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Abstract: The degradation reaction mechanism of c-C5H9O has been investigated theoretically by a detailed 

potential energy surface calculation at the B3LYP/6–311G(d,p) and MC–QCISD (single-point) levels of theory. 

Starting from the reactant, the most favorable pathway is the β-C-C bond dissociation to form intermediate b 

(CH2)4CHO. The second competitive pathway are the 1,3-H-shift leading to product P1 c-C5H8OH, which can 

further dissociate to give P3 c-C5H8 + OH and C-H bond cleavage to form P2 c-C5H8O + H. While the 

formation of the products P4 - P9 derived from intermediate b are less competitive than products P1 – P3. Our 

calculations show that the intermediates and transition states involved in the above product channels all lie 

above the reactants, the c-C5H9O degradation reaction is expected to be unrapid, as is confirmed by 

experiment. So we can try to control the pressure and the temperature to gain our ends. The present results may 

be helpful for understanding the mechanism and can assist in experiments to identify the products of the title 

reaction.  

Keywords: Theoretical study; PESs; DFT; Reaction mechanism; Rate constants 

----------------------------------------------------------------------------------------------------------------------------- ---------- 

Date of Submission: 27-05-2019                                     Date of acceptance: 11-06-2019 

---------------------------------------------------------------------------------------------------------------------- ----------------- 

 

I. Introduction 
Radical–radical cross-combination reactions constitute an integral part of the overall mechanisms of 

oxidation hydrocarbons [1,2]. A variety of anthropogenic sources can release the cycloalkanes into the 

atmosphere [3,4]. The oxidation of them leads to the formation of secondary pollutants (e.g., ozone, aldehydes, 

ketones, aerosols), and thus contributes to the degradation of air quality in and around urban regions. There are a 

lot of laboratory investigations and theoretical mechanisms of the cycloalkoxy which have been carried out 

[5-14]. Alkoxy radicals normally cleave to give a ketone (or aldehyde) and the most stable possible alkyl radical 

[15]. 

The kinetic study has been performed on the diradical reaction c-C5H9 with O. This reaction can easily 

form free radical C5H9O. Oxygenated radicals, such as phenoxy (C6H5–O_) play a large role in biological and 

environmental processes as transient species.1 Substituted or metal-complexed phenoxy radicals are commonly 

encountered in larger biomolecules such as microperoxidase and galactooxidase2 – important compounds in 

biocatalysis.3 In addition, phenoxy moieties are common linkages in lignin macromolecules, which can be 

cracked by fast-pyrolysis techniques to yield more valuable fine chemicals and fuels.4–9 In the former study, 

there are some experimental rate constants of this reaction [17-21]. In the experiment, for the C5H9O reaction, 

the direct abstraction (C5H8 + OH) were found. The decomposition products of the chemically activated 

intermediate could be identified, and the relative products branching fractions were obtained [22]. A number of 

studies on thermal cyclopentoxy radical reactions are published. A few theoretical work has been done to 

calculate some of the reaction energies et al [23-26]. So, a thorough theoretical study of this reaction is therefore 

desirable to give a deep insight into the degradation reaction mechanism. The main objectives of the present 

article are to: (1) provide the elaborated degradation channels on the C5H9O potential energy surface (PES), (2) 

investigate the possible products of the title reaction to assist in further experiment identification, and (3) give a 

deep insight into the degradation mechanism of C5H9O reaction. 

 

Computational methods 

All calculations are carried out using the GAUSSIAN 03 program package [27]. All structures of the 

stationary points including reactants, intermediates, transition states, and products are calculated using the 

hybrid density functional B3LYP [28,29] method (the Becke’s three parameter hybrid functional with the 
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nonlocal correlation functional of Lee–Yang–Parr) with 6-311G(d,p) basis set [30-33]. To confirm whether the 

transition state connects the right reactants and products, the minimum energy path (MEP) is calculated by 

intrinsic reaction coordinate (IRC) theory with a gradient step size of 0.05(amu)
1/2 

bohr at the B3LYP level. To 

obtain more reliable energetic data, higher-level single-point energy calculations are performed at the 

multi-coefficient correlation method based on quadratic configuration interaction with single and double 

excitations (MC-QCISD) [34] by using the B3LYP/6–311G(d,p) optimized geometries. Unless otherwise 

specified, the B3LYP geometries and MC-QCISD single-point energies with inclusion of scaled B3LYP 

zero-point energies (ZPE) (simplified as MC-QCISD//B3LYP) are used in the following discussions. 

 

II. Results And Discussion 
The optimized structures of important stationary points as well as the corresponding experimental data 

[35-38] are depicted in Fig. 1. Note that the calculated geometries are in good agreement with experimental 

results with the largest deviation less than 5 at the B3LYP/6–311G(d,p) level. For our discussion easier, the 

energy of reactants R is set to be zero for reference. To clarify the reaction mechanism, the relevant pathways of 

PES for c-C5H9O reaction are depicted in Fig. 2. 

 

1. Dissociation pathways 

As shown in Figure 2, the ringlike reactant R c-C5H9O may prefer undergoing1,3-H-shift from contiguous 

C atom to O atom via TSRP1 (19.2 kcal/mol), and form product P1 c-C5H8OH (-8.1 kcal/mol). A barrier of 19.2 

kcal/mol is needed for conversion from R → P1. As shown in Figure 1, the transition state TSRP1 has a loose 

CCOH four-membered ring structure, in which the distance of O-H is surprisingly long as 1.266 Å, while the 

C-H bond that will be broken is 1.354 Å. Alternatively, the reactant R also can occur the C-H bond rupture 

leading to P2 c-C5H8O + H (9.7 kcal/mol) via TSRP2 (17.9 kcal/mol) with the barrier height 17.9 kcal/mol. The 

migrating hydrogen is 1.762 Å away from the origin (C atom). In addition, the primary product P1 can further 

dissociate to give P3 c-C5H8 + OH (21.3 kcal/mol) via the direct C-O single bond rupture. These processes can 

be described as: 

Path 1 : R → P1 c-C5H8OH → P3 c-C5H8 + OH 

Path 2 : R → P2 c-C5H8O + H 

Now, we turn our attention to the other dissociation channels of reactant R. As shown in Figure 2, the 

cleavage of C-C bond of R may proceed to weakly bound intermediate b (0.4 kcal/mol) via transition state 

TSRb (9.6 kcal/mol) with the barrier of 9.6 kcal/mol. As seen in Figure 1, the TSRb can occur the C-C bond 

rupture, in which the breaking C-C bond length is 2.090 Å. The vibration mode of the imaginary frequency of 

TSRb corresponds to C-C bond stretch vibrations. Starting from the intermediate b, three kinds of pathways are 

identified: (i) the ring-closure can form the four-membered ring intermediate f HCO-cCH2CH2CH2CH2 (34.0 

kcal/mol); (ii) it occurs the H-extrusion directly to form P4 C5H8O + H (33.6 kcal/mol); (iii) we find the 

cleavage of the C-C bond leading to the end-C2H4-extrusion to form the chainlike intermediate c 

C2H4-CH2CH2CHO (21.3 kcal/mol). As shown in Figure 2, this three kinds of pathways forming f, P4, and c all 

have the transition states, that is, TSbf (56.7 kcal/mol), TSbP4 (36.1 kcal/mol), and TSbc (28.7 kcal/mol), 

higher in energy than the intermediate b (0.4 kcal/mol), while lower in energy than the reactant R. So, pathway 

(i)-(iii) are all feasible pathways in thermodynamics. However, the process of pathway (ii) is completed by 

one-step starting from intermediate b, it is more simple than other two channels, we assume that pathway (ii) is 

favorable channel in kinetics in above three pathways. 

Starting from the low-lying intermediate c C2H4-CH2CH2CHO (21.3 kcal/mol), there are several 

transform pathways, which can be generally divided into three kinds: (i) C-C rupture can form intermediate d 

HCO-CH2CH2 (35.2 kcal/mol), and then direct give product P6 HCO + CH2CH2 (36.0 kcal/mol); (ii) 

H-extrusion may be give product P5 C3H4O +H (51.2 kcal/mol); (iii) 1,3-H-shift can form ringlike intermediate 

e (14.8 kcal/mol) along with the C-C rupture to form P7 CH3CH2 + CO (16.0 kcal/mol). As seen in Figure 2, the 

transition states TScd (44.6 kcal/mol), TScP5 (55.3 kcal/mol), TSce (55.9 kcal/mol), and TSeP7 (22.4 kcal/mol) 

are found in these three channels. Pathway (i) and (ii) are competitive each other, because the transition state 

TScd (44.6 kcal/mol) lie 0.6 kcal/mol lower than TScP5 (55.3 kcal/mol), while the product P6 HCO + CH2CH2 

(36.0 kcal/mol) can discharge more energies than P5 C3H4O +H (51.2 kcal/mol). We can seen that the energy of 

P7 CH3CH2 + CO (16.0 kcal/mol) is the lowest among the three products. The process of pathway (iii) is more 

complex than other two channels. So pathway (iii) is much less competitive with pathways (i) and (ii) in these 

three channels from intermediate c. 

The intermediate f HCO-cCH2CH2CH2CH2 (34.0 kcal/mol) occur 1,2-H-shift from ring to HCO to 

form intermediate g H2CO-cCHCH2CH2CH2 (35.4 kcal/mol) via transition state TSfg (40.2 kcal/mol). 

Subsequently, there are two kinds of transform pathways from intermediate g: (i) the C-C bond can rupture 

along with C-C addition to form three-membered product P8 C4H7 (39.3 kcal/mol) via transition state TSgP8 

(76.8 kcal/mol); (ii) ring- unclosure lead to intermediate h (31.5 kcal/mol) via TSgh (61.0 kcal/mol), 
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cooperating with H-extrusion to form P9 C4H6 + H (54.3 kcal/mol) via TShP9 (61.0 kcal/mol). Obviously, the 

barrier height of TSgP8 higher than that of TSgh and TShP9, channel (ii) is more favorable in kinetics. However, 

P9 gives out more energies than P8, channel (i) is feasible in thermodynamics. 

These processes can be writen as: 

Path3 : R → b → P4 C5H8O + H 

Path4 : R → b → c → P5 C3H4O +H + C2H4 

Path5 : R → b → c → d → P6 HCO + 2C2H4 

Path6 : R → b → c → e → P7 CH3CH2 + CO + C2H4 

Path7 : R → b → f → g → P8 C4H7 +H2CO 

Path8 : R → b → f → g → h → P9 C4H6 + H + H2CO 

 

As shown in Figure 2, in terms of adiabatic potential energy, all the transition states and intermediates in Path 

1- Path 8 lie above the reactants R. As a result, Path 1- Path 8 are unfavorable at normal temperature. If we 

want to degradate the reaction, we should try to control the pressure and the temperature. 

2. Reaction mechanism and experimental implications 

In the previous sections, we obtained eight important reaction channels (Path 1-8) that are all 

thermodynamically and kinetically accessible for the PES of c-C5H9O degradation reaction. There are three 

possible degradation reaction pathways from reactant R. First, R can directly dissociate to low-lying product P1 

c-C5H8OH (-8.1 kcal/mol) through the 1,3-H-shift, and then dissociate to give the secondary product P3 c-C5H8 

+ OH (21.3 kcal/mol) via the direct C-O single bond rupture. Second, H-extrusion is occurred to form the 

product P2 c-C5H8O + H. Third, starting from R, it may proceed to weakly bound intermediate b (0.4 kcal/mol) 

via C-C bond rupture transition state TSRb (9.6 kcal/mol) with the barrier of 9.6 kcal/mol. Isomer b also can 

dissociate to other products like P4 – P9 by several steps, which play an important role in organic chemistry and 

combustion process. As shown in Figure 2, there are three reaction pathways leading to these isomers, i.e., R → 

P1 → P3, R → P2, and R → b. As discussed in section 2.1, the latter reaction pathway cannot compete with R 

→ P1 → P3 and R → P2. Although R → b, the conversion transition state TSRb lies 9.6 and 8.3 kcal/mol lower 

than TSRP1 in R → P1 → P3 and TSRP2 in R → P2, there exit several processes to form other products. 

Consequently, reflected in the final product distribution, we may predict that P1, P2, and P3 are the feasible 

product and the other products P4 – P9 can compete with P1 – P3. 

Our result is in good agreement with kinetic study result by Karlheinz Hoyermann et al., they proposed 

that c-C5H8O reaction occurs (i) 1,2 hydrogen shift to form cyclopentanone; (ii) 1,2 ring cleavage forming a 

noncyclic diradical, which may lead by a 1,3 hydrogen shift to 4-pentenal, or by a C-C fission to acrolein and 

ethene (a direct concerted formation is also possible), and by ring contraction to cyclobutylcarboxaldehyde, 

respectively. The observed products are c-C5H8, c-C5H8O, CH2CH(CH2)2CHO, C2H4, C3H4O, 4-pentenal, OH, 

and H, while the major one is c-C5H8. Yet, on the basis of our present calculations, we think this reaction 

proceeds through a multistep process of association, isomerization, and dissociation as described by Path 1. 

Because all the isomers and transition states involved in this pathway lie above the reactants R, the c-C5H9O 

degradation reaction may be not fast. This is confirmed by Karlheinz Hoyermann et al.’ experiment.[22] In 

addition, several other potential products are searched. Therefore, further kinetic investigations are still required 

for the unobserved low-lying products CH3CH2, HCO, CO, and CH3-cC3H4, and to deeply understand the 

mechanism of the title reaction. 

 

III. Conclusions 
The detailed potential energy surface of the degradation reaction c-C5H9O has been characterized at the 

B3LYP and MC-QCISD (single-point) levels. The mechanism can generally be summarized as isomerization 

and dissociation processes. (1) Starting from R, two primary products P1 c-C5H8OH and P2 c-C5H8O + H, one 

secondary product P3 c-C5H8 + OH, and six lesser products P4 – P9 should be observed, in which P1 is the more 

favorable product at high pressure, while at low pressure, P3 may be more competitive, while P2 is more 

competitive than P1 and P3. P4- P9 are the less feasible products. Our results agree well with the experimental 

observation for the title reaction. (2) Since all the involved intermediates and transition states in the unfeasible 

pathways Path 1- 9 are higher than the reactants R in the energy, the c-C5H9O degradation reaction is expected 

to be not fast, which is consistent with the experimental measurement. If we want to degradate the title reaction, 

we should try to control the pressure and the temperature. Thus the title reaction may play an important part in 

atmospheric chemistry. The present theoretical studies may provide useful information on the degradation 

reaction mechanism for future experiments and is expected to be helpful for understanding the combustion 

chemistry. 
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Figure Caption 

Figure 1: The B3LYP/6-311G(d,p) optimized geometries of reactants, products, complexes, and transition 

states for c-C5H9O reaction. Bond distances are in angstroms and angles are in degrees. The 

values obtained with the B3LYP/6-311G(d,p) method and the experimental values are also given 

in square brackets. (
 a

Values from ref.
35

, 
b
Values from ref.

36
,
 c

Values from ref.
37

, 
d
Values from 

ref.
38

) 

Figure 2: Schematic potential energy surface of the reaction channels for the c-C5H9O reaction at the 

MC-QCISD//B3LYP/6-311G(d,p) + ZPE level. Erel are the relative energies (kcal/mol). 
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