[3] X. Ge, A.S. Wexler, S.L. Clegg, Atmospheric amines
Part I. A review, Atmospheric
Environment. 45 (2011) 524–546.
[4] G.W. Schade, P.J. Crutzen, Emission of aliphatic amines from animal husbandry and their
reactions: Potential source of N2O and HCN, Journal of Atmospheric Chemistry. 22 (1995)
319–346.
[5] R. de Abrantes, J. Vicente de Assunção, C.R. Pesquero, R.E. Bruns, R.P. Nóbrega, Emission of
polycyclic aromatic hydrocarbons from gasohol and ethanol vehicles, Atmospheric Environment.
43 (2009) 648–654.
[6] R. Abrantes, J.V. de Assunção, C.R. Pesquero, Emission of polycyclic aromatic hydrocarbons
from light-duty diesel vehicles exhaust, Atmospheric Environment. 38 (2004) 1631–1640.
[7] H. Greim, D. Bury, H.-J. Klimisch, M. Oeben-Negele, K. Ziegler-Skylakakis, Toxicity of
aliphatic amines: Structure-activity relationship, Chemosphere. 36 (1998) 271–295.
[8] S.E. Cornell, T.D. Jickells, J.N. Cape, A.P. Rowland, R.A. Duce, Organic nitrogen deposition on
land and coastal environments: a review of methods and data, Atmospheric Environment. 37
(2003) 2173–2191.
[9] J.C. Neff, E.A. Holland, F.J. Dentener, W.H. McDowell, K.M. Russell, The origin, composition
and rates of organic nitrogen deposition: A missing piece of the nitrogen cycle?,
Biogeochemistry. 57 (2002) 99–136.
[10] M.C. Facchini, S. Decesari, M. Rinaldi, C. Carbone, E. Finessi, M. Mircea, S. Fuzzi, F. Moretti,
E. Tagliavini, D. Ceburnis, C.D. O’Dowd, Important Source of Marine Secondary Organic
Aerosol from Biogenic Amines, Environmental Science & Technology. 42 (2008) 9116–9121.
[11] X. Tang, D. Price, E. Praske, S.A. Lee, M.A. Shattuck, K. Purvis-Roberts, P.J. Silva, A.
Asa-Awuku, D.R. Cocker, NO3 radical, OH radical and O3-initiated secondary aerosol
formation from aliphatic amines, Atmospheric Environment. 72 (2013) 105–112.
[12] A. Nadykto, F. Yu, M. Jakovleva, J. Herb, Y. Xu, Amines in the Earth’s Atmosphere: A Density
Functional Theory Study of the Thermochemistry of Pre-Nucleation Clusters, Entropy. 13 (2011)
554–569.
[13] C.M. Rosado-Reyes, J.S. Francisco, Atmospheric oxidation pathways of propane and its
by-products: Acetone, acetaldehyde, and propionaldehyde, Journal of Geophysical Research
Atmospheres. 112 (2007).

120

International Core Journal of Engineering Vol.4 No.4 2018

ISSN: 2414-1895

[14] Z. Li, A.N. Schwier, N. Sareen, V.F. McNeill, Reactive processing of formaldehyde and
acetaldehyde in aqueous aerosol mimics: Surface tension depression and secondary organic
products, Atmospheric Chemistry and Physics. 11 (2011) 11617–11629.
[15] M.M. Galloway, M.H. Powelson, N. Sedehi, S.E. Wood, K.D. Millage, J.A. Kononenko, A.D.
Rynaski, D.O. De Haan, Secondary organic aerosol formation during evaporation of droplets
containing atmospheric aldehydes, amines, and ammonium sulfate, Environmental Science and
Technology. 48 (2014) 14417–14425.
[16] A.A. Rodriguez, A. De Loera, M.H. Powelson, M.M. Galloway, D.O. De Haan, Formaldehyde
and Acetaldehyde Increase Aqueous-Phase Production of Imidazoles in Methylglyoxal/Amine
Mixtures: Quantifying a Secondary Organic Aerosol Formation Mechanism, Environmental
Science and Technology Letters. 4 (2017) 234–239.
[17] X. Wang, S. Gao, X. Yang, H. Chen, J. Chen, G. Zhuang, J.D. Surratt, M.N. Chan, J.H. Seinfeld,
Evidence for High Molecular Weight Nitrogen-Containing Organic Salts in Urban Aerosols,
Environmental Science & Technology. 44 (2010) 4441–4446.
[18] M.K. Louie, J.S. Francisco, M. Verdicchio, S.J. Klippenstein, A. Sinha, Dimethylamine Addition
to Formaldehyde Catalyzed by a Single Water Molecule: A Facile Route for Atmospheric
Carbinolamine Formation and Potential Promoter of Aerosol Growth, Journal of Physical
Chemistry A. 120 (2016) 1358.
[19] H.B. Singh, D. O’Hara, D. Herlth, W. Sachse, D.R. Blake, J.D. Bradshaw, M. Kanakidou, P.J.
Crutzen, Acetone in the atmosphere: Distribution, sources, and sinks, Journal of Geophysical
Research. 99 (1994) 1805.
[20] V. Vaida, Perspective: Water cluster mediated atmospheric chemistry, Journal of Chemical
Physics. 135 (2011). doi:10.1063/1.3608919.
[21] B. Long, X.F. Tan, Z.W. Long, Y.B. Wang, D. Sen Ren, W.J. Zhang, Theoretical studies on
reactions of the stabilized H2COO with HO2 and the HO2, H2O complex, Journal of Physical
Chemistry A. 115 (2011) 6559–6567.
[22] B. Long, W. Zhang, X. Tan, Z. Long, Y. Wang, D. Ren, Theoretical Study on the Gas Phase
Reaction of Sulfuric Acid with Hydroxyl Radical in the Presence of Water, The Journal of
Physical Chemistry A. 115 (2011) 1350–1357.
[23] Y. Zhao, D.G. Truhlar, The M06 Suite of Density Functionals for Main Group Thermochemistry,
Thermochemical Kinetics, Noncovalent Interactions, Excited States, and Transition Elements:
Two New Functionals and Systematic Testing of Four M06 Functionals and Twelve Other
Functional, Theoretical Chemistry Accounts. 120 (2008) 215–241.
[24] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, G.
Scalmani, V. Barone, G.A. Petersson, 2016. H. Nakatsuji, X. Li, M. Caricato, A. Marenich, J.
Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J.
L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A.
Petrone, T. Hende, Gaussian 09, revision C.01., (2009).
[25] M.G. Evans, M. Polanyi, Some applications of the transition state method to the calculation of
reaction velocities, especially in solution, Transactions of the Faraday Society. 31 (1935) 875.
[26] D.G. Truhlar, B.C. Garrett, S.J. Klippenstein, Current Status of Transition-State Theory, The
Journal of Physical Chemistry. 100 (1996) 12771–12800.
[27] W.T. Duncan, R.L. Bell, T.N. Truong, TheRate: Program for ab initio direct dynamics
calculations of thermal and vibrational-state-selected rate constants, Journal of Computational
Chemistry. 19 (1998) 1039–1052.
[28] S.E. Zhang, T.N. Truong, VKLab,version 1.0, University of Utah: Salt Lake City, UT, 2001.
[29] A. Parandaman, C.B. Tangtartharakul, M. Kumar, J.S. Francisco, A. Sinha, A Computational
Study Investigating the Energetics and Kinetics of the HNCO + (CH3)2NH Reaction Catalyzed
by a Single Water Molecule, The Journal of Physical Chemistry A. 121 (2017) 8465–8473.

121

