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First Ring Formation by Radical Addition of Propargyl to  

But-1-ene-3-yne in Combustion. Theoretical Study of the  

C7H7 Radical System.  

Daniela Trogolo,1  Andrea Maranzana,*  Giovanni Ghigo,  and  Glauco Tonachini* 

Dipartimento di Chimica, Università di Torino, Corso Massimo D’Azeglio 48, I-10125 Torino, 

Italy 

Abstract. Combustive formation of a first carbon ring is an important step in the growth of 

polycyclic aromatic hydrocarbons (PAHs) and soot platelets.  Propargyl radical addition to but-1-

ene-3-yne (vinylacetylene) can start off this process, possibly forming 5-, 6-, and 7-membered 

rings.  A variety of partially intertwined reaction pathways results from density functional theory 

(DFT), which indicates three C7H7 radicals, benzyl, tropyl, and vinylcyclopentadienyl, as particularly 

stable.  DFT energetics forms a basis for a subsequent RRKM study at different combustion 

pressures and temperatures (P=30-0.01 atm; T=1200-2400 K).  RRKM indicates (Figure 4) open-

chain structures and 5-rings as the most important products. Open-chain structures, whose main 

contributors are the initial adducts, are favored by lower T and higher P, while 5-rings are favored, 

by contrast, by higher T and lower P.  The main feature is that the declining yield in open-chain 

structures with rising T almost mirrors, at all pressures, the growth with T exhibited by 5-rings 

(main contributor: fulvenallene). Thus the two yield lines for open chains and 5-rings cross at 

some T, and their crossing moves towards lower T values as lower P values are considered (plots 

4a to 4d).  Since the T dependence of the yields (slope of the lines) is more pronounced in the T 

range close to the line crossing, it also becomes less pronounced at the lowest P values 

considered, since the crossing region falls at very low T values. Another constant trait is that 6-

rings (mainly benzyl radical) are the third contributor, though they are present at most with a 

modest maximum yield of 2.4−2.7% in a T range which moves towards lower T as P is reduced. 
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1. Introduction 

The impact of carbonaceous particulate1,2 and polycyclic aromatic hydrocarbons (PAHs) on 

the environment in general,3,4 and human health in particular, is significant, because C-particulate 

gives a major contribution to the overall mass of atmospheric aerosol, and PAHs exhibit an 

ubiquitous presence. PAHs and PAH cations, PAH clusters, and amorphous carbon clusters are also 

of astrophysical interest, since they have been identified (to some extent tentatively) out of the 

terrestrial environment, namely in planetary atmospheres,5,6 in the envelopes of carbon-rich 

stars,7,8,9 or in the interstellar medium,10 hence under a large variety of pressure and temperature 

conditions. This interest has recently prompted, for instance, combined experimental and 

theoretical work on cosmic-ray-mediated benzene formation.11 On the other hand, graphene 

sheets, graphene nanoribbons, and synthetic ways to very large PAH systems12,13,14,15 have in 

recent years been deemed promising from a technological point of view,16 to build capacitors,17,18 

sensors,19,20 transistors and circuits in general,21 and so forth.  

 Soot and PAHs share the same nature and origin,22,23,24,25,26,27 and the latter are often 

considered as soot precursors, though other opinions have been set forth.28 Homann, for 

instance, put forward29 that the reactions leading to PAHs could also bring about the formation of 

more irregular structures, called "aromers" (see ref. 29, pp 2448-2450), starting from associations 

between PAHs and subsequent H2 losses. These intermediate structures could grow as cages with 

a higher or lower H content, and get some curvature. Curvature can be induced in different ways 

by non-hexagonal carbon rings, such as 5-membered rings (5-ring for short in the following) or 7-

rings. Aromers could be seen as candidate precursors of fullerenes and soot, depending on 

temperature and the relative abundance of small growth components, as HCCH.  

 Since the growth mechanisms and association modes of PAHs and soot platelets are not 

completely clarified, we have recently attempted to give some contribution, possibly 

complementary to the experiment. Namely, we have studied theoretically the growth of an 

aromatic system adsorbed on a model soot platelet30 and the feasibility of van der Waals 

associations (stacking) and σ bond formation between PAH-like molecules as a function of 

temperature (i.e. during or after a combustion process).31,32  Now, the formation of the very first 

(possibly aromatic) ring molecule from small aliphatics, which is our present focus, has been often 

seen as the rate-determining step of soot growth, and appears in any case particularly 

interesting.33,34 Formation of aromatics and soot particles, in particular the issue of first ring 

formation, were reviewed and discussed by Richter and Howard in 2000,33 and by Frenklach in 

2002.34 Hence we will not deal at length with earlier mechanistic proposals. Among these, Bittner 
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and Howard35 suggested benzene formation via the butadienyl (CH2=CH−CH=CH. or 

CH2=CH−C.=CH2) plus ethyne reaction. This idea was partly supported by an experiment  in which 

butadienyl formation in a 1,3-butadiene flame was observed.36 Subsequently, similar mechan-

isms were also proposed by the same groups,37,38,39,40 such as, for instance, the sequence 

triggered by vinyl (CH2=CH.) addition to (a) ethyne [C2H3
. 

+ C2H2 → n-C4H5
.;  n-C4H5

. + C2H2 →  

n-C6H7
.; n-C6H7 → C6H6 + H.] or (b) to but-1-ene-3-yne (vinylacetylene, CH2=CH−C≡CH), or also (c)  

[CH2=C.
−C≡CH + C2H2 → C6H5

.] the latter being however deemed unlikely in a later study.41,42 

Some flame studies indicated that the recombination of the propargyl radicals (H2CCCH)
. 
can be 

the dominant pathway to first ring formation40,43,44 (in particular Stein and coworkers pointed out 

that recombination products of propargyl radicals in flames irreversibly generates benzene and 

fulvene).45 Furthermore, theoretical studies by Miller and Melius41 and, more recently, by Miller 

and Klippenstein46
 showed that the addition of two propargyl radicals47,48,49 accounts satisfactorily 

for several experimental results concerning either benzene or phenyl radical formation. 

First ring formation has also been the subject of more recent experimental and theoretical 

investigations of different ring closure processes, such as those of Hansen and coworkers on the 

formation of several 5- and 7-membered rings in a cyclopentene flame,50,51,52,53 or those by 

Mebel, Kislov, and Kaiser on phenyl radical formation through C2 + buta-1,3-diene (C4H6) reac-

tions,54 or on the formation of slightly larger systems, such as (dihydro) naphthalene,55,56,57 or 

indene58,  and pentalene.59 Similarly, that, on indene formation, by Vereecken and coworkers.60
 

Other reactions investigated recently by Cavallotti, Derudi, and Rota,61 and by da Silva, Cole, and 

Bozzelli,62,63 bear a strict relationship with that studied in the present paper. They take place on 

the very same C7H7
. energy hypersurface that will be explored in the present study, and are: 

cyclopentadienyl + ethyne, fulvenallene + H, and 1-ethynylcyclopenta-diene + H. Our title reaction 

will rather obviously share a fairly extended number of intermediates with them, and they will 

consequently be recalled in Section 3.  Other studies have considered in general the mechanism of 

PAH growth.64 Along this line, we have already examined65 the first growth steps of aromatic 

systems through the ring closure-radical breeding polyyne-based mechanism proposed by 

Krestinin66,67,68 (polyynes had already been considered at an earlier time by Homann and 

Wagner69).  

In the present paper we explore, under combustion conditions, the possible formation of 5-, 

6-, or 7-membered ring intermediates, having energies close or below that of the reactants, which 

could be involved in subsequent PAH or soot platelet growth processes. The reacting C7H7
. system 

examined is defined by the radical addition of propargyl to but-1-ene-3-yne (Chart 1; the two 

resonance structures illustrate qualitatively that π−electron delocalization is present to some 
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degree). If propargyl was considered originally in the mentioned studies41,46 as a species capable 

in itself of generating benzene through self-addition, other reactions, e.g. between propargyl and 

alkynes, are likely to play an important role in the hydrocarbon growth process. We can mention 

for instance that the kinetics of the related reaction between the propargyl radical and ethyne has 

been investigated both experimentally70
 and theoretically.71 The reaction between propargyl and 

butadiyne has also been investigated theoretically.72,73  To our knowledge, no gas-phase 

experimental study involving propargyl and alkenes has been carried out.74,75,76 
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a                                                      b  
Chart 1. 

Both the propargyl radical and but-1-ene-3-yne have been recently reported to reach not 

negligible molar fractions �, in the ranges � = 2−3 x10-3 and 2x10-4 
− 2x10-3, respectively.77 They 

were detected in the oxidation zone of premixed ethyne,78 benzene,79 toluene,80 or gasoline81 

flames. Similarly, a propargyl molar fraction up to � = 1 x 10-3 or 2.4 x 10-4 was detected either in 

dimethyl ether/propene and ethanol/propene82 or benzene/oxygen/argon83 low-pressure flames.  

2. Theoretical Method 

All stationary points on the energy hypersurface, i.e. minima and first order saddle points, 

corresponding to transition structures (TS), were determined by gradient procedures84,85,86,87,88 

within the Density Functional Theory (DFT),89 and making use of the M06-2X90,91,92,93 functional. 

The cc-pVTZ basis set94 was used throughout in the DFT optimizations. The nature of the critical 

points was checked by vibrational analysis, which allowed us also the thermochemistry 

assessment.  The optimizations were followed by cc-pVQZ
95 single-point energy computations, to 

finally obtain M06-2X/CBS (complete basis set) energy estimates through the extrapolation 

formula put forward by Halkier et al.:96   EX,Y = (EX X3 – EY Y3)/(X3 – Y3). The energy estimate EX,Y  

exploits the energies obtained with the two basis sets cc-pVXZ or cc-pVYZ: EX and EY, respectively. 

In this study, X=3 and Y=4, and the two-point formula is thus simply used as:  E3,4 = (E3 33 – E4 43)/ 

(33 – 43).  The cc-pVTZ thermochemical corrections gave estimates of the zero point vibrational 

energy, by which the relative energies were corrected to obtain ∆EZPVE [= ∆(E + ZPVE)] values. 

These ∆EZPE values at DFT(M06-2X)/CBS are reported throughout in the text. The thermochemistry 

was assessed in all cases at temperatures typical of combustion (T in Kelvin degrees, energetics in 
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kcal mol-1). Geometry optimizations and thermochemistry calculations were carried out by using 

the GAUSSIAN 09 system of programs.97 

We are aware that further comparison of DFT energetics with that defined by other more 

demanding methods, such as coupled cluster or quadratic CI, could be attractive, but the 

extended number of structures involved in this seven-C atom reaction makes this level of study 

not affordable.  In the Appendix, a validation of the computational level adopted in this study is 

presented, hoping it might help in estimating the accuracy of the method adopted and the degree 

of confidence that can reverberate to the RRKM analysis that follows.  

The Rice Ramsperger Kassel Marcus (RRKM) theory,98,99 fundamental development of the 

unimolecular kinetic theory elaborated by Lindemann100 and Hinshelwood,101 was then used to 

obtain the distribution of the reaction products. In order to obtain these distributions as functions 

of time, RRKM and Master Equation calculations (RRKM/ME) were carried out by using the 

Multiwell program suite.102,103,104  It allows to calculate sum and densities of states, then obtains 

micro-canonical rate constants according to RRKM theory, and finally solves the master equation.  

Corrections for quantum tunneling were included for all hydrogen transfer reactions (not H 

dissociations) by incorporating the corrections for one-dimensional unsymmetrical Eckart 

barriers.105 Internal rotations were treated as unsymmetrical hindered rotations, by using the 

lamm program, supplied with MultiWell. MultiWell stores densities and sums of states in double 

arrays: the lower part of the array consisted of 999 array elements which ranged in energy from 0 

to 9990 cm-1. The higher energy part of the double array consisted of 1001 elements ranging in 

energy from 0 to 150000 cm-1 with an energy spacing of 150 cm-1. The Lennard-Jones parameters 

necessary for the collision frequency calculations were assumed to be the same for all the 

structures, were: σ = 5.92 Å, and ε/kB = 410 K. Energy transfer was treated by assuming the 

exponential-down model for collision step-size distributions (Edown = 2000 cm-1, independent from 

the temperature). Edown and the Lennard-Jones parameters are the same used by da Silva et 

al.63,106  to study the benzyl decomposition reaction.  Rate constants were calculated in the range 

1200-2400 K. In the present work, the number of stochastic trials was set to 107, for 200 

collisions.107  Simulations were carried out for combustion temperatures, at different pressures (of 

N2 buffer gas), namely at P = 0.01, 0.1, 1, and 30 atm, to simulate combustions under 

low,83,108,109,110,111,112,113,114 normal, and high115 pressure conditions. Multiwell code uses 

stochastic methods to solve the energy-grained master equation, but does not calculate the rate 

coefficients k(T,P). In order to obtain approximated k(T,P), we used the Post-Processing in 

Multiwell (PPM) program, developed by Pinches and da Silva,116 to separate the contributions of 

chemically and thermally activated reactions. Rate constants were calculated by multiplying the 
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high-pressure limit rate constant for the propargyl + but-1-ene-3-yne reaction, by the chemically 

activated yields for all the channels. The rate constants calculated for each of the four entrance 

channels were summed to obtain the total rate constants. 

3. Results and discussion 

3.1  Potential energy surface 

Initial steps. Eight entrance channels are considered. They correspond to the addition of each 

of the external carbons of the propargyl radical (Chart 1a) to the four unique positions of but-1-

ene-3-yne (Chart 1b).  However, the four propargyl additions to the external carbons of but-1-ene-

3-yne (Table 1: entries 1-4) have lower energy barriers compared to the additions to its internal 

carbons (Table 1: entries 5-8).  
Table 1.  Entrance channels: ΔEZPVE (kcal mol-1)  

 barriers for the initial radical additionsa   

Channel ΔEZPE
 Channel ΔEZPE

 

1 7.42 5 13.46 

2 9.35 6 15.37 

3 9.84 7  14.74 

4 10.72 8  14.88 

This feature reflects the stability of the initial open-chain adducts, of which only the first four 

present delocalization of the unpaired electron. Making reference to the reagents, they are 

located at -21.3 (1), -15.5 (2), -23.5 (3), -26.7 (4) kcal mol-1, respectively.  Scheme 1 shows the 

reaction pathways that start from these lower-barrier additions. Through them, the system 

evolves by intramolecular radical additions and subsequent cyclizations, then ring openings and 

hydrogen shifts. Because of some cyclizations and ring openings, also the initial adducts 5-8 can 

form. Boxes highlight all initial adducts 1-8 (1 and 7: center of Scheme 1;  3 and 5: top;  6, 4, and 2: 

left, proceding towards the bottom;  8: bottom). Intermediate ring products, which can be in 

principle of particular interest because of the low energy, are vinylcyclopentadienyl, tropyl, and 

benzyl radicals. These are highlighted instead by dashed boxes. The structures are not connected 

by arrows, but only by segments, with the declared purpose of not specifying preferred directions 

of flow along the pathways. Only irreversible steps, through which lower weight-intermediates are 

obtained via fragmentation (loss of H, loss of HC≡CH), are indicated by arrows. It must be stressed 

in this regard  that the RRKM results can modify the picture provided by the energetics to a 

significant extent.  
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Scheme 1. Initial pathways toward 5-, 6-, and 7-ring intermediate structures. Initial open-chain adducts 1-8 
are enclosed in gray boxes. Dashed gray boxes draw attention to C7H7

. intermediates which appear prominent 
because of low ∆EZPE values (16, 22, 29). Some intermediates are obtained through irreversible fragmentation 
steps (- H and arrows). Red contours encompass structures that will be found also in Scheme 2. Structure 
color code (blue, dark red) as for structures and energy profiles of Figures 1, 2, and 3.  
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The� apparently� most� promising� reaction� steps,� chosen� on� the� basis� of� the� ∆EZPE� values�

(barriers�lower�than�20�kcal�mol
-1
),�will�be�commented�in�the�following�relying�on�the�color�code�

present� in� Scheme� 1,� and� consistently� adopted� in� Figures� 1−3.  Due� to� some� intricacies� in� the�

network,� the� numeric� labels�mentioned�will� be� often� not� sequential.� Further� reaction� channels�

departing�from�some�intermediates�are�described�in�Scheme�2.��It�can�be�observed�that�the�initial�

adducts� 1-4� are� interconnected� through� steps� which� involve� fairly� moderate� height� barriers,�

ranging�from�2.1�to�8.8�kcal�mol
-1
� (Figure�1).�The�adduct�1�is�connected�to�the�adduct�4�through�

the�7-ring�14�(ring�closure,�ring�opening:�mid-left�of�Scheme�1).���

 

�  

Figure 1.�Interconversion�pathways�of�the�initial�adducts,�and�steps�toward�5-rings.�The�linear�
structures�2�and�3,�blue�line,�as�well�as�1�and�4,�dark�red�line,�can�form�directly�from�addition�of�

the�reactants�R�(left�and�right).�Structure�2�is�connected�to�3�through�23�;�similarly,�1�and�4�

through�14�(compare�Scheme�1).�All�these�converge�on�the�5-ring�structure�16�through�15�or�24.��

� �
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Similarly,�the�adduct�3�is�connected�to�the�adduct�2�through�the�7-ring�23�(center�of�Figure�1,�blue�

line,� and� top-left� to�bottom-left� in� Scheme�1).� From�2�and�4,�however�attained,� the�very� stable��

(-79�kcal�mol
-1
)�vinyl-substituted�cyclopentadienyl� radical� intermediate�16�can�form� in�two�steps�

(Figure�1,� right).� In� 2,� a� first� cyclization,� through�a� radical� attack�on� the� terminal� carbon�of� the�

triple� bond,� produces� the� vinyl-substituted� 5-ring� 15.� From� 4,� a� radical� attack� on� the� terminal�

carbon�of� its�allenic�part�gives� the�5-ring�24,�an� isomer�of�15.�Then,� in�both�cases,�a�1,2�H�shift�

leads�down�to�16�(bottom-left�of�Scheme�1,�then�to�the�right).��A�further�connection�between�5-�

and�6�rings,�and�possibly�also�7-rings�is�described�in�Figure�2.�Finally,�different�steps�from�1�and�4,�

or� from� 22,� that� lead� to� the� 6-ring� benzyl� radical� are� displayed� in� Figure� 3.� These� plots� are�

introduced�because� they�connect� the� initial�adducts� to� the�very�stable� intermediates�16�and�22�

(bottom�of�Scheme�1),�and�29�(top�right�of�Scheme�1).�

 

�

Figure 2.�Steps�connecting�5-rings�to�6-�and�7-rings. 

�
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A�4-ring�closure� in�16��gives�17,�and� is� followed�by�ring�size�extension�to�the�allenic�7-ring�18.�A�

ring�closure�to�the� fused�bicyclic� intermediate�19�might�be� followed�the�somewhat�unpromising�

sequence�of�two��1,2�H�shifts,�to�give�its�isomers�20�and�21.��From�the�latter,�through�a�cleavage�of�

the�fusion�CC�bond,�the�system�might�plummet down�to�-84�kcal�mol
-1
,�in�correspondence�of�the�

cycloheptatrienyl� (tropyl)� radical� 22� (Figure� 2� and� lower� red� box� in� Scheme� 1).
117,118,119,120

��

Another� variant� directly� connects� 18� to� 22.� The� barriers� involved� is� high� enough� to� limit� the�

formation�of�22,�if�the�system�were�efficiently�thermalized.�

 

Figure 3.  Steps�that�might�in�principle�lead�to�the�6-ring�benzyl�radical�29.�Dark�red�profile:�see�dark�red�

pathway�in�Scheme�1.�The�linear�structures�1�and�4�can�form�directly�from�addition�of�the�reactants�R�(black�

structures).�The�blue�profile�can�be�seen�as�a�continuation�of�Figure�2.�Thin�dashed�lines�refer�to�H�losses.��

Another�pathway�(top�of� �Scheme�1)�could�start� from�the� initial�adducts�3� �or�5� (connected��

through�25,�a�cyclization�product).�Two�cyclizations�lead�from�5�to��37�and�38,�with�barriers�above�

the�reactants�reference� level.�Then�only�a�difficult�H�shift� �connects� it�with�28,�a�necessary�step�

toward�the�very�stable�benzyl�radical�29�(-101�kcal�mol
-1
).�Thus,�this�pathway�can�hardly�be�seen�as�

viable.�Another�pathway,�which�looks�more�promising�to�get�benzyl,�starts�from�the�initial�adducts�

1� or� 4� (connected� through� � 14).� � See� dark� red� lines� in� Figure� 3� and� center� of� Scheme� 1.� � � A�

cyclization� in� 4� gives� 30,� then� one�H� shift� leads� to� 31,� and� a� second� one� to� 29,� all� steps� being�
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below the reference level. However, we can notice again that, in case the system were effectively 

thermalized, the highest barriers involved could be demanding enough to make the formation of 

the benzyl radical difficult. 

Also tropyl 22 is connected to 28, through 26, hence to 29 too. We can note that 28 can lose 

one hydrogen atom and give 43, just as 18 an 22 in producing 27 (rightmost part of Scheme 1). 

These H losses present higher barriers than some competing steps (as 26-28, or 28-29), but are 

irreversible and entropy-favored. With time, they might be able to “pump away” from the C7H7 

system. 
 

The cyclic intermediates enclosed in red contours in Scheme 1, some of which are quite low in 

energy, present connections with further pathways (Scheme 2). They too are to some extent 

intertwined. Most of the species involved contain 5-membered rings.  They had mandatorily to be 

considered to carry out the RRKM/ME study that follows, though several of these structures have 

already been described by other researchers within studies on systems different by the present 

one. For this reason they will be no commented at length. In fact, different papers have appeared 

in recent years in which the decomposition of benzyl derivatives was examined experimentally121 

as well as theoretically61,63,63,106 (benzyl radical is encountered as structure 29 in the present 

study).  In studies by Cavallotti, Derudi, and Rota,62 and by da Silva, Cole, and Bozzelli,63,63 the 

importance of the fulvenallene intermediate (here system 62) was stressed. Fulvenallene is a 

product of H loss. 

Some of the intermediates in Scheme 2 appear noticeable because of their stability, though 

none attains the stability of those highlighted in Scheme 1. Other are conspicuous because they 

form irreversibly upon fragmentation. However, RRKM/ME results (for which all the pathways 

shown in the schemes are necessary) can modify the picture offered by the energetics alone to a 

significant extent. These aspects we will discussed presently in the next section. 
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3.2  Master equation simulations. 

RRKM-ME simulations show that the initial adducts 1-4 give back-reaction to the original 

reactants to a significant extent. It more easily occurs at high temperature and low pressure. Since 

this effect is not observable in the yield experiments, the computational results reported in this 

paper have been corrected for it: the net product reaction yields reported in Figure 4 exclude the 

redissociation to the initial products.  For each of the four entrance channels (Table 1: entries 1-4), 

separate simulations were carried out, then the total yields were calculated by weight-

averaging122 the individual channels. In order to computationally access a temperature range 

sufficiently wide to be of interest for combustion or pyrolysis, the kinetic simulations were carried 

out in the range 1200 K  ≤  T  ≤  2400 K.  Since the results vary not only as a function of T but also 

of  P, we have studied the net product reaction yields at four pressure values: P = 30, 1, 0.1, and 

0.01 atm. On the high pressure side, the data plotted in Figure 4 could be related to internal 

combustion engine chemistry,115 while the low pressure data can be seen as pertinent to the 

oftentimes used low-pressure flames.108
 

At P = 30 atm (Figure 4a), the importance of 5-rings as a class grows from 1-2% at T = 1200 K 

over the entire T range studied, rising steeply to 38% of the total product yield at T = 2100 K, then 

up to 70% at T = 2400 K.  This behavior is mirrored by the yield of open-chain products (represent-

ed mainly by the initial adducts), which dominate at T = 1200-1800 K (98-91% of the total product 

yield) but falls off significantly at the highest temperatures. These two yield curves present a 

crossing point around T = 2200 K. Their yield is still 61% at T = 2100 K, but plunges down to 27% at 

T = 2400 K. Next come 6-rings, which form only in modest quantities: their yield grows almost 

linearly with T, just above 2% at 2100 K, up to 2.7% at T = 2400 K.   

At P = 1 atm (Figure 4b), open-chain structures persist as the most important contribution 

only below T = 1500 K (89 to 49%), since they decline severely as T rises. 5-Rings represent, at the 

lowest T value, only less than 11%, but their yield rises with T.  At T ≈ 1500 K, open-chain products 

and 5-rings represent 49% of the total product yield each (thus the crossing of the two yield 

curves has moved, comparing with P = 30 atm, toward a lower temperature). Then, 5-rings begin 

to dominate for T > 1500 K (78 to 93% beyond 1800 K). At P = 1 atm, the declining yield in open-

chain structures almost mirrors, as for P = 30 atm, the growing trend exhibited by 5-rings, while 

both curves seem to move to the left, towards lower temperatures, as pressure is lowered.  The 

yield in 6-rings is 2.5% within the approximate T range 1600-1900 K, where it shows a quite flat 

maximum zone.  
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  c  

  d 

Figure 4.   Net product reaction yields, at P = 30 atm (a), 1 atm (b), 0.1 atm (c), and 0.01 atm (d). 
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At P = 0.1 atm (Figure 4c), the crossing point of the yield lines for the 5-rings/open-chains 

slides further to the left, to about 1250 K. Open-chain products dominate at T = 1200 K, but their 

yield drops significantly as T increases, falling already to 14% at T = 1500 K, down to 4% and then 

0.5% at higher temperatures. By contrast, 5-rings begin to dominate beyond 1300 K, up to 95% 

(1800 K) and 97% (2100 K). Though 6-rings are again the next contributors, they  exhibit a modest 

2.4 around 1500 K.   

Finally, at P=0.01 atm, the 5-rings/open-chains crossing of the yield lines is no longer present 

in the plot, due to the T range considered. Open-chain products tend to desappear altogether, and 

5-rings clearly dominate over the whole T range (85-97%), though an almost imperceptible 

declension at high T values appears (Figure 4d). Though 6-rings as a group are again the third 

contributors, they present very low yields, with a modest 2.4-1% in the range 1200-1400 K. 

If we make cuts for some T while considering all four plots, we notice that, by varying P, a 

declension of open chain product yield with declining pressure is apparent (e.g. 97-49-14-4% at 

T=1500 K). It is opposed to a more or less pronounced rising yield of 5-rings (3-49-83-95% at 

T=1500 K). As regards 6-rings, they always form in modest quantities, showing a maximum (2.4-

2.7% high) which moves to lower temperatures as pressure is lowered. Minuscule quantities of 7-

rings, of the order of 0.2%, form at all pressures at the highest T values.  In summary, the effect of 

pressure (thermalization) is evident from Figure 4, since it offers sort of an animation made by 

four frames, in which the lines corresponding to the various classes of products move to the left in 

going from 4a to 4d.  Open-chain products are favored by higher pressure and lower temperature: 

this is understandable in terms of their principal contributors, the initial adducts, and their 

inclination to proceed reacting further, which is promoted by lower P and higher T conditions. The 

reverse is true for 5-rings. At intermediate pressures, the dependence from T is more pronounced, 

while at the lowest pressure temperature is not as important. The T dependence of the yields 

(slope of their lines) is more pronounced close to crossing region of the yield lines.  Since the 

crossing point slides to the left (lower T) upon P lowering, the line slopes become less pronounced 

at the lowest P values considered. 

We can provide now some limited information, just for some temperatures, about the 

contribution of single stable intermediates within each class of products.  At P = 30 atm, 5-rings 

become prominent beyond 2200 K, and the fulvenallene + H couple (62) is by far their most 

important representative: at T = 2400 K, for instance, it represents 70% of the 5-ring share.   

6-Rings are only at most 2.7%, out of which benzyl (29), as expected on the basis of its ∆EZPVE 
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value, contributes with a 2.5%, followed by 43 (0.2%).  At P = 1 atm and T = 1800 K, fulvenallene + 

H (62) dominates more definitely among 5-rings (77.8% out of a total of 77.9%). As regards 6-

rings, benzyl 29 contributes with a 2.4% out of a total of 2.5%, accompanied by the intermediate 

43 (0.1%). At P = 0.1 atm and T = 1500 K, 62  represents again 83.1% out of a total of 83.2% of 5-

rings. Among  6-rings, with a total of 2.4%, 29 is present with 2.3% yield and 43 with 0.1%.  Finally, 

at P = 0.01 atm and T = 1200 K, 62 represents almost the totality of 5-rings (85.3%), while, among 

6-rings, 29 is present with a 2.3% out of a total of 2.4%.  

Of the three very stable intermediates (deep energy wells) on which the first part of our study 

drew our attention, only the benzyl radical is still present with modest yields, because the other 

wells are depleted by irreversible fragmentation steps. 

Plots of rate constant estimates for the formation of the main individual products and classes 

of products (5-, 6-, and 7-rings), are displayed, as a function of temperature, in the Supporting 

Information.  

Table 2.  Rate parameters for overall reactions of  5, 6 and 7-rings formations a 

a k(T)= B Tn exp(-Ea/RT). B  in cm3 mol-1 s-1, Ea in kcal mol-1.  b almost exclusively 62.   c mainly 29, 30, and 43.   
d  mainly 14, 23, and 27.  e Pressure in atm. 

Rate constants for the 5-rings formation from propargyl + but-1-ene-3-yne (Table 2) is in the 

order of 10-14-10-15 molec-1 cm3 s-1 (in the range of pressures 0.01-30 atm, and temperatures 1200-

2100 K). These k(T) can be compared with those reported by da Silva e Trevitt for the reaction 

propargyl radical + butadiyne, similar to that studied here.72 They report rate constants for the 

formation of 5-membered rings of about 10-14-10-16 molec-1 cm3 s-1 (T = 1100-2100 K), a range of 

values close to our results. 6-Ring formation is 1-2 orders of magnitude slower: 10-15-10-16 molec-1 

cm3 s-1 in the range 1200-1800 K. Rate constants for 7-rings formation are at least 3 orders of 

magnitude smaller than for 5-rings: 10-17-10-19 molec-1 cm3 s-1.  

 5-ringsb 6-ringsc 7-ringsd 

P e B n Ea
 B n Ea

 B n Ea
 

30 1.80 x 1032 -12.30 52.27 2.43 x 1067 -22.14 87.59 1.43 x 10-43 7.48 -7.40 

1 5.46 x 1047 -16.70 60.60 1.88 x 10100 -31.77 101.54 1.01 x 10-14 -0.14 24.18 

0.1 1.85 x 1029 -11.69 42.94 9.80 x 1068 -23.55 67.80 2.29 x 10-3 -3.28 32.80 

0.01 1.56 x 10-4 -2.55 15.39 1.76 x 10-30 3.52 -16.40 5.17 x 10-21 1.65 18.90 
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4. Conclusions  

The present study has considered two reacting molecules, the propargyl radical and but-1-

ene-3-yne (vinylacetylene), which have been reported to reach, both, significant molar fractions in 

flames, of the order of ��= 10-3.  

First, the DFT study of the potential energy hypersurface focuses on reaction pathways, apt to 

form initial 5-, 6-, and 7-membered carbon rings under combustion conditions. They can be 

regarded as precursors of larger polycyclic systems (PAHs, soot platelets) known to be typically 

present in combustion processes. Several pathways, leading to both aromatic and non-aromatic 

ring structures, result more or less promising when ∆EZPVE is considered. Vinylcyclopentadienyl, 

benzyl, and tropyl radicals are the stablest intermediates obtained (-79, -84, and -101 kcal mol-1 

below the reagents, respectively).  

Then, the subsequent RRKM part of this study, carried out at different temperatures, shows 

that different scenarios emerge, depending on pressure. Figures 4a to 4d share some common 

features.  

(1) One is that the yield in open-chain structures (mainly represented by the initial adducts), 

declines with rising T, and almost mirrors, at all pressures, the trend exhibited by 5-rings, whose 

yield grows up with T. These two are the main product classes. An evident feature is that the 

crossing point of the two yield lines apparently moves towards lower T values as P declines. 

Proceeding from  P = 30, to 1, and then to 0.1 atm, the crossing moves from T = 2200 to 1500 K, 

then to 1250 K. At P=0.01 atm, it disappears from the plots, having presumably moved far to the 

left, at temperatures not considered in this study. Higher P and lower T favor open-chain 

products. The main contributors to this class are the initial adducts, which makes this feature 

understandable in terms of they being inclined, or not, to proceed any further (their evolution is 

promoted by lower P and higher T conditions). For 5-rings, in particular fulvenallene as end 

product, the opposite is valid.   

At the higher pressures (30 to 0.1 atm), the dependence of the two yield lines of open-chain 

structures and 5-rings from T is more evident, while T is not as important at the lowest P 

considered here (0.01 atm). The reason behind this feature is that the slope of the yield lines is 

more pronounced close to crossing region, and this moves to lower T values as P drops. 

(2) Another constant trait is that 6-rings are the third contributor (mainly represented by the 

benzyl radical), though they are present at most only with a modest 2.7%. The yield in 6-rings 

plotted as a function of T presents a flat maximum zone. The maximum zone location varies with 

the pressure: at higher P, the maximum is located at higher T, at lower P it moves to lower T. 
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In conclusion, it appears that the propargyl radical plus but-1-ene-3-yne reacting system 

might offer an interesting opportunity for the formation of 5-membered cyclic carbon systems, in 

particular at lower pressure and higher temperature. In particular, the fulvenallene system, 

already indicated as particularly stable by Cavallotti, Derudi, and Rota,61 as well as by da Silva, 

Cole, and Bozzelli62,63 (as the outcome of benzyl decomposition), is favored by this reaction too. 

By contrast, 6-ring formation appears to be a minor channel, probably because the benzyl well, 

though very deep, can be reached only in a more indirect way, compared to fulvenallene (Scheme 

2). In fact, vinylcyclopentadienyl is attained very soon and can transform to fulvenallene in a 

single, irreversible, hydrogen loss step.  

5. Appendix. Method validation. 

Thermodynamic and kinetic data were used to validate the computational level chosen for 

this study [DFT(M06-2X)/CBS//DFT(M06-2X)/cc-pVTZ for energies and geometries; DFT(M06-

2X)/cc-pVTZ for the assessment of the thermochemistry]. Five reactions were first considered, and 

a comparison between the relevant experimental and computational reaction enthalpies drawn 

(Table 3).   

Table 3. Experimental vs. theoretically assessed reaction enthalpies for cases 1-5. 

 ∆H /kcal mol-1 
 
 

Reaction 

experimental 
 

theoretical 

 DFT(M06-2X)g CCSD(T)h 

1 -101.9 ± 1.5 a,b,d  -103.6 -102.6 

2 -142.20 ± 1.43 a,c  -148.7 -149.3 

3 -142.77 ± 0.22 f,c  -147.7 -145.6 

4 -280 ± 1 f,d  -289.4 -282.5 

5 -88.78  ± 1.02a,e,f  -91.3 -92.0 

 
Mean Signed Error 

 
-5.01 -3.27 

 Mean Unsigned Error  5.01 3.27 

apropargyl radical: ref 123; b but-1-ene-3-yne: ref 124; c benzene: ref 125;  
dbenzyl radical: ref 123;  epropyne: ref 126; fhydrogen atom and ethyne: ref  
127; ggeometry optimization and thermochemistry at this level of theory;  
hsingle-point energy computation at CCSD(T)/CBS level on M06-2X/cc-pVTZ 

  geometry, plus M06-2X/cc-pVTZ thermochemistry. 
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Reaction #1 is part of the present study: the formation of the benzyl radical from propargyl 

and but-1-ene-3-yne (see Scheme 1). Reaction #2 is the formation of benzene starting with two 

propargyl radicals (see the studies reported in the Introduction). Reaction #3 is ethyne 

trimerization to give benzene.128,129,130,131  Reaction #4 sees seven ethyne molecules put into 

relation with two benzyl radicals: it is not to be considered as a real reaction, yet it allows a 

“reaction” enthalpy comparison. Reaction #5 is the radical coupling of propargyl with atomic 

hydrogen, to get propyne. 

Then, the rate constants for the propargyl radical + ethyne reaction were calculated at 

DFT(M06-2X)/CBS level by using TST theory, at four different temperatures, and compared to 

experimental data.132 Calculated rate constants show a very good agreement with the 

experimental rate constants, as reported in Table 4.  

Table 4.  Experimental vs. theoretically assessed rate constants 

 for the propargyl radical + ethyne reaction. 

k / molec-1 cm3 s-1
 

T /K experiment DFT(M06-2X) 

800 7.25 x 10-16
 2.97 x 10-16

 

900 1.46 x 10-15
 9.21 x 10-16

 

1000 2.55 x 10-15
 2.43 x 10-15

 

1100 4.03 x 10-15
 5.13 x 10-15
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