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      The self-reaction mechanism of the HCO radicals is investigated using high-level quantum-chemical methods including M05-2X, 
CCSD, CCSD(T) and CRCC(2,3). Next, the rate coefficients for several product channels as a function of pressure and temperature are 
computed by employing statistical rate theories. Four important product channels are predicted to be CO + CO + H2, HCOH + OH, cis-
(HCO)2 and trans-(CHO)2. It is found that the bimolecular rate coefficients for the formation of cis-(HCO)2 and trans-(CHO)2 are strongly 
pressure-dependent. The rate coefficients for the product channels CO + CO + H2 and HCOH + OH are predicted to be slightly pressure-
dependent. At lower pressures and higher temperatures, the products CO + CO + H2 and HCOH + OH are dominant, while at higher 
pressures and lower temperatures, cis-(HCO)2 and trans-(CHO)2 formation becomes important. 
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INTRODUCTION 
 
       Formyl radical (HCO) has received considerable 
experimental and theoretical studies because of its 
importance in combustion chemistry of hydrocarbons [1-9]. 
HCO radicals are produced in the middle of the oxidation 
pathway of hydrocarbons [1]. The C-H bond dissociation 
energy in HCO is relatively low (about 58.3 kJ mol-1) [2] so 
that it rapidly dissociates to H + CO or undergoes 
bimolecular reactions with other radical species produced 
during the combustion process. As a consequence, many 
studies are devoted to characterize the molecular properties 
of HCO radical [3-6] and its unimolecular decomposition 
reaction [7,8]. The bimolecular reactions of HCO radical 
with radicals such as H, NO and NO2 have also been 
investigated [9].  
      One important process in the degradation of HCO 
radicals in combustion reaction is the self-reaction of HCO 
radicals. To date, many experimental studies are reported in 
the literature on the kinetics of the HCO + HCO reaction, 
and CO + CO + H2, CH2O + CO and (HCO)2 are introduced  
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as the main product channels of the reaction [4,10-19]. A 
synopsis of the reported data on the kinetics of the title 
reaction is given in Table 1. It should be mentioned that 
some research groups have reported CH2O + CO [4,11-14] 
as the main product while CO + CO + H2 [10] and (HCO)2 
[10,15] are determined as the main product channels by 
some other researchers. The overall rate coefficients are 
reported from some laboratories [16-19].     
     In the present research, the mechanism and kinetics of 
HCO + HCO reaction is investigated theoretically. High-
level quantum chemical methods are used to search various 
possible product channels. Next, well-tested statistical rate 
methods are employed to compute the rate coefficients for 
the formation of different products. The pressure and 
temperature dependency of the rate coefficients of various 
product channels are also studied and discussed.  
 
COMPUTATIONAL DETAILS  
 
       First, the hybrid meta DFT method M05-2X along 
MG3S basis set [20,21] is used to locate kinetically 
important structures involved in the HCO + HCO reaction. 
Starting  from  the  latter optimized structures, the  obtained  
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geometries are re-optimized by the more sophisticated 
CCSD/Aug-cc-pVDZ method [22,23]. Higher levels of 
theory is employed to have more accurate estimations of 
energies including CCSD(T) and CR-CC(2,3) methods 
[24,25]. CR-CC(2,3) is a completely re-normalized (CR) 
coupled cluster (CC) method in which the effects of      
triply (T) and other higher-than-doubly excited clusters are 
added  to  the  CCSD  method  so that the full configuration- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
interaction energies are recovered. It is demonstrated that 
CR-CC(2,3) energies are practically as accurate as multi-
reference configuration interaction method (MRCI) [26] and 
the full CC approach with singles, doubles, and triples in the 
bond-breaking region [24,25]. Augh-cc-pVTZ+2df and 
Aug-cc-pVQZ basis sets [23] are used along with   
CCSD(T) method, and Aug-cc-pVTZ basis set is used along 
with  CR-CC(2,3)  method.  M052-X,  CCSD and CCSD(T)  

 Table 1. The  Rate  Coefficients for Different Product Channels of the Title 
                                  Reaction Reported by Various Laboratoriesa 
 

T 

(K) 

A  

(cm3 molecule-1 s-1) 

Ref.b 

HCO + HCO → CO + CO + H2   

303-376 3.63 × 10-11 Quee 1968 [10] 

 

HCO + HCO → CH2O + CO   

298 6.31 × 10-11 Reilly 1978 [4] 

300 3.0 × 10-11 Sarkisov 1984 [12] 

298-475 3.35 × 10-11 Veyret 1984 [13] 

295 7.5 × 10-11 Baggot 1986 [14] 

 

HCO + HCO → (HCO)2   

303-376 2.76 × 10-13 Quee 1968 [10] 

298 5.0 × 10-11 Stoeckel 1985 [15] 

 

HCO + HCO → Products   

298 3.0 × 10-11 Nadtochenko 1979 [16] 

298 2.32 × 10-11 Hochanadel 1980 [17] 

298 3.57 × 10-11 Mulenko 1980 [18] 

296 4.48 × 10-11 Temps 1984 [19] 
                              aThe activation energy is reported to be zero by all available experimental 
                    measurements.  bThe   values  in  the  parentheses  are  the  corresponding  
                    reference numbers. 
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calculations are carried out with the Gaussian 09 package of 
programs [27]. GAMESS package of programs is employed 
for computing CR-CC(2,3) calculations [28-30].    
      In the following section we will show how the 
chemically-activated intermediates cis- and trans-(CHO)2 
are formed through the C-C bond formation. This 
intermediates decompose to yield products. The rate 
constants for the formation of the adducts cis- and trans-
(CHO)2 and the products originating from their 
decomposition as a function of pressure and temperature, is 
evaluated by implementing a master equation (ME) 
formalism [31,32]. There are a complete description of the 
ME method in the references 31 and 32. Here, only a very 
brief statement of the method is presented. When a 
chemically-activated intermediate is appeared during a 
bimolecular reaction as: 
 

       
The rate of variation in the population density of the 
activated adduct with energy Ei, is given by the following 
equation: 
   
      )()()( ' tnkktnnPV

dt
dn

i
j

iiijiji
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where ni is the population density of the adduct, ω is the 
frequency of molecular collision, Pij is the probability for 
energy transfer from j to i, ki, and '

ik  are the microcanonical 

rate coefficients for unimolecular decomposition reaction of 
the intermediate to reactants and products, respectively. The 
rate constant for the formation of products is given by 
                                                                                             
      i

i
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The rate constant for the formation of the adduct is  
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The microcanonical rate coefficients,  appeared  in  the  Eqs. 
 

 
 
 (1) to (3), are computed according to the RRKM theory,  
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where L is the statistical factor, h is Plank’s constant, 
W(E+

vr) is the sum of active vibrational and rotational states 
for the transition state, ρ(E) is the density of active quantum 
states for reactant, Q1

+ and Q1 are the partition functions for 
the adiabatic rotations in the transition state and reactant. As 
stated, the C-C bonds are formed during the formation of 
cis-(CHO)2 and trans-(CHO)2 which are barrierless 
processes. In order to evaluate the energy-specific rate 
coefficients of the latter processes, the more sophisticated 
version of RRKM, variable reaction coordinate transition 
state theory (VRC-TST) is employed [33-38]. In VRC-TST, 
sum of quantum states of transition state is computed 
according to the following convolution integral, 
   
        '

0
)()'()(

E
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where NV(E' - ) is the number of states of the conserved 
modes which have an energy equal to or less than E' - , and 
E' is the accessible energy; i.e., E minus the zero point 
corrected potential energy minimum at a determined value 
of reaction coordinate. ()d is the number of states 
corresponding to the transitional modes at the given E lying 
in (, + d). NV and  are computed by the direct-count 
method and Mont Carlo procedures, respectively. In order 
to compute , the potential for the interactions of separating 
moieties is considered as the sum of a bonding potential for 
the bond breaking and the sum of 6-12 Lennard-Jones 
potential terms for remaining inter-fragment interactions 
[37]. The Variflex code, developed by Klippenstein et al., is 
used to carry out the VRC-TST calculations [38]. In the 
next section we will how the unimolecular rate coefficients 
for the anti-HCOH → CH2O isomerization process is 
computed using SCTST approach [39-41]. In SCTST, the 
sum of quantum states in Eq. (4), is replaced with the 
concept of cumulative reaction probabilities, CRP, defined 
according to the following equation: 
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here Pn is the semiclassical tunneling probability for nth 
vibrational quantum state. For a given vibrational state with 
energy of E, Pn is given by the following equation:  
 
      

)],(2exp[1
1)(

En
EPn 

                                                (7) 

 
In this equation, θ(n,T) is the barrier penetration integral. 
Considering vibrations of transition state as coupled 
anharmonic oscillators, θ(n,T) is computed by a Monte 
Carlo algorithm [41-42]. SCTST calculations are carried out 
with MultiWell-2016 Software [44]. 
 
RESULTS AND DISCUSSION 
  
      Based on the theoretical results obtained in the present 
research work and the data obtained from experimental 
studies reported by different laboratories, the mechanism of 
HCO + HCO reaction can be represented by the following 
scheme: 
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    The optimized structures of the molecular species 
involved in the self-reaction of CHO radical are 
demonstrated in Fig. 1. The minimum energy path 
connecting two minima on the PES are followed by the 
intrinsic reaction coordinate (IRC) calculations [45]. The 
moments of inertia, vibrational frequencies and z-matrices 
of the reactant, intermediates and transition states are given 
as Supporting Information. 
      In the following, a brief description of the mechanism of 
the title reaction is presented. The energies are those 
obtained by the CCSD(T)/Aug-cc-pVQZ method. HCO 
radicals could undergo an association reaction via a C-C 
bond to form trans- or cis-(HCO)2 intermediates. Here, 
these chemically-activated intermediates are called trans-
(CHO)2 and cis-(CHO)2. The energies of trans-(CHO)2 and 
cis-(CHO)2 relative to the reactants are -295.1 kJ mol-1 and   
-276.7 kJ mol-1,  respectively.  Cis-(CHO)2  is formed due to  

 
 
the stabilization of the chemically-activated cis-(CHO)2 by 
collisions to bath-gas molecules. The chemically-activated 
cis-(CHO)2 can also undergo a unimolecular decomposition 
reaction to form CO + CO + H2 (R1) via passing over       
the saddle-point structure TS1. A barrier height of 234.9     
kJ mol-1 should be surmounted by cis-(CHO)2 in the latter 
process. CO + CO + H2 is computed to be -308.6 kJ mol-1 

more stable than the reactants (HCO + HCO). Trans-
(CHO)2 could decompose via the four-membered ring TS2 
to yield anti-HOCO + CO (R2). The barrier height for trans-
(CHO)2 → anti-HOCO + CO is calculated to be 251.6       
kJ mol-1. Anti-HOCO + CO is -83.1 kJ mol-1 more stable 
than the HCO + HCO. The chemically activated adduct of 
trans-(CHO)2 may also undergo a unimolecular 
decomposition via transition state TS3 to give CH2O + CO 
(R3). The barrier height for the trans-(CHO)2 → CH2O + 
CO is 316.7 kJ mol-1 and the relative energy of CH2O + CO 
is -303.8 kJ mol-1.  The potential energy profile of the title 
reaction is depicted in Fig. 2. 
      Syn-HCOH + CO and CH2O + CO may also be formed 
from the HCO radicals via two direct hydrogen abstraction 
reactions. HCO radicals react via a six-membered ring 
transition state (TS4) to form syn-HCOH + CO, see Fig. 1. 
An activation energy of 2.2 kJ mol-1 is obtained for the latter 
process. A hydrogen atom shift occurs from one HCO 
radical to carbon atom of another HCO via transition-state 
TS5 to form CH2O + CO. The activation energy for passing 
through TS5 is 28.1 kJ mol-1. The relative energies 
calculated by different levels of theory are given in Table 2.  
      A ME formalism is used to compute the rate constants 
for the production of cis-(CHO)2, trans-(CHO)2, CO + CO + 
H2, syn-HCOH + CO, anti-HCOH + CO and CH2O + CO. 
As mentioned in the previous section, the association 
processes of the formation of intermediates cis-(CHO)2 and 
trans-(CHO)2 are barrierless processes. In order to compute 
the energy-specific rate coefficients of these association 
processes, the VRC-TST approach is used [33-38]. The 
vibrational wave numbers and principal moments of inertia 
for HCO, intermediates and transition-states are provided in 
Table 1S in Supplemental Information. 
      Figure 3 demonstrates the pressure-dependency of the 
predicted bimolecular rate coefficients for the production   
of cis-(CHO)2 at several temperatures. As seen, the rate 
coefficients  increase  as  pressure   is   elevated  because  of 
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Fig. 1. The geometries of reactant, intermediates, transition states and products arising from the reaction HCO + HCO,  
            computed at the ccsd/aug-cc-pVDZ level of theory. 
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Fig. 2. Relative energies of the stationary points located on the singlet ground-state potential energy surface of the  

             HCO + HCO reaction. 
 
 
                           Table 2. The relative energies of the  intermediates,  transition  states and products 
                                          involved in the HCO + HCO reaction in kJ mol-1 
 

 CCSD(T)/BS1 CCSD(T)/BS2 CRCC(2,3)/BS3 

Reactants (2HCO) 0 0 0 

cis-(CHO)2 -276.1 -276.7 -261.3 

trans-(CHO)2 -294.5 -295.1 -279.1 

TS1 -41.4 -41.8 -33.2 

TS2 -42.3 -43.5 -32.8 

TS3 24.9 21.6 38.1 

TS4 1.3 2.2 11.1 

TS5 23.8 28.1 41.4 

CO + CO + H2 (P1) -307.4 -308.6 -309.7 

anti-HCOH + CO (P2) -81.7 -83.1 -84.6 

CH2O + CO (P3&P5) -301.6 -303.8 -298.8 

syn-HCOH + CO (P4) -63.23 -64.7 -66.4 
                           *BS1 = Augh-cc-pVTZ+2df. BS2 = Aug-cc-pVQZ. BS3 = Aug-cc-pVTZ. 
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Fig. 3. The computed bimolecular rate constants for the formation of cis-(HCO)2 at some selected temperatures  

                in the range of 200-1000 K as a function of pressure. 
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Fig. 4. The computed bimolecular rate constants for the formation of CO + CO + H2 at some selected temperatures  

             in the range of 200-1000 K as a function of pressure. 
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increasing the number of molecular collisions with increase 
of pressure. More collisions cause more deactivation. The 
rate coefficients are predicted to decrease with temperature 
elevation. There are two important reasons for the decrease 
of the rate coefficients. The main reason is that the 
microcanonical rate coefficients for the association entrance 
channel HCO + HCO decrease as the molecular energies 
increase. This is a well-known fact that the position of the 
bottle-neck of the association processes move to shorter 
inter-fragment distances with increase of molecular 
energies. The second reason is that the chemically-activated 
cis-(CHO)2, formed from the association process HCO + 
HCO, dissociates faster at higher energies. Here, the barrier 
height for dissociation of cis-(CHO)2 to CO + CO + H2 is 
lower than that for its dissociation back to reactants. 
Therefore, it is predicted that cis-(CHO)2 will dissociates 
dominantly to CO + CO + H2. 
     Figure 4 shows the pressure-dependency of the predicted 
bimolecular rate coefficients for the product channel CO + 
CO + H2 at several temperatures. The rate constants are 
predicted to be pressure-independent at temperatures higher 
than about 400 K. At lower temperatures, the computed rate 
coefficients slightly decline with pressure increase. 
Inspection of the absolute values of the rate coefficients 
presented in Figs. 3 and 4 reveals that once the activated 
adduct of cis-(CHO)2 is formed, it dissociates more rapidly 
to CO + CO + H2 than it is deactivated by molecular 
collisions. The calculated rate constants as a function of 
temperature at some selected pressures for the formation of 
CO + CO + H2 are also demonstrated in Fig. 5. The 
available experimental data reported in the literature are 
also given for the purpose of comparison. To date, there is 
only one report on the product channel CO + CO + H2. As 
seen, it seems that the present calculations slightly 
overestimates the rate coefficients in comparison with this 
single experimental data.  However, if the absolute values of 
the computed rate coefficients are considered carefully, it is 
understood that there is a good agreement between the 
present theoretical results and experimental data.  
      The computed rate constants for the formation of cis-
(CHO)2 along with those for CO + CO + H2 are provided in 
Fig. 1S in  Supporting Information for the purpose of 
comparison. These theoretical results show that CO + CO + 
H2  is  the  dominant  product  channel  at low pressures and  

 
 
higher temperatures. As abovementioned, the reason is that 
the deactivation of the chemically-activated adduct of cis-
(CHO)2 becomes significant as pressure increases. For 
example, at 200 K, the product channel CO + CO + H2 is 
dominant at pressures below about 10 Torr while at 600 K, 
the product channel CO + CO + H2 becomes dominant at 
pressures below about 1000 Torr.  
      As shown by the PES of the HCO + HCO reaction, two 
products originating from trans-(CHO)2 are anti-HOCO + 
CO and CH2O + CO. Figure 6 demonstrates the predicted 
pressure-dependency of the rate coefficients for the product 
channel trans-(CHO)2 at some selected temperatures. 
Essentially, similar results as for the formation of cis-
(CHO)2 are obtained. The computed rate constants at 
several temperatures for the product channel anti-HOCO + 
CO as a function of pressure are shown Fig. 7. The 
computed rate constants are slightly pressure dependent at 
low temperatures. It is found that the rate coefficients 
computed for the product CH2O + CO originated from 
trans-(CHO)2 is much smaller than those for anti-HOCO + 
CO. The rate coefficients computed for the production of 
CH2O + CO are found to be pressure-independent and are 
fitted to the rate constants expression k3 = 6.76 × 10-7 exp(-
5.92 kJ mol-1/RT) cm3 molecule-1 s-1.     
      It is worth mentioning here that in all experimental 
measurements, the rate coefficients for the formation of 
CH2O + CO (not anti-HCOH + CO) are reported. The PES 
of the reaction shows that the product channel anti-HCOH + 
CO (with relative energy of -83.1 kJ mol-1) is relatively 
exothermic process. The question raised is to what extent 
the isomerization process anti-HCOH → CH2O occurs in 
the reaction condition of the present study. In order to 
address this latter question, the microcanonical 
unimolecular rate coefficients for the anti-HCOH → CH2O 
process are computed by using SCTST. The computed 
barrier height of anti-HCOH → CH2O reaction at the 
CCSD(T)/Aug-cc-pVQZ level is 127.6 kJ mol-1. The 
computed values of the rate coefficients at some selected 
energies are given in Supplemental Information. The 
unimolecular rate constant at the energy of 83.0 kJ mol-1 

(the minimum energy released according to the PES during 
the formation anti-HCOH + CO) is computed to be about    
4 × 106 s-1. It should be mentioned here that the reaction 
would  not  occur  according   to  the  RRKM  theory  if  the  
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Fig. 5. The computed thermal rate coefficients for the product channels CO + CO + H2 at some selected pressures  
           as a  function of  temperature. The  single experimental data reported by Quee and Thynne  (Ref. [10]) are  

              given for the purpose of comparison. 
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Fig. 6. The computed bimolecular rate constants for the formation of trans-(HCO)2 at some selected temperatures in  
            the range of 200-1000 K as a function of pressure. 
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Fig. 7. The computed bimolecular rate constants for the formation of HOCO + CO at some selected temperatures in  

               the range of 200-1000 K as a function of pressure. 
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Fig. 8. The computed thermal rate coefficients for the product channels HOCO + CO at some selected pressures as a  

              function of temperature. The available experimental data are given for the purpose of comparison. 
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tunneling effect is neglected. The latter isomerization 
reaction occurs at energy of 83.0 kJ mol-1 only due to the 
tunnel effect. The computed value at 127.6 kJ mol-1 (barrier 
height of anti-HCOH → CH2O reaction) is computed to be 
5 × 1010 s-1. The values of the deactivation rate coefficients 
are of the order of 108-1010 s-1 over the pressure range 10- 
1000 Torr. This values show that once the energized anti-
HCOH is formed, it undergoes a deactivation process at 
moderate pressures and temperatures before isomerization 
to CH2O occurs.  
      Figure 8 shows the temperature-dependency of the rate 
coefficients for the formation of anti-HOCO + CO at several 
pressures. For the purpose of comparison, the reported 
experimental data for the rate constants of CH2O + CO 
production are also given in Fig. 8. It can be seen that the 
theoretically predicted rate constants for the production of 
anti-HCOH + OH are in accordance with the experimental 
data. The results presented in Fig. 8 along with the 
computed microcanonical rate coefficients for the anti-
HCOH → CH2O process convince us what is formed during 
the reaction path R2 is anti-HCOH. The rate coefficients 
computed for the production of trans-(CHO)2 and anti-
HOCO + CO are demonstrated in one figure (Fig. 2S) in 
Supplemental Information. The results show that at low 
pressures and higher temperatures, anti-HOCO + CO is 
dominantly produced. The reason is similar to that presented 
for the reaction path proceeding through cis-(CHO)2. Here, 
due to the relatively low barrier of the trans-(CHO)2 → anti-
HOCO + CO process, the activated adduct of trans-(CHO)2 
dissociates rapidly to anti-HOCO + CO before it is 
deactivated by molecular collisions.    
      As aforementioned, the reaction HCO + HCO may 
proceed via a six-membered ring saddle-point structure 
(TS4) leading to syn-HCOH + OH. The product CH2O + 
CO could also be formed directly via TS5. The barrier 
heights of the latter processes are 2.2 and 28.1 kJ mol-1, 
respectively. The rate constants of the latter reaction 
channels are calculated by CTST. The theoretically predicted 
rate constants are fitted to the expressions k4 = 5.0 × 10-22 

(T2.85) exp(800/T) and k5 = 2 × 10-25 (T4.14) exp(-1641/T), 
respectively. It should be mentioned that the rates of the 
latter reaction paths are much slower than those for the 
formation of cis-(CHO)2, trans-(CHO)2 and anti-HCOH + 
OH. It is concluded from the above results that the  product  

 
 
CO + CO + H2 and anti-HCOH + OH, respectively, 
originating from cis-(CHO)2 and trans-(CHO)2 are the most 
important products of the HCO + HCO reaction. The 
present calculations suggest that the molecules appearing in 
experiments with molecular formula CH2O is dominantly 
anti-HCOH not formaldehyde. It is noteworthy to mention 
that all the experimental data reported to date are based on 
the measurements of transient ultraviolet absorption 
spectrum for HCO radicals. The present theoretical 
investigation encourages further experimental studies on the 
title reaction.         
 
CONCLUSIONS 
 
     The mechanism of the self-reaction of HCO is 
investigated by the high-level quantum-chemical 
calculations. Next, the bimolecular rate constants for the 
formation of important products are computed by statistical 
rate theories. The important results obtained on the 
mechanism and kinetics of HCO + HCO reaction can be 
concluded as follows: (1) the main products of the title 
reaction are predicted to be CO + CO + H2, HCOH + CO, 
cis-(HCO)2 and trans-(CHO)2,. (2) As expected, the 
bimolecular rate constants for the formation of cis-(HCO)2 
and trans-(CHO)2 are strongly pressure dependent while the 
rate constants for the product channels CO + CO + H2 and 
anti-HCOH + OH are slightly pressure dependent. (3) At 
low pressures and elevated temperatures, the formation of 
CO + CO + H2 and anti-HCOH + OH are the dominant 
product channels. The present calculations reveal that 
formaldehyde molecules are not formed majorly and the 
anti-HCOH is the dominant product.   
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