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Abstract Theoretical investigations are carried out on reac-
tion mechanism of the reactions of CF;CH,NH, (TFEA)
with the OH radical by means of ab initio and DFT meth-
ods. The electronic structure information on the potential
energy surface for each reaction is obtained at MPWB1K/6-
31+G(d,p) level and energetic information is further refined
by calculating the energy of the species with a Gaussian-2
method, G2(MP2). The existence of transition states on the
corresponding potential energy surface is ascertained by
performing intrinsic reaction coordinate (IRC) calculation.
Our calculation indicates that the H abstraction from —NH,
group is the dominant reaction channel because of lower
energy barrier. The rate constants of the reaction calculated
using canonical transition state theory (CTST) utilizing the ab
initio data. The agreement between the theoretical and exper-
imental rate constants is good at the measured temperature.
From the comparison with CH;CH,NH,, it is shown that the
fluorine substution decreases the reactivity of the C-H bond.

Keywords Gas phase reactions - G2(MP2) - H abstraction
rate constants - IRC calculation - TFEA

Introduction

Amines are the well-known basic volatile organic com-

pounds identified in the atmosphere in both gas and partic-
ulate phases [1-4]. Gaseous amines can contribute to the

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-013-1762-7) contains supplementary material,
which is available to authorized users.

B. K. Mishra - A. K. Chakrabartty - R. C. Deka (<)
Department of Chemical Sciences, Tezpur University, Napaam,
Tezpur, Assam 784 028, India

e-mail: ramesh@tezu.ernet.in

formation of new particle and secondary organic aerosol by
either acid—base reactions with gas-phase acids like HNO3,
H,SO,4 etc. [5] or oxidation reactions with atmospheric
oxidants such as OH, NO; and Oz [6-9]. Amines have
attracted a great deal of attention in recent decades, as some
field observations [10] and quantum chemical calculations
[11, 12] suggested that secondary organic aerosol generated
from amines greatly impacts on climate, visibility and hu-
man health [13, 14]. Amines can be emitted directly into the
atmosphere by a variety of widespread biogenic and anthro-
pogenic sources including automobile exhaust [15], carbon
capture and storage [16, 17], animal husbandry [18], aquatic
sources [19] and waste incineration and sewage treatment
[20]. In the atmosphere, OH, Cl, and NOj3 radicals may
react with saturated aliphatic amines via hydrogen ab-
straction either from the carbon or the nitrogen position.
The hydrogen abstraction will result in the formation of an
alkyl or an alkylamino radical species that will promptly react
further to produce a wide range of closed shell products
like amides, nitrosamides, aldehydes, nitrosamines, nitr-
amines in both gas and aqueous phase which may contribute
significantly to increase the organic nitrogen fraction of
the atmospheric aerosol. Among the degradation prod-
ucts of amines, nitrosamines and nitramines have shown
potential carcinogenic activity in both gas and aqueous
phases. [16, 21]. It is therefore, important to establish
the roles of amines degradation product formation mecha-
nisms with atmospheric conditions. An understanding of the
atmospheric oxidation mechanism of amines has long been
cited as the most critical needed for further development of
reaction mechanisms for the urban and regional atmosphere.
Useful properties of compounds containing amines and their
negative impact on environment and human health have
motivated many studies on their oxidation process. The
dominant atmospheric fate of these species is reaction with
the OH radical.
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Table 1 Thermochemical data for the H abstraction reaction channels
of CF;CH,NH, calculated at MPWB1K/6-31+G(d,p) level of theory
keal mol™!

Reaction A H° A, G° AG* AS” cal
channels keal mol™! keal mol ™! keal mol™! mol ' K!
Reaction 1 —12.85 —14.24 9.74 —28.94
Reaction 2 -10.60 -11.92 10.07 -27.13

The reaction of OH radical with CF;CH,NH, is
thought to proceed via hydrogen atom abstracted from
either a -NH, group or-CH, group. So the two pri-
mary processes have been considered for the title
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reaction as given by Reactions (1-2) during the present
investigation.

CF3CH,NH, + OH — CF3CH,NH + H,0 (1)

CF3CH,NH, + OH — CF3;CHNH, + H,0 (2)

In this work we focus our attention on the following basic
issues:

i. The H abstraction reaction mechanism including OH
radical

ii. The features of potential energy surface at the high level
of theory including barrier height and thermochemical
data
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Fig. 1 Optimized geometries of reactants, products and transition states involved in the H abstraction reactions of CF;CH,NH, by OH radical using
MPWBI1K/6-31+G(d,p) method. The experimental values are given in parentheses
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Table 2 Unscaled vibrational frequencies of reactants, products and transition states at MPWB1K/6-31+G(d,p) level of theory and the experi-

mental values are shown in parenthesis

Species Vibrational frequencies (cm )

CF;CH,NH, 119, 221, 279, 385, 423, 540, 554, 666, 820, 889, 898, 1141, 1192, 1248, 1308, 1337, 1425, 1457, 1503, 1712, 3159, 3218, 3649,

3749
TSI
1604, 1700, 3134, 3230, 3640, 3937
TS2 636i, 57, 118, 150, 179, 224, 260, 401, 428, 516, 555, 562,
1540, 1690, 3222, 3693, 3814, 3887,
CF;CH,NH
CF;CHNH,
OH 3868 (3735)°
H,O 1637, 3975, 4101 (1595, 3657, 3756)*

1463i, 28, 100, 109, 185, 196, 358, 381, 460, 543, 561, 640, 737, 807, 873, 962, 1144, 1160, 1242, 1299, 1330, 1375, 1462, 1518,

668, 750, 862, 912, 1135, 1175, 1248, 1270, 1288, 1341, 1385, 1464,

92,212, 223, 423, 535, 558, 672, 861, 910, 1101, 1151, 1244, 1285, 1330, 1336, 1448, 1477, 3084, 3176, 3537
92, 235, 291, 407, 438, 532, 571, 591, 638, 677, 865, 1106, 1154, 1269, 1302, 1335, 1566, 1696, 3329, 3687, 3813

#From ref. 32

iii. The rate constants of each reaction channel.
iv. The effect of electron withdrawing group at the reac-
tivity of C-H bond.

Literature survey reveals that no theoretical study is
performed for this reaction yet. Thus, it is desirable to
perform theoretical study utilizing DFT method. In the
present study, we have theoretically investigated the
kinetics of hydrogen atom abstraction reactions of
CF;CH,NH, with OH radical. Canonical transition state
theory (CTST) is also utilized to predict the rate con-
stant of the title reaction on the basis of ab initio data
obtained during the present investigation.

Fig. 2 IRC plots for the
transition states TS1 and TS2
involved in CF;CH,NH, + OH
reactions at MPWB1K/631+G

Computational methods

Ab initio quantum mechanical calculations were performed
with the Gaussian 09 suite of program [22]. Geometry
optimization of the reactant, products and transition states
were made at the MPWBIK level of theory [23] using
6-31+G(d,p) basis set. The hybrid meta-density functional,
MPWBIK has been found to give excellent results for
thermochemistry and kinetics and is known to produce
reliable results [24, 25]. In order to determine the nature of
different stationary points on the potential energy surface,
vibrational frequencies calculations were performed using
the same level of theory at which the optimization was
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Table 3 Comparison of energies (Hartree) of reactants, transition
states and products obtained in IRC calculations performed at
MPWBI1K/6-31+G(d,p) level of theory with the individually optimized
values at MPWBI1K/6-31+G(d,p) level of theory

Species IRC MPWBI1K/6-31+G(d,p)
Reactants (CF;CH,NH,+ OH) —508.4804 —508.4811
TS1 —508.4750 —508.4750
Products (CF;CH,NH + H,O0) —508. 4946 —508.4998
Reactants (CF3;CH,NH,+ OH) —508.4785 —508.4811
TS2 —508.4756 —508.4756
Products (CF;CHNH,+ H,0) —508.5078 —508.5076

made. All the stationary points had been identified to corre-
spond to stable minima by ascertaining that all the vibrational
frequencies had real positive values. The transition states were
characterized by the presence of only one imaginary frequen-
cy (NIMAG=1). To ascertain that the identified transition
states connect reactant and products smoothly, intrinsic reac-
tion coordinate (IRC) calculations [26] were performed at the
MPWBI1K/6-31+G(d,p) level. As the reaction energy barriers
are very sensitive to the theoretical levels, the higher-order
correlation corrected relative energies along with the density
functional energies are necessary to obtain theoretically con-
sistent reaction energies. Therefore, a potentially high-level
method such as G2(MP2) has been used for single-point
energy calculations. The G2(MP2) [27] energy is calculated
in the following manner:

E[G2(MP2)] = Epyee + AE(MP2) + HLC + ZPE

where, Ep,se = E[QCISD(T)/6 — 311G(d, p)],
AE(MP2) = E[MP2/6 — 311 + G(3df,2p)] — E
[MP2/6 — 311G(d, p)], and
HLC (High Level Correction) = —0.00481ns — 0.0001
9n, (ny and ng are the number of o and 3 valence electrons
with ny > ng) and ZPE = zero-point energy.

In this method the geometry and frequency calculations
were performed at MPWB1K/6-31+G(d,p) level. The ZPE
thus obtained was corrected with a scale factor of 0.9537 to
partly eliminate systematic errors [23]. A quadratic CI cal-
culation including single and double substitutions with a
triples contribution to the energy has also been performed

using MPWBI1K/6-31+G(d,p) optimized geometries. This
dual level calculation (G2(MP2)/MPWBIK) is known to
produce reliable kinetic data.

Results and discussion

The detailed thermodynamic calculations performed at
MPWBI1K/6-31+G(d,p) level for reaction enthalpies, free
energies, free energies of activation and entropy of activa-
tion associated with reaction channels (1-2) are listed in
Table 1. The calculated free energy values as recorded in
Table 1 reveal that both reaction channels are exergonic
(AG<0) and thermodynamically facile at 298 K. The reac-
tion enthalpies value obtained from BHandHLYP calcula-
tions is found to be close to the MPWBI1K value and
amounts to —12.52 and —10.29 kcalmol ', respectively, for
reaction channels (1-2). The optimized geometries of reac-
tants, products and transition states along with structural
parameters obtained at MPWB1K/6-31+G(d,p) level are
shown in Fig. 1. It can be seen that the calculated bond
distances and angle for OH, and H,O at MPWBIK level
show good mutual agreement with the corresponding exper-
imental values [28, 29]. Transition states searched on the
potential energy surfaces of reactions (1-2) are character-
ized as TS1 and TS2, respectively. The search was made
along the minimum energy path on a relaxed potential
energy surface. We should mention here that reactants,
transition states and products are also optimized with
BHandHLYP/6-311++G(2d,2p) [30, 31] level to cross
check the MPWBIK structure. All the optimized geometries
and structural parameters for reactants, TSs and products at
BHandHLYP/6-311++G(2d,2p) are given in supporting in-
formation Fig. S1 and Table S1. The breaking N-H/C-H and
the forming O-H bond length obtained from the two meth-
ods were found to be close to each other. Therefore, the
structural parameters obtained from computationally
cheaper MPWB1K method were used for all energetic and
kinetic calculations. In the TS, the important structural
parameters that have to be observed are one of the bond
lengths of the leaving hydrogen and the newly formed bond
between H and O atoms in the OH radical. The TSI struc-
ture for H abstraction by OH radical as shown in Fig. 1

Table 4 Zero-point corrected

total energy for the reactants, Species QCISD(T)/6-311 G(d,p) AE G2(MP2) AE

products and transition states

along with the associated energy CF;CH,NH, + OH —507.6048545 0.00 —507.977131 0.00

barrier, AE (kcal mol ). All TSI -507.5985214 3.97 —507.9746774 1.53

other values are in hartree TS2 ~507.5961329 5.47 ~507.9732313 2.44
CF;CH,NH + H,0 ~507.6244531 -12.29 ~508.0042433 -17.01
CF;CHNH,+ H,0 ~507.6349939 -18.91 ~508.0170061 -25.02
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followed by visualization of the optimized geometry using
ChemCraft [32] reveals that the breaking bond N-H (N1-H4)
increases from 1.005 to 1.120 A (11 % increase) whereas the
newly formed H-O bond (H4-O1) is increased from 0.953 to
1.291 A resulting in an increase of about 35 %. The fact that
the elongation of the forming bond is larger than that of the
breaking bond indicates that the barrier of the reaction is near
the corresponding reactants. This means the reaction will
proceed via early transition state structure which is in conso-
nance with Hammond’s postulate [33] applied to an exother-
mic hydrogen abstraction reaction. While for the H abstraction
from —CH, group (TS2), the elongation of the breaking C-H
bond (C2-H1) is found to be 1.086 to 1.171 A resulting in an
increase of about 8 %. The forming H-O bond (H1-O1) is
elongated by 0.953 to 1.411 A (48 %) with respect to the
equilibrium bond length in an isolated molecule H,O. The
elongation of the forming bond is greater than that of the
breaking bond indicating that the TS is reactant like, i.e., the
reaction will proceed via early TS.

Results obtained during frequency calculations for
reactants, products and transition states involved in reac-
tions (1-2) at MPWBI1K and BHandHLYP levels of theory
are recorded in Table 2 and Table S1 of Supporting informa-
tion. These results show that the reactants and products have
stable minima on their potential energy surface characterized
by the occurrence of only real positive vibrational frequencies
while transition states, TS1 and TS2 are characterized by the
occurrence of only one imaginary frequency at 1463 and
636 cm™ ', respectively at MPWBI1K whereas at BHandHLYP
respective values are 1999 and 1465 cm ™. For the species of
products, the calculated frequencies are in good agreement
with the experimental values [34]. Their good agreements
confirm the accuracy and reliability of the calculated rate
constants. These vibrational frequencies are analyzed using
ChemCraft visualization program [32]. Visualization of the
imaginary frequency gives a qualitative confirmation of the
existence of transition states connecting reactants and prod-
ucts. For the two H abstraction reactions, TS1 possesses a
larger absolute value of the imaginary frequency, 14631, which
indicates that the width of the potential barrier might be
narrower and the tunneling effect may be more important in
the calculation of the rate constant. Intrinsic reaction path
calculations (IRC) [26] have also been performed for each
transition state at the same level of theory using the Gonzalez-
Schlegel steepest descent path in the mass-weighted Cartesian
coordinates with a step size of 0.01 (amu'’*- bohr). The IRC
plots for TS1 and TS2 shown in Fig. 2 reveal that the transition
state structures smoothly connect the reactant and the product
sides. The energies of reactants, transition states and products
obtained in the IRC calculations performed at MPWBI1K/6-
31+G(d,p) level of theory are given in Table 3 and they are in
excellent agreement with the individually optimized values at
MPWBI1K/6-31+G(d,p) level of theory.

Single point energy calculations of various species in-
volved in the two H abstraction reactions (1-2) were
performed at Meller-Plesset perturbation theory (MP2)
using standard and extended basis sets. Calculated total
energies are corrected for zero-point energy with a scale
factor of 0.9537 [23] obtained at MPWBI1K/6-31+G(d,p).
Zero-point corrected total energies for various species and
transition states involved in the title reactions calculated at
QCISD(T) and G2(MP2) are recorded in Table 4. The associ-
ated energy barrier corresponding to reactions (1-2) are also
recorded in Table 4. To ascertain the accuracy of the G2
(MP2)//MPWBIK calculated barrier heights for H- abstrac-
tion from the —-NH, and —CH, groups of TFEA, we have also
calculated barrier heights at CCSD(T)/6-311++G
(2d,2p)//BHandHLYP/6-311++G(2d,2p) level. The calculated
total energies for reactants, transition states and products along
with barrier heights are recorded in Table S3 in Supporting
information. Our CCSD(T) calculated barrier heights for —
NH, and —CH, sites amount to 3.00 and 4.80 kcalmolfl,
respectively. Thus, it seems that the CCSD(T) calculated
barrier heights are almost 1.4 kcalmol ' higher than the
values calculated at G2(MP2) level. Moreover, the CCSD(T)
calculated barrier heights for reaction channels (1-2) are
slightly lower that the values calculated at QCISD(T)/
6-311G(d,p) level. However, our calculated barrier heights at
CCSD(T) level for H-abstraction from —NH, and —CH, sites
for TFEA are higher than the values for corresponding sites
for CH;CH,NH, (ethylamine) reported by Galano and Idaboy
[35] at same level of theory.

A schematic potential energy surface of the CF;CH,NH, +
OH reactions obtained at the G2(MP2)/MPWBI1K/6-31+G
(d,p) level is plotted in Fig. 3. In the construction of energy
diagram, zero-point corrected total energies as recorded in

TS2
244(5.47)"
TSI %
153 (397). -
0.00 2
CF,CH,NH, + OH

Energy + ZPE (kcal/mol)

" . CF.CHNH+HO
7.01 (-12.29)

*.CF,CHNH, + H,0
-25.02 (-18.91)

Fig. 3 Schematic potential energy diagram of the title reaction at G2
(MP2)//MPWBI1K/6-31+G(d,p). The values in parentheses are calculated
at QCISD(T)/6-311G(d,p) level. All energy values are in kcalmol '

@ Springer



2194

J Mol Model (2013) 19:2189-2195

Table 3 are utilized. These energies are plotted with respect to
the ground state energy of CF;CH,NH, + OH arbitrarily taken
as zero. The values in parentheses shown in Fig. 3 are ZPE
corrected values obtained at MPWBI1K/6-31+G(d,p) level.
The barrier height for H abstraction from —NH, group is
considerably lower than that from —CH, group and the dom-
inance of the H abstraction from —NH, group in the degrada-
tion of the TFEA in the atmosphere is thus envisioned. It is
seen that the barrier heights of the H- abstraction from —CH,
group in CF3CH,NH, by OH radical at three levels are higher
than those of the H- abstraction from the corresponding site in
CH5CH,NH, [35]. This indicates that the fluorine atom sub-
stitution for hydrogen atom on carbon atom reduces the reac-
tivity of C-H toward H abstraction. It is in line with the earlier
conclusion from the reactions of OH with CF;CH,OCHF,
/CH3CH,OCHj; [36] and CH3;0CH;/ CF3;0CH; [37]. Spin
contamination is not important for the CF;CH,NH, because
< §? > is found to be 0.76 at MPWBI1K/6-31+G(d,p) before
annihilation that is only slightly larger than the expected value
of<S§?>=0.75 for doublets.

Rate constants

The rate constant for reactions (1-2) is calculated using
canonical transition state theory (CTST) [38] that involves
a semi-classical one-dimensional multiplicative tunneling
correction factor given by the following expression:

kT 0%,  —AE
W 0x “PRT (3)

k=0ol(T)

where o is the symmetry number, I'(T) is the tunneling
correction factor at temperature T. QITS and Qg are the total
partition functions for the transition states and reactants,
respectively. AE, kg and h are the barrier height including
ZPE, Boltzmann’s and Planck’s constants, respectively. The
partition functions for the respective transition states and
reactants at 298 K are obtained from the vibrational frequen-
cy calculation made at MPWB1K/6-31+G(d,p) level. In the
calculation of electronic partition function, the excited state
of the OH radical is included, with a 140 cm™" splitting due
to spin-orbit coupling. Barrier heights were estimated from
the energy difference including ZPE between TSs and reac-
tants. Calculation for the tunneling correction factor I'(T)
was made using the expression of Wigner [39] as given by
the following expression:

I(T) =1+ % (11(%)2 (4)

where v* is the imaginary frequency at the saddle point. The
tunneling correction factor I'(T) is found to be 3.08 and 1.39
for TS1 and TS2, respectively. The partition functions for
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the respective transition state and reactants at 298 K are
obtained from the vibrational frequencies calculation made
at MPWBI1K/6-31+G(d,p) level.

The rate constants for H atom abstraction reactions from —
NH, and —CH, groups as given by reactions (1-2) are calcu-
lated to be 1.107x107"? and 2.32x 10" *cm® molecule 's ' at
298 K and 1 atm, respectively. The overall rate constant
corresponding to CF;CH,NH,+OH can be calculated as the
sum of the rate coefficients of each channel. The calculated
overall rate constant (1.13x 10 "?cm® molecule 's ') at 298 K
is in very good agreement with the available experimental
value of (0.9+0.3)x 10" ?cm® molecule 's ™" reported by Koch
et al. [40]. However, our calculated rate constant for reaction
(2) is lower than the rate constant for the corresponding site for
CH;CH,NH, + OH reaction reported by Galano and Idaboy
[35]. This is in line with the fact that the substitution of H atoms
by F atoms lowers the reactivity of C-H bond.

Conclusions

The potential energy surface and reaction kinetics of the H
abstraction reaction systems of CF;CH,NH, + OH [reactions
(1-2)] are investigated at G2(MP2)/MPWBI1K/6-31+G(d,p)
level of theory. The barrier heights for this pathway are calcu-
lated to be 1.53 and 2.44 kcalmol ', respectively at G2(MP2)
level. The rate constant of the H abstraction reaction calculated
by canonical transition state theory with Wigner’s tunneling
correction is consistent with the available experimental values.
Our calculated results reveal that the H abstraction reaction
from —NH, group is a more important degradation channel for
CF;CH,NH, in atmosphere. Substitution of H atoms in
CH;CH,NH, by fluorine atoms reduces the reactivity of the
C-H bond and as a result, the rate constants for H abstraction
reaction from —CH, group in CF;CH,NH, + OH become
smaller than that of CH;CH,NH, + OH reaction.
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