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Abstract

In recent pasts, HFE-7100 finds its industrial applications like cleaning electronic equipment, secondary refrigerant 
and carrier fluids for lubricant. Detailed theoretical investigations have been carried out on the mechanism,  
kinetics and thermochemistry of the gas-phase reactions between CF3CF2CF2CF2OCH3 (HFE-7100) and HO2 and NH2 

radicals using DFT-based M06-2X/6-311++G(d,p) level of theory. Two important H abstraction channels have been 
identified and one transition state has been located for each reaction channel. The pre-reactive and post-reactive 
complexes are validated at entrance and exit channels, respectively. The potential energy surface of the HFE-7100 
with HO2 and NH2 radicals has been investigated using DFT method. The rate constants of the two reactions are 
computed over  the  temperature  range of  250–450 K  for  the  first  time.  Our  results  suggest  that  hydrogen  
abstraction by NH2 radical is likely the dominant route for the atmospheric oxidation of HFE-7100 under reaction 
conditions.
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1. Introduction

It  is  well  known fact  that  hydrofluoroethers (HFEs)  are designed and widely recommended as a third 
generation  replacement  for  chlorofluorocarbons  (CFCs),  hydrofluorocarbon  (HFC)  and 
hydrochlorofluorocarbon (HCFC) in industrial applications [1-2].  C4F9OCH3 (HFE-7100), C4F9OC2H5 (HFE-7200) 
and C7F15OC2H5 (HFE-7500) are classified as Segregated hydrofluoroethers i.e. ethers with fluorocarbon on 
one  side  of  the  oxygen atom and hydrocarbon on  the  other.  C4F9OCH3 (methoxynonafluorobutane)  is 
commercially available as trade name of HFE-7100 and finds its industrial applications like cleaning electronic 
equipment, secondary refrigerant and carrier fluids for lubricant. Due to its lower global warming potential 
HFE-7100 has been proposed to replace FC-72 (C6F14) [3]. They are also being used as fluorous solvents for the 
chemical processing of organic electronic materials [4]. By employing relative rate technique Wallington et al. 
[5] reported a rate constant of 1.2×10-14 cm3 molecule-1 s-1 at 295 K for reaction of HFE-7100 with OH radicals. 
Subsequently, Cavalli et al.[6] performed another experimental study and reported a significantly lower rate 
constant value of (7.2 ± 1.6) ×10-15 cm3 molecule-1 s-1 at 295±3 K.  Bravo et al.[7]  experimentally studied the 
temperature dependence of n-  C4F9OCH3 +  OH reaction over the temperature range of  288-368 K and 
reported the value of  (1.49 ±  0.13)   10 -14 cm3 molecule-1 s-1.  Wallington  et  al.[5]  and Aranda  et  al.[8] 
experimentally measured studied Cl-initated hydrogen abstraction of HFE-7100 and reported a rate constant 
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values as k(Cl + n-C4F9OCH3) = (9.7±1.4) 10-13 and  k(Cl + n-C4F9OCH3) = (1.43 ± 0.28) 10-13 cm3 molecule-1 s-1 at 
298 K, respectively. Recently, Mishra et al. [9] reported the rate constant for the atmospheric reaction of n-
C4F9OCH3 with OH and Cl radicals and also explored the fate of alkoxy radicals using DFT method.

To the best of our knowledge, the mechanism and kinetics of the reaction between HFE-7100 and HO2 & NH2 

radicals  have not yet  been investigated both theoretically  and experimentally.  Due to the lack of  rate 
constant,  the  reaction of  HFE-7100 with  HO2 &  NH2 radicals  should  be  researched fully  and carefully. 
Therefore, the PES characterizing the HFE-7100 +HO2/ NH2 reaction has been theoretically figured out in the 
present work. In present work, we have studied the mechanism and kinetics of H-abstraction reaction from 
HFE-7100 with HO2 and NH2 radicals using DFT methods. Our calculations suggest that only one reaction 
channel is feasible for n-C4F9OCH3 + HO2/NH2 reactions as given below. 

    n- C4F9OCH3 + HO2 n- C4F9OCH2   + H2O 2 (1)

   n- C4F9OCH3 + NH2 n- C4F9OCH2 + NH3 (2)

2. Computational methods 

All electronic structure computations were carried out using the Gaussian 09 software package [10].  Density 
functional  theory  (DFT)  calculations  were  performed  employing  the  M06-2X  hybrid  functional  [11]  in 
conjunction with the 6-311++G(d,p)  basis  set.  The M06-2X functional  is  well  recognized for its  reliable 
performance in predicting thermochemical properties and reaction kinetics and has demonstrated good 
agreement with experimental and theoretical results in numerous prior studies [12-17]. Harmonic vibrational 
frequency analyses were conducted at the same level of theory to characterize the nature of the optimized 
stationary points and to obtain zero-point energy corrections. These calculations confirmed that stable 
species correspond to true minima with no imaginary frequencies, whereas each transition state exhibits a  
single  imaginary  frequency  associated  with  the  reaction coordinate.  Intrinsic  reaction coordinate  (IRC) 
calculations [18] were further performed to ensure that each transition state properly connects the relevant 
reactant and product minima. Using the optimized geometries obtained at the M06-2X/6-311++G(d,p) level, 
more accurate single-point energy calculations were subsequently carried out and the resulting energies 
were used to evaluate the relative energy differences (ΔE) among all stationary points.

3. Results and discussion

At the M06-2X/6-311++G(d,p) level, the calculated thermodynamic data for the species has been recorded in 
Table  1.  The  reaction  enthalpies  (ΔrH°)  and  free  energies  (ΔrG°)  at  298  K  for  loss  processes  (12)  are 
documented in Table 1. These thermodynamic functions were determined with thermal corrections to the 
energy at 298 K. The calculated ΔrH° and ΔrG° values at 298 K indicate that reaction channel 2 is more 
thermodynamically viable. Because ΔrH°

298< 0, the results also show that reaction channel 2 is exothermic in 
nature.

  The reaction channels (1 2) proceed with pre-reactive complexes (RC1 and RC2) in the entrance channel for 
while for the exit channel product complexes, referred as PC1 and PC2 were also obtained before the 
formation of final products. The electronic structure of the optimized geometry of the reactants, products, 
reaction complexes, product complexes and transition states obtained at the M06-2X/6-311++G(d,p) level 
are shown in Fig. 1. Hydrogen abstraction by HO2 radical corresponding to reaction channel (1), visualization 
of the electronic structure of optimized geometry of TS1 revealed that the breaking CH (C2 H14) bond length 
is elongated from 1.090 to 1.370 Å  along with shrinkage of CO  bond  from 1.437 to 1.395 Å. Similarly, for  
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transition state TS2 corresponding to reaction channel 2, the length of the breaking CH bond (C2 H14) is found 
to be elongated by 17.79% than the observed CH bond length in isolated HFE-7100 molecule whereas the CO 
(C2 O3) bond is shortened to 1.416 to 1.437 Å than the CO bond length in isolated HFE-7100 molecule. Table 2 
presents the results of the harmonic vibrational frequency calculation at the M06-2X/6-311++G(d,p) level. 
Each transition state has one imaginary frequency due to its first order saddle point character, while the  
analysis of the harmonic vibrational frequency of minima including reactants, reactant complexes (RCs),  
product complexes (PCs), and products revealed no imaginary frequency (NIMAG=0). The C2–H14 and O19–
H14 stretching modes are represented by the imaginary frequency of TS1 for reaction channel (1), which is  
1792 cm1. This also shows a considerable curvature in the potential energy surface (PES) surrounding the  
transition state. The imaginary frequency for transition state corresponding to the hydrogen abstraction by 
NH2 radical is found to be 1849 cm1,  which corresponds to the stretching modes for hydrogen transfer 
reaction C2–H14 and N19–H14. 

The representation of the normal-mode corresponding to the calculated imaginary frequencies shows a clear 
transition state geometry connecting reactants and products during transition. To further ascertain whether 
a transition state exists on the potential energy surface, the intrinsic reaction coordinate (IRC) calculation [18] 
is performed at the same theoretical level using the Gonzalez-Schlegel steepest descent path in the mass-
weighted Cartesian coordinates with a step size of 0.01(amu1/2 -Bohr). Additional proof that the transition 
state truly connects the intended reactant and product along the corresponding potential energy surface is  
given by the results of IRC calculations, which are shown in Fig. 2. Table 3 summarizes the energy of each 
optimized geometry obtained during present study, at M06-2X/6-311++G(d,p), level of theory. In order to  
compute zero-point energy (ZPE) for stationary points, we have performed frequency calculation at the M06-
2X/6-311++G(d,p) level of theory. Zero-point energy (ZPE) thus obtained were corrected with a scale factor of 
0.967 [19] and the total energies of each species were calculated on potential energy surface. Fig. 3 shows a  
schematic potential energy profile of HFE-7100 reactivity with the HO2 and NH2 radicals using zero-point 
energy (ZPE) corrections. The ground state energy of HFE-7100 + HO2/NH2, which includes ZPE, is plotted 
against these energies, with zero being used randomly. For TS1 and TS2 the energy barrier determined at the 
M06-2X/6-311++G(d,p) level is 19.41 and 9.18 kcal mol1, respectively. From these results, it can be emphasize 
that the hydrogen abstraction by NH2 radical is more facile than the hydrogen abstraction by HO2 radical. 

3.1. Kinetics calculation

The conventional transition state theory (CTST) [20] and Eckart's tunneling correction [21] were used to  
calculate the rate coefficient values for various reaction channels spanning the 250–450 K temperature range 
using the following formula.  

k=(T )
kBT

h

Q‡
TS

QR

exp
−ΔE
RT

(3 )

The  represents symmetry factor whereas tunneling correction factor at temperature T is represented by the 
symbol (T). The total partition functions (per unit volume) for the reactants and transition states are denoted 
by QR and ,, respectively. R stands for the universal gas constant, kB for the Boltzmann constant, h for Planck's 
constant, and E for the barrier height incorporating zero point energy correction. The value of symmetry  
factor for reaction channels (12) has been taken as 3. The obtained rate coefficients in the temperature range 
of 250 – 450 K for reaction pathways (1–2) are recorded in Table 4. At 298 K, our calculated rate constant for 
TS1 and TS2 were found to be 4.09×1029   and 1.79×1018  cm3 molecule1 s1 respectively at M06-2X/6-311+
+G(d,p) level of theory. The results in this study are very important to understand the mechanism and kinetics 
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of the atmospheric reactions of HFE-7100 with other species such as NH2, CH3, etc. They will help researchers 
in working with various experiments related to this species in the future.

4. Conclusions

The mechanism and kinetics, as well as thermodynamics of the atmospheric reaction of HFE-7100 with HO2 & 
NH2 radicals have been investigated based on the quantum chemical theory. The DFT method in conjunction 
with the basic set 6-311++G(d,p) has been employed to optimize for the species related in this reaction, such 
as reactants, intermediate states, transition states, and products. Single-point energies for all species on the 
potential  energy  surface  has  been calculated  using  M06-2X/6-311++G(d,p)  level.  The  reaction channel 
follows an indirect path through the formation of pre- and post- reaction complexes on the potential energy 
surface. The thermal rate constant for the H atom abstraction of HFE-7100 by HO2 and NH2 radical is found to 
be  4.09×1029 and 1.79×1018 cm3 molecule1 s1 at 298 K. Our results suggest that hydrogen abstraction by NH2 

radical is likely the dominant route for the atmospheric oxidation of HFE-7100 under reaction conditions. 
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Table1 Thermochemical data for reaction channels (12) calculated at M06-2X/6-311++G(d,p) level of theory. All values  
are in kcal mol-1.

Reaction channels ΔrH° ΔrG°

Reaction 1 15.16 14.73
Reaction 2 6.00 6.02

Table 2 Harmonic vibrational frequencies of reactants, transition states and products at M06-2X/6-311++G(d,p) level of 
theory.

Species Vibrational Frequencies (cm-1)

HFE-7100 45, 55, 68, 75, 113, 159, 167, 216, 224, 245, 251, 295, 330, 338, 341, 366, 392, 428, 516, 543, 557, 597, 611, 
632, 707, 754, 802, 895, 1058, 1143, 1170, 1189, 1190, 1206, 1242, 1257, 1275, 1285, 1297, 1349, 1373, 1435, 
1495, 1508, 1516, 3078, 3164, 3197

TS1 1792i, 34, 43, 62, 78, 87, 109, 133, 136, 169, 215, 230, 242, 249, 282, 294, 331, 341, 352, 368, 391, 403, 441, 
510, 522, 542, 558, 597, 605, 610, 634, 707, 754, 801, 899, 1083, 1102, 1112, 1158, 1187, 1191, 1204, 1208, 
1240, 1268, 1274, 1295, 1298, 1353, 1363, 1433, 1441, 1481, 1559, 3121, 3239, 3801

TS2 1849i, 28, 45, 53, 68, 98, 116, 149, 155, 172, 216, 226, 249, 254, 297, 330, 337, 341, 366, 368, 394, 431, 515, 
542, 556, 579, 600, 611, 634, 707, 751, 780, 798, 835, 903, 1072, 1136, 1150, 1174, 1191, 1211, 1243, 1260, 
1274, 1292, 1298, 1348, 1371, 1413, 1434, 1469, 1489, 1559, 3117, 3223, 3428, 3525

RC1 26, 41, 53, 63, 69, 80, 112, 148, 160, 170, 200, 213, 221, 237, 250, 264, 296, 330, 339, 348, 368, 392, 430, 472, 
519, 543, 561, 599, 613, 632, 708, 754, 806, 892, 1042, 1146, 1190, 1191, 1197, 1207, 1238, 1256, 1274, 1280, 
1283, 1296, 1352, 1364, 1432, 1488, 1504, 1507, 1517, 3097, 3189, 3225, 3616

RC2 33, 38, 68, 69, 72, 106, 132, 155, 168, 171, 199, 222, 228, 249, 251, 295, 300, 330, 337, 344, 366, 3963, 413, 
430, 517, 542, 556, 597, 609, 633, 706, 754, 801, 893, 1049, 1141, 1164, 1188, 1190, 1204, 1236, 1257,1273, 
1289, 1297, 1349, 1373, 1434, 1491, 1503, 1514, 1540, 3075, 3169, 3194, 3412, 3505, 

PC1 31, 45, 65, 72, 79, 94, 112, 117, 134, 143, 172, 210, 221, 231, 249, 255, 285, 295, 332, 342, 355, 369, 394, 429, 
502, 523, 544, 558, 576, 605, 612, 633, 707, 756, 801, 901, 1035, 1105, 1159, 1185, 1193, 1201, 1239, 1250, 
1277, 1278, 1297, 1353, 1365, 1381, 1432, 1476, 1479, 3190, 3353, 3821, 3840

PC2 19, 39, 45, 63, 70, 101, 112, 125, 144, 177, 195, 216, 233, 248, 255, 269, 294, 321, 332, 340, 351, 368, 394, 430, 
515, 543, 550, 595, 611, 631, 638, 707, 755, 802, 903, 1073, 1102, 1171, 1188, 1194, 1199, 1240, 1260, 1272, 
1289, 1297, 1352, 1368, 1432, 1469, 1665, 1669, 3195, 3359, 3510, 3634, 3642

H2O2 417, 1037, 1344, 1499, 3859, 3861
HO2 1257, 1460, 3708
CF3CF2CF2C
F2OCH2 (P)

44, 56, 69, 103, 115, 167, 204, 218, 224, 244, 251, 295, 331, 338, 349, 366, 393, 429, 515, 543, 556, 584, 603, 
611, 633, 707, 755, 800, 901, 1110, 1169, 1185, 1193, 1201, 1245, 1259, 1277, 1286, 1299, 1350, 1370, 1435, 
1481, 3181, 3334

NH2 1503, 3404, 3499
NH3 1029, 1671, 1672, 3526, 3660, 3661

Table 3  Relative energies (in  kcal  mol1)  with zero-point  energy correction for  the reactants,  reaction complexes, 
transition states, product complexes and products at M06-2X/6-311++G(d,p)  level of theory.

Table 4: Rate constants  of  different reaction channels  and overall  rate constant  (in  cm3  molecule1  s1)  within the 
temperature range of 250450 K at M06-2X/6-311++G(d,p) level of theory.

Rate constant 250 K 298.15 K 300 K 350 K 400 K 450 K
k1 9.13×1032 4.09× 1029 4.98× 1029 4.08× 1027 1.55× 1025 2.35× 1024

k2 9.81×1019 1.79×1018 1.83×1018 4.50×1018 1.14×1017 2.69×1017

https://doi.org/10.64823/ijpcs.2601006 Page 127

Species M06-2X/6-311++G(d,p)
HFE-7100 +  HO2/NH2 0
RC1 6.27

RC2 3.67

TS1 19.41
TS2 9.18
PC1 10.66
PC2 9.04

P + H2O2 15.00
P + NH3 6.03
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Fig. 1: Optimized geometry of reactants, reaction complexes, transition states, product complexes and products 
obtained at M06-2X/6-311++G(d,p) level of theory. Bond lengths are in angstroms.
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Fig. 2: IRC plots performed for transition states TS1 and TS2 obtained at M06-2X/6-31!++G(d,p) level of theory.

Fig. 3: Potential energy diagram for the reaction of HFE-7100 with HO2 and NH2 radicals at M06-2X/6-311++G(d,p) 
level of theory.
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