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      In this theoretical research, the mechanism of the C2H + C2H2 reaction is studied by high-level quantum-chemical methods, and kinetics 
of the reaction is investigated by statistical rate theories. High-level electronic structure calculation methods including M06-2X, CCSD(T), 
CBS-Q and G4 methods are employed to explore the doublet potential energy surface of the reaction and compute the molecular properties 
necessary for carrying out the statistical rate theory calculations. After locating stationary points of the reaction, steady-state approximation 
to the chemically-activated intermediates along with some statistical manipulations are applied to derive some practical integral equations 
for the rate constants of formation of all possible products of the reaction. Unimolecular rate constants are computed by RRKM theory. 
VRC-TST is used to compute the sum of quantum states for internal degrees of freedom of loose transition states. The present calculations 
reveal that the product HCCCCH + H (P8) is the dominant product over the whole pressure and temperature range considered in the present 
study. Nonetheless, at low temperatures and high pressures other intermediate products especially HCC(H)CCH and H2CCCCH become 
significant. The overall computed rate constants are nearly constant over the temperature range 100-500 K and slightly increase at higher 
temperatures. 
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INTRODUCTION 
 
      The kinetics and mechanism of the reaction between 
ethynyl radical (C2H) and acetylene (C2H2) have received 
considerable scrutiny due to its importance in combustion 
[1-8] and interstellar chemistry [9-11]. In hydrocarbon 
flames, the C2H + C2H2 reaction is thought to be a key 
reaction for the subsequent formation of polyacetylenes 
(C2nH2), polycyclic aromatic hydrocarbons and soot [1-8]. 
In the initial stages of soot formation in hydrocarbon flames, 
more than 50% of the primary fuel is believed to pass via 
the formation of diacetylene (C4H2), the main product of the 
C2H + C2H2 reaction [2,7]. The title reaction is an important 
neutral-neutral condensation process in interstellar space 
and planetary atmospheres leading to form more complex 
species [9-10]. 
 
*Corresponding author. E-mail: vahidsaheb@mail.uk.ac.ir 

 
     To date, many researchers have used different apparatus 
to measure the pressure and temperature dependence of the 
kinetic parameters of the C2H + C2H2 reaction [9-24]. A 
synopsis of these measured kinetic parameters are provided 
in Table 1. Although a temperature-independent value of 
about 1.5 × 10-10 cm3 molecule-1 s-1 is determined by most of 
the research groups at temperatures around 298 K, higher 
values are reported by early measurements. The     
HCCCCH + H is known as the major product of the 
reaction. However, there are discordant data on the 
temperature dependence of the rate constants at lower and 
higher temperatures. There are reports in the literature on 
positive [15], and negative [21] and no temperature 
dependence [17] of the rate coefficients. In addition, no 
experimental and theoretical studies have been performed 
on the significance of other possible product channels of the 
title reaction.   
      There are two theoretical reports in the literature  on  the 
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title reaction [9]. Herbst and Woon have used a simple 
approach for computing the rate coefficient for the 
formation of HCCCCH + H. They have employed the 
phase-space approach on the base of a long-range potential 
which is assumed to be the sum of dispersion and induction 
terms. Ceursters et al. [24] have also investigated the PES of 
the C2H + C2H2 reaction. They have optimized the 
structures of the stationary points at the B3LYP/6-
311++G(d,p) level of theory and performed single-point 
calculations at the CCSD(T)/6-311++G(d,p) level. In this 
research, statistical rate theories are employed to compute 
the rate constants for all possible reaction channels. First, 
the potential energy surface (PES) of the C2H + C2H2 
reaction is explored to compute the structures and energies 
of the stationary points of the reaction. Next, transition state 
theory (TST) and RRKM statistical rate theories are used to 
compute the rate coefficients for different product channels 
at different temperatures and pressures. The obtained results  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
are compared with the available experimental and 
theoretical data.    
 
COMPUTATIONAL DETAILS 
 
Electronic-Structure Calculations 
      In the present research work, some well-tested electronic 
structure calculation methods are employed to optimize 
geometries and evaluate the energies of the stationary points 
on the PES of the title reaction. The geometries of the 
minimum energy structures and saddle points are fully 
optimized by the M06-2X hybrid meta density functional 
theory (HMDFT) method [25] along with the MG3S basis 
set [26]. The performance of the M06-2X method, 
developed by Truhlar and coworkers, is illustrated for 
representative databases containing energetic data, bond 
lengths, vibrational frequencies and vibrational zero point 
energies  [25].  More   accurate   energies   are   obtained  by  

                     Table 1. The   Arrhenius  Parameters  (k =ATne-Ea/RT)   for   the  Title Reaction  
                                    Reported by Various Laboratories 
 

T 

(K) 

A  

(cm3 molecule-1 s-1) 

n Ea  

(kJ mol-1) 

Ref.a 

100-1500 4.63 × 10-12 0.56 0.624 Present work 

295-800 1.3 × 10-10   Ceursters 2000 [24] 

143-359 2.44 × 10-11 1.8 -3.941 Opansky 1996 [22] 

295-448 1.3 × 10-10   van Look 1995 [21] 

170-350 1.1 × 10-10  -0.23 Pedersen 1993 [20] 

295-854 1.6 × 10-10   Farhat 1993 [19] 

298-2177 1.50 × 10-10   Koshi 1992 [18] 

296-1475 3.02 × 10-10  1.95 Shin 1991 [15] 

298 1.51 × 10-10   Stephens 1987 [16] 

298 3.10 × 10-11   Laufer 1979 [13] 

320 4.98 × 10-11   Lange 1975 [12] 
                                  aThe values in the parentheses are the corresponding reference numbers. 
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single-point energy calculations at the unrestricted coupled 
cluster method with single, double and noniterative triple 
excitations UCCSD(T) [27] in combination with  the 
standard AugH-cc-pVTZ+2df basis set [28]. In the latter 
basis set, the augmented correlation-consistent polarized 
triple-ζ basis set Aug-cc-pVTZ [29] is extended by adding 
high exponent d- and f-type basis functions so that inner-
shell correlation effects are more correctly described. All 
electrons are included in the correlation calculations. In 
addition, spin-restricted open-shell calculations at the 
ROCCSD(T)/AugH-cc-pVTZ+2df are also carried out 
which are discussed in the next sections. 
      Additional single-point calculations are carried out by 
the high-level combination methods CBS-Q [30] and G4 
[31] on the optimized geometries at the M06-2X/MG3S 
level of theory for the purpose of comparison. In CBS-Q 
and G4 methods, energy is usually calculated as a 
combination of single-point calculations on the geometries 
optimized at the B3LYP level. However, it is proved that 
B3LYP method is not a suitable method for geometry 
optimization of transition states [32]. All of the quantum 
chemical calculations are carried out with the Gaussian 09 
package of programs [33].   
 
Dynamical Calculations 
      As it is discussed in detail in the next section, the 
reaction C2H + C2H2 occurs via the addition of C2H radical 
to the carbon of the triple bond of acetylene, leading to a 
primary chemically activated intermediate denoted as INT3. 
This intermediate may undergo unimolecular reactions to 
yield the reactants, other intermediates and products, or can 
be de-activated by molecular collisions. RRKM theory is 
usually used to compute the rate constants for 
decomposition of the vibrationally excited molecules [34-
35]. According to the RRKM theory, the energy-dependent 
rate constant for a unimolecular reaction is given by the 
following equation: 
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where G(E+

v) 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. In this research, Beyer-Swinehart direct count 
algorithm is used to compute G(E+

v) and ρ(E) [36]. The 
values of k(E), ρ(E) and G(Ev

+) are calculated by using 
RRKM program from Zhu and Hase [37]. Tunneling 
probabilities are accounted for by computing the 
transmission probability for an Eckart potential barrier [38]. 
      When a chemically-activated intermediate is formed 
during the reaction of two species, transition state theory 
with the application of RRKM theory to the unimolecular 
decomposition of the chemically-activated intermediate 
could be used to compute the rate constants for a 
bimolecular reaction [39].   
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By applying steady-state approximation to the activated 
intermediate and performing some statistical mechanical 
manipulations, the following expression for the rate 
coefficient of disappearance of the reactants are derived 
[39]:  
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In Eq. (3), ke and ke

' are the energy-specific rate constants 
for unimolecular decomposition of the chemically-activated 
adduct to the reactants and products, respectively. qA and qB 
are the total partition functions for reactants A and B 
excluding electronic degrees of freedom while qtr

‡ is the 
product of translational and rotational partition functions for 
the transition state of entrance channels. Be is the quotient of 
electronic partition functions of transition state and 
reactants, and σ is the reaction path degeneracy. The de-
energization rate constant for the activated adduct, ω, is 
given by  
 
      ][MZcollc                                                                (4) 

 
where βc is the collision deactivation efficiency, Zcoll is the 
collision frequency and [M] is the bath gas concentration. βc 
corresponds to energy transferred in collisions  according  to 
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the following expression [40]: 
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In the above equation, (ΔE)down is the average energy 
transferred in a deactivating collision and FE is the energy 
dependence of the density of states. The values of (ΔE)down  
are not measured for many molecules including the 
intermediates formed in the C2H + C2H2 reaction. In the 
absence of this experimental data, the reliable values for 
similar molecules could be used.  The value of (ΔE)down for 
iso-C3H7 radical in N2 bath gas have been determined by 
Pilling and coworkers [41] to be 129 cm-1 by analysis of the 
unimolecular rate constants in the fall-off region. The iso-
C3H7 radical has similar structures to the activated 
intermediate radicals formed in the present study. Therefore, 
the value of 129 cm-1 is adopted here for computing the 
collision deactivation efficiencies. 
      When a reaction proceeds through many activated 
adducts, similar equations as Eq. (3) could be derived [42-
44]. By applying steady-state approximation to the activated 
intermediates and performing similar statistical mechanics 
manipulations, expressions for the rate constants of 
individual channels are obtained. By a similar procedure, 
expressions for different possible products originating from 
C2H + C2H2 reaction are obtained which are discussed in the 
next section. 
      One important feature of the title reaction is that the 
entrance channel forming the initial activated intermediate, 
HC2-CH=CH2, is a barrierless process. In the case of an 
association process which proceeds through a not well-
defined saddle-point, special theories should be used to 
estimate the sum of states of transition state. Here, there is a 
loose transition state in which some internal degrees of 
freedom have become complicated hindered internal 
rotations.  In VRC-TST, these internal motions are called 
“transitional modes” [45-50]. The other vibrational modes 
whose natures do not change significantly during the 
process are called “conserved” modes. Next, the sum of 
states is computed according to the following convolution: 
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In the above equation,  ΩJ(ϵ)dϵ is the number of states for 
the transitional modes within the energy element (ϵ,ϵ + dϵ) 
at the given J. NV(Eˈ - ϵ) is the number of quantum states 
for the conserved vibrational modes with energy less than or 
equal to Eˈ - ϵ where  Eˈ is the available energy of the 
transition state, i.e. E minus the potential energy minimum, 
V(s), at the given value of the reaction coordinate. The 
number of states in transitional modes should be evaluated 
by classical statistical mechanical methods. Here, ΩJ(ϵ)dϵ is 
computed by Monte Carlo integration of the phase space 
volume. The conserved modes are treated quantum 
mechanically. In order to compute the phase space volume 
for the transitional modes, it is necessary to have a potential 
energy function for the interaction between separating 
fragments. Klippenstein et al. have assumed that the 
potential energy function for transitional modes is the sum 
of a bonding potential for the breaking (or associating) bond 
and a non-bonded potential for the other inter-fragment 
interactions [48-50].  
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The bonding part of the potential is considered as a Morse 
or Varshni potential multiplied by an orientation factor 
representing the angular dependence of bonding energy.  
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In Eq. (8), θ1 and θ2 are the angles between bonding axis 
connecting two fragments and reference axes in the 
separating fragments, where θ1,e and θ2,e  are the equilibrium 
values of θ1 and θ2. The Varshni potential is used in the 
present study which is given by following expression: 
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where D is bonding energy, re is the equilibrium bonding 
distance and β is a parameter that controls the shape of the 
potential energy curve. The non-bonding potential is taken 
as a sum of 6-12 Lennard-Jones potentials between the non-
bonded atoms of the two fragments.  
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In Eq. (10), the parameters σij and ϵij are the usual Lennard-
Jones parameters for the van der Waals interaction between 
atoms i and j; rij is the separation distance between atoms i 
and j. The prime indicates that the bond atoms are not 
included in the sum. Variflex code [51] developed by 
Klippenstein and coworkers is used to perform VRC-TST 
calculations. 
 
RESULTS AND DISCUSSION  
 
       As aforementioned, Ceursters et al. [24] have also 
explored the PES of the C2H + C2H2 reaction at the 
CCSD(T)/6-311++G(d,p) level of theory. In the present 
study, higher levels of theory is employed to optimize the 
structures of the intermediates, transition states and products 
of the reaction and calculate their relative energies. On the 
basis of the geometries optimized at the M06-2X/MG3S 
level of theory, the mechanism of the reaction C2H radical 
and acetylene can be demonstrated by Scheme 1. The z-
matrices for reactants, intermediates and transition states 
arising from the C2H + C2H2 reaction are given in 
Supplemental Information. The relative energies of the 
stationary points located on the doublet potential energy 
surface of the C2H + C2H2 reaction computed at M06-
2X/MG3S, CBS-Q, G4, UCCSD(T)/Aug-cc-pVTZ+2df and 
ROCCSD(T)/Aug-cc-pVTZ+2df levels of theory are listed 
in Table 2. As it is seen, the computed energies are slightly 
dependent on the employed quantum-chemical methods. In 
addition, due to the presence of two multiple bond systems, 
the wave functions are spin-contaminated with large 
expectation values for (S2) > 1.0. The latter points about the 
title reaction have also been mentioned by Ceursters et al. 
[24]. A recent research shows that one should be very 
careful using spin-unrestricted methods with high values of 
<S2> [52]. Blanquart has obtained a good set of estimates 
for the enthalpies of formation for some critical polycyclic 
aromatic hydrocarbon radicals using spin-restricted open-
shell ROCCSD(T) calculations [52].  
      The highest levels of theory used in the present research 
are UCCSD(T)/Aug-cc-pVTZ+2df  and  ROCCSD(T)/Aug- 

 
 
cc-pVTZ+2df. As can be seen from Table 2, there is a good 
agreement between the computed energies (at least for 
kinetically important species) at these two levels. 
Considering the points mentioned above, the computed 
energies at the ROCCSD(T)/Aug-cc-pVTZ+2df are used to 
perform kinetic calculations. The potential energy profile of 
the reaction at the ROCCSD(T) level of theory is depicted 
in Fig. 1. 
      The reaction proceeds via the addition of each carbon 
atom of C2H radical to either of the carbon atom of the triple 
bond of HC≡CH, leading to the product P2 or the 
intermediate INT3. According to the energies computed at 
the ROCCSD(T)/Augh-cc-pVTZ+2df level, the barrier 
height for the formation of P2 via TS1/2 is 18.7 kJ mol-1. 
P2, in which C2H is attached via its central carbon atom to 
the carbon atom of acetylene, is 70.4 kJ mol-1 more stable 
than the reactants. As mentioned in the previous section, the 
formation of INT3 is a barrierless process; i.e., no well-
distinguished saddle-point is formed during the process. The 
energy of INT3 is 264.3 kJ mol-1 lower than the reactants. 
Next, INT3 isomerizes to give the three member ring 
intermediate INT4 by passing through the transition state 
TS3/4. The barrier height for this process is 108.3 kJ mol-1 
and the energy of INT4 is 87.0 kJ mol-1 higher than INT3. 
INT4 may in turn undergo an isomerization reaction to give 
four-membered ring P5. The barrier height of the latter 
isomerization reaction from INT4 is 139.9 kJ mol-1 and 
energy of P5 is 18.1 kJ mol-1 higher than that for INT4. 
      INT3 may be also converted to P2 via TS3/2 with the 
barrier height of 183.6 J mol-1.  INT3 passes through the 
transition state TS3/7 with the barrier height of 171.7 kJ 
mol-1 to give the intermediate INT7. The energy of INT7 is 
55.1 kJ mol-1 lower than INT3. INT7 is decomposed to yield 
HCCCCH + H (P8) via the transition state TS7/8 with an 
energy of 191.7 kJ mol-1 higher than INT7. The 
intermediate INT3 can be also directly decomposed to P8 
through the transition state TS3/8. The barrier height of this 
process is 154.5 kJ mol-1.  
      The harmonic vibrational frequencies and the principle 
moments of inertia of the reactants, intermediates and 
transition states used in kinetic calculations, calculated at 
the M06-2X/MG3S level of theory, are provided in Table 
2S in Supplemental Information. A careful look at the PES 
of the   reaction   shows   that   the   formation  of  P2  is  not  
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Fig. 1. Relative energies of the stationary points located on the doublet ground-state potential energy surface of the  
            reaction C2H + C2H2. The energy values are given in kJ mol-1 and are calculated at the CCSD(T,full)/AugH- 
            cc-pVTZ+2df theory. 
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kinetically feasible. The barrier height for the formation of 
P2 from reactants is relatively higher than the barrier-less 
process of formation of INT3. Although P2 is also formed 
from INT3, but the barrier height for the decomposition of 
P2 back to INT3 is negligible, so that it will be decomposed 
before it is deactivated by collisions. Therefore, in this 
research, it is mainly concentrated on the reaction path 
passing through INT3. By applying steady-state 
approximation to the intermediates INT3, INT4, INT5 and 
INT7, and performing some statistical mechanical 
manipulations [42-44], the following expressions for the 
rate constants of various products are obtained. 
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B1 to B4 in the above integrals are obtained from the 
following expressions: 
 
       313438371 kkkkB                                          (16) 

       Table 2. The Relative Energies of the Stationary Points for the C2H + C2H2 Reaction Computed at some  
                      Levels of Theory in kJ mol-1. All Values are Corrected for Zero Point Energies 
 

 CBS-QB3 G4 M06-2Xa UCCSD(T)b ROCCSD(T)b CCSD(T)c 

P2 -51.1 -48.2 -53.6 -68.4 -70.4 -55 

INT3 -246.5 -243.6 -251.8 -260.2 -264.3 -239 

INT4 -157.6 -155.8 -184.6 -177.5 -177.3 -147 

P5 -139.7 -137.2 -144.7 -154.2 -159.2 -130 

INT7 -299.4 -289.0 -304.8 -312.1 -319.4 -295 

P8 -117.4 -113.4 -123.5 -140.3 -140.3 -110 

TS1/2 35.9 40.4 26.6 23.3 18.7 32 

TS3/4 -137.9 -132.2 -144.1 -152.3 156.0 -123 

TS3/2 -53.1  -69.1 -73.1 -80.7  

TS3/7   -80.1 -90.7 -92.6 -65 

TS3/8 -91.8 -86.9 -88.8 -104.5 -109.8 -73 

TS4/5 -12.3 -11.3 -26.5 -26.0 -37.4  

TS7/8 -106.2 -103.5 -107.9 -122.4 -127.7 -98 
            aThe basis set MG3S is used. bThe basis set  AugH-cc-pVTZ+2df is used.  cThe  basis set  6-311++G** 
        is used (Ref. [24]). 
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Fig. 2. The thermal rate coefficients for the important product channels computed at temperatures 100, 298 and 
                 1000 K as a function of bath-gas pressure. 
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In the above equations, kij is the microcanonical rate 
constant for the conversion of the intermediate i to the 
intermediate or product j. Other quantities are defined as Eq.  
(3). The derivation of the formula 11 to 19 are given in 
Supplemental information. The RRKM theory (Eq. (1)) is 
employed to compute the rate constants at many energies. 
Regarding the entrance channel, Eq. (6) is used to compute 
sum of quantum states. In order to compute the sum of 
quantum states, the distance between carbon atoms in two 
species C2H and C2H2 are considered as reaction coordinate. 
It is worthy to mention here that the position of bottleneck 
(the structure with minimum sum of states) moves to 
smaller C-C bond distances as molecular energy increases.       
This    is    in     accordance    with     previous   calculations 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
reported in the literature [50]. In order to compute the 
integrals in the Eqs. (11) to (19) numerically, the energy-
specific rate constants are computed with a step size ΔE+ = 
0.4 kJ mol-1 up to 400 kJ mol-1.  
      The calculated thermal rate coefficients at temperatures 
100 K, 298 K and 1000 K for all important product 
channels, as a function of pressure, are demonstrated in Fig. 
2. Our calculations reveal that the dominant product channel 
at all temperatures and pressures is HCCCCH + H (P8) and 
other products have smaller contributions to the overall rate 
coefficient. This is a reasonable result because the barrier 
height for the decomposition of the initially formed 
energized intermediate INT3 to the product P8 is much 
lower than that for  its dissociation back to the reactants 
(C2H + C2H2). In addition, INT3 also isomerizes to INT7 
which is in turn decomposed finally to P8. It is noteworthy 
to mention that the unimolecular rate coefficient at a 
specified energy usually decreases with increasing internal 
degrees of freedom of a molecule. Here, the energized 
adducts INT3 and INT7 are relatively small molecules and 
their energy-specific rate coefficients  is  much  higher  than  
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Fig. 2. Continued. 
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their de-energization rate constants. As a consequence, the 
product P8 is dominant channel and nearly pressure 
independent. As temperature decreases, the formation of the 
intermediates INT3, INT4, INT5 and INT7 become 
important. The reason is that at lower temperatures, the 
intermediates with lower internal energies are formed and 
consequently the deactivation processes become important. 
It should be mentioned that the rate constants for the 
formation of chemically-activated intermediates are 
pressure-dependent. This is a reasonable result because the 
rate constants for the de-activation of the active 
intermediates depend on the pressure of the system, see Eq. 
(4). 
      The computed overall rate coefficients are pressure 
independent since the rate coefficients for the dominant 
channel (channel P8) does not depend on the pressure. The 
temperature-dependence of the overall rate constants are 
depicted   in   Fig. 3    in   comparison   with   the   available 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
experimental data. The present overall computed rate 
constants are nearly constant over the temperature range 
100-500 K and slightly increase at higher temperatures. The 
present theoretical results is in accordance with most of the 
experimental data. The empirical data of Refs. [12] and [13] 
are slightly lower than the other experimental data and 
present computed rate coefficients. The overall computed 
rate constants obtained in the present work are fitted to an 
extended Arrhenius equation. The values of parameters are 
reported in Table 1. In addition, the numerical calculated 
values of the rate coefficients along with the corresponding 
experimental values for some selected temperatures are 
provided in the Supplemental Information. As mentioned in 
the Introduction section, Herbst and Woon [9] have used a 
phase-space approach to compute the overall rate coefficient 
(being considered the HCCCCH + H as the only product of 
the reaction). Their computed rate coefficients are about a 
factor of 4 greater than the largest experimental  values.  As  
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Fig. 3. The thermal  overall  rate coefficients for the C2H + C2H2 reaction computed at temperatures in the range  
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Fig. 4. The thermal rate coefficients for important product channels of the C2H + C2H2 reaction computed at  
                     temperatures in the range of 100-2000 K and at the pressures 10, 100 and 760 Torr. 
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the authors have declared, their calculated rate coefficients 
are too large because the centrifugal barrier occurs at a 
sufficiently small distance (compared to the physical sizes 
of the two reactants) that the isotropic approximation is not 
justified. 
      The computed rate coefficients for the formation of 
various products as a function of temperature at the 
pressures 1, 100 and 760 Torr are plotted in Figs. 4. It is 
seen that the product channel P8 is the dominant product 
channel at all temperatures and pressures. However, as 
pressure increases, the rate constants for the formation of all 
intermediates increases due to increasing the rate of 
collisional deactivation processes. In the interstellar spaces 
where the temperature is very low, it is predicted that the 
intermediates such as HCC(H)CCH and H2CCCCH become 
important.   
 
CONCLUSIONS  
 
      In  this  research,  the  kinetics   and   mechanism  of  the     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C2H + C2H2 reaction is investigated theoretically. High level 
electronic structure theories are employed to locate the 
stationary points on the potential energy surface of the 
reaction and compute their rovibrational properties and 
energies. Statistical rate theories are employed to compute 
the rate constants of various possible products as a function 
of temperature and pressure. Our calculations reveal that the 
main reaction product at all temperatures and pressures is 
HCCCCH + H. Nonetheless, at high pressures (where the 
number of molecular collisions increases) and low 
temperatures (where low-energy intermediates are formed), 
the rate coefficients for the formation of HCC(H)CCH and 
HCCCCH2 become important.      
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