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The reactions of 1-naphthyl radicals with acetylene were studied behind reflected shock waves in a single-
pulse shock tube, covering the temperature range 950-1200 K at overall densities behind the reflected shocks
of ∼2.5 × 10-5 mol/cm3. 1-Iodonaphthalene served as the source for 1-naphthyl radicals. The [acetylene]/
[1-iodonaphthalene] ratio in all of the experiments was ∼100 to channel the free radicals into reactions with
acetylene rather than iodonaphthalene. Only two major products resulting from the reactions of 1-naphthyl
radicals with acetylene and with hydrogen atoms were found in the post shock samples. They were
acenaphthylene and naphthalene. Some low molecular weight aliphatic products at rather low concentrations,
resulting from an attack of various free radicals on acetylene, were also found in the shocked samples. In
view of the relatively low temperatures employed in the present experiments, the unimolecular decomposition
rate of acetylene is negligible. One potential energy surface describes the production of acenaphthylene and
1-naphthyl acetylene, although the latter was not found experimentally due to the high barrier (calculated)
required for its production. Using quantum chemical methods, the rate constants for three unimolecular
elementary steps on the surface were calculated using transition state theory. A kinetics scheme containing
16 elementary steps was constructed, and computer modeling was performed. An excellent agreement between
the experimental yields of the two major products and the calculated yields was obtained. Differences and
similarities in the potential energy surfaces of 1-naphthyl radical + acetylene and those of ethylene are
presented, and the kinetics mechanisms are discussed.

I. Introduction

The reaction of aryl radicals with unsaturated aliphatic
hydrocarbons is one of the reaction channels that leads to the
production of polycyclic aromatic hydrocarbons (PAH). This
is particularly true when acetylene and its derivatives are
concerned.1-14 The same holds for the unsaturated aliphatic
hydrocarbon radicals reacting with aromatic compounds.

We have recently published a detailed investigation of
naphthyl radical reactions with ethylene including potential
energy surface calculations and single-pulse shock tube experi-
ments of reaction product distribution.15 Although some quantum
chemical calculations on the phenyl radical + ethylene reaction
were reported,12-14 we were not aware of any quantum chemical
calculations or experimental results on the reactions of the
naphthyl radical with ethylene.

The reactions of various aryl radicals with acetylene have
been studied quite extensively in the past, particularly when
phenyl radicals are concerned.1-11 Both theoretical and experi-
mental results have been reported. When the reactions of
naphthyl radicals with acetylene are concerned, very detailed
theoretical calculations1,2,8 have been performed (quantum
chemical, RRKM, etc.), but as far as we are aware, no
experimental results that can support these calculations have
been published.

A very comprehensive and thorough computational investiga-
tion on the reactions of phenyl and naphthyl radicals with
acetylene was performed by Richter et al.1 The authors have
calculated a large number of potential energy surfaces leading
to a variety of intermediates and stable products, resulting from

addition of acetylene to the aryl radical with and without H-atom
ejection. They also calculated rate constants for various reactant
f product systems based on the pathways on the potential
energy surfaces. Whereas for the phenyl + acetylene system
the results of the theoretical calculations could be compared to
existing experimental results,10,12,13 there were no available
experimental data on the naphthyl + acetylene system.

In this article, we present experimental single-pulse shock
tube results of product formation and quantum chemical
calculations in the system of 1-naphthyl radicals and acetylene,
where the 1-naphthyl radicals are obtained from the dissociation
of 1-iodonaphthalene. Although the potential energy surface for
naphthyl + acetylene has been calculated by Richter et al.,1 for
the sake of comparison with ethylene we decided to repeat these
calculations with the same level of theory and basis set that
has been used with naphthyl + ethylene. We also compose a
kinetics scheme and perform computer simulation based on the
reaction pathways and the elementary steps on the calculated
surface with additional, mainly bimolecular, reactions. We then
compare the results of the calculations to the single-pulse shock
tube data. Also, differences and similarities in the potential
energy surfaces of 1-naphthyl radical + acetylene and those of
ethylene are presented, and the kinetics mechanisms are
discussed.

II. Experimental Section

1. Apparatus. The reactions of 1-naphthyl radicals with
acetylene were studied behind reflected shock waves in a
pressurized driver, 52 mm i.d., single-pulse shock tube. The
shock tube had a 4 m long driven section divided in the middle
by a 52 mm i.d. ball valve. The driver section had a variable* Corresponding author. E-mail: assa@vms.huji.ac.il.
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length up to a maximum of 2.7 m and could be varied in small
steps to obtain the best cooling conditions. A 36 L dump tank
was connected to the driven section at a 45° angle toward the
driver near the diaphragm holder to prevent reflection of
transmitted shocks. The driven section was separated from the
driver by “Mylar” polyester films (BROWNELL-ELECTRO)
of thicknesses ranging between 1 and 2 mil depending upon
the desired shock strength.

The shock tube, the reaction mixture storage bulbs, the gas
handling manifold, and the transfer tubes were all maintained
at 170 ( 2 °C with a heating system containing 15 independent
computer-controlled heating elements. Reaction dwell times
behind the reflected waves were approximately 2.0 ( 0.1 ms,
and cooling rates were ∼5 × 105 K/s.

Prior to performing an experiment, the tube and its gas
handling system were pumped down to ∼3 × 10-5 Torr. The
reaction mixtures were introduced into the driven section
between the ball valve and the end plate, and pure argon into
the section between the diaphragm and the valve, including the
dump tank. After each experiment, two gas samples were taken
for analysis. One sample was transferred from the tube through
a heated injection system to a Hewlett-Packard model 5890A
gas chromatograph operating with a flame ionization detector
(FID), using a 15 m × 0.53 mm HP-1 megabore column, coated
with methyl silicon gum. This analysis provided the concentra-
tions of the heavy aromatics. The second sample, which gave
the conversion of the chemical thermometers (will be mentioned
later) and the concentration of the low molecular weight
acetylene decomposition products, was transferred from the
shock tube via 100 cm3 glass bulbs to a Carlo-Erba Vega series
2, model 6300 gas chromatograph using a 2 m Porapak-N
column with a flame ionization detector.

2. Temperature Determination. Reflected shock tempera-
tures were determined from the conversion of two standard
reactions, the reactants of which were added in small quantities
(0.01%) to the reaction mixtures to serve as chemical thermom-
eters. Over the temperature range 900-1050 K, the reflected
shock temperatures were determined from the extent of the total
isomerization of cyclopropanecarbonitrile to cis and trans
crotonitrile and 3-butenonitrile,16 and over the temperature range
1050-1200 K, from the extent of decomposition of 1,1,1-
trifluoroethane to 1,1-difluoroethylene + HF.17

The reaction rate constants used were:

where R is expressed in units of cal/(K.mole).
Reflected shock temperatures T5 were calculated from the

relation:

where t is the reaction dwell time, A and E are the pre-
exponential factors and the activation energies of the chemical

thermometer reactions, and � is the extent of reaction defined
as: � ) [reactant]t/([reactant]t + [product(s)]t).

Density ratios were calculated from the measured incident
shock velocities using the three conservation equations and the
ideal gas equation of state.

3. Materials and Analysis. Reaction mixtures containing
0.05% iodonaphthalene, 5% acetylene, and 0.01% of each one
of the two chemical thermometer reactants diluted in argon were
prepared in 12 L glass bulbs and stored at 170 ( 2 °C and 700
Torr. Both the bulbs and the line were pumped down to
approximately 3 × 10-5 Torr before the preparation of the
mixtures. 1-Iodonaphthalene served as the source of naphthyl
radicals as the C-I bond dissociation energy in 1-iodonaph-
thalene is by some 46 kcal/mol lower than that of the C-H
bond in naphthalene (66 vs 112 kcal/mol) and can thus produce
naphthyl radicals at much lower temperatures.18 The reason for
the high [acetylene]/[1-iodonaphthalene] ratio (∼100) comes to
channel all of the radicals, particularly the naphthyl radicals, to
reactions with acetylene rather than 1-iodonaphthalene.

1-Iodonaphthalene was obtained from Aldrich Chemical Co.
and had a purity of ∼97%. None of the major products,
acenaphthylene and naphthalene, were found in the unshocked
samples. The argon used was Matheson ultra high purity grade,
listed as 99.9995%, and the helium driver gas was Matheson
pure grade, listed as 99.999%. All materials were used without
further purification.

Typical chromatograms of shock-heated samples originally
containing 0.05% iodonaphthalene, 5% acetylene, and 0.01%
of each of the two chemical thermometer reactants shock-heated
to 1086 and 1112 K are shown in Figure 1. As can be seen in
these two chromatograms, naphthyl acetylene is not among the
reaction products.

4. Data Reduction. The concentrations of 1-iodonaphthalene
and the two aromatic ring products in the shocked samples
C5(pri) were calculated from their GC peak areas using the

1. cyclopropanecarbonitrile f c-CH3CHdCHCN,

t-CH3CHdCHCN, and CH2dCHCH2CN,

kuni ) 3.82 × 1014 exp(-57 840/RT) s-1

2. CF3-CH3 f CF2dCH2 + HF, kuni )

3.23 × 1014 exp(-72 540/RT) s-1

T5 ) -(E/R)/[ln{- 1
A × t

ln(1 - �)}]

Figure 1. Typical chromatograms of reaction mixtures containing
0.05% 1-iodonaphthalene and 5% acetylene, shock-heated to 1086 and
1112 K. As can be seen, 1-naphthylacethylene is not formed at both
temperatures.
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following set of relations that are based on two fused aromatic
rings balance:

where

and

C5(reactant)0 is the concentration of 1-iodonaphthalene behind
the reflected shock prior to reaction, and A(reactant)0 is its
calculated GC peak area prior to reaction (eq III), where A(pri)t

is the peak area of a product i in the shocked sample, and S(pri)
is its sensitivity relative to that of the reactant, F5/F1 is the
compression behind the reflected shock, and T1 is the initial
temperature, 443 K in the present series of experiments.

The low molecular weight aliphatic products that are coming
from the acetylene and the very low concentrations of some
single ring aromatics such as phenyl acetylene and of indene
were not taken into account in these calculations. In view of
their low concentration, only those of naphthalene and acenaph-
thylene were considered.

The GC sensitivities of the products relative to the reactant
were determined from standard mixtures. GC peak areas were
recorded and evaluated using the “Chromatography Station for
Windows - CSW 1.7” software, produced by Data Apex Ltd.,
1998, The Czech Republic. They were transferred after each
analysis to a PC for data reduction and graphical presentation.

III. Experimental Results

Some 50 tests were run with reaction mixtures containing
0.05% 1-iodonaphthalene, 5% acetylene, and the two chemical
thermometers diluted in argon, covering the temperature range
900-1200 K. Densities behind the reflected shocks were ∼2.5
× 10-5 mol/cm3 corresponding to p5 ) ∼1400-1850 Torr
depending upon the temperature. Two major products resulting
from the reactions of the system containing 1-iodonaphthalene
and acetylene, acenaphthylene and naphthalene, were found in
the shocked samples. Figure 2 shows the data points of the two,
above-mentioned, products and of the reactant as product yield
(in mole percent) versus temperature. The reflected shock
temperatures of the low temperature data points (shown in red)
were calculated from the isomerization rate of c-C3H5CN, and
the high temperature data (shown in blue) were calculated from
the extent of decomposition of 1,1,1-trifluoroethane. The + signs
on the lines are the calculated points based on the computer
modeling, and the lines are the best fits to these points.

IV. Quantum Chemical and Rate Constant Calculations

1. Quantum Chemical Calculations. We used the Becke
three-parameter hybrid method19 with the Lee-Yang-Parr
correlation functional approximation with unrestricted open shell
wave functions (uB3LYP)20 and the Dunning correlation
consistent polarized valence double �(cc-pVDZ) basis set.21

Structure optimization of the reactants and products was done
using the Berny geometry optimization algorithm.22 For deter-

mining transition state structures, we used the combined
synchronous transit-guided quasi-Newton (STQN) method.23

Higher level (CI) calculations were done using these structures.
All of the calculations were performed without symmetry

restrictions. Vibrational analyses were done at the same level
of theory to characterize the optimized structures as local minima
or transition states. Calculated vibrational frequencies and
entropies (at uB3LYP level) were used to evaluate preexpo-
nential factors of the reactions under consideration. All of the
calculated frequencies, the zero-point energies, and the thermal
energies are of harmonic oscillators. The calculations of the
intrinsic reaction coordinate (IRC), to check whether the
transition states under consideration connect the expected
reactants and products, were done at the B3LYP level of theory
with the same basis set as was used for the stationary point
optimization. These calculations were done on all of the
transition states.

Each optimized uB3LYP structure was recalculated at a single
point with coupled cluster method, including both single and
double substitutions with triple excitations uCCSD(T). The
uCCSD(T) calculations were performed with the frozen core
approximation. All of the reported relative energies include zero-
point energy correction (ZPE). The DFT and CCSD(T) com-
putations were carried out using the Gaussian 03 program
package.24

2. Rate Constant Calculations. To evaluate first-order rate
constants from the quantum chemical calculations, the relation:

was used,25,26 where h is Planck’s constant, k is Boltzmann’s
factor, σ is the degeneracy of the reaction coordinate, and ∆H#

and ∆S# are the temperature-dependent enthalpy and entropy

C5(pri) ) A(pri)/S(pri) × {C5(reactant)0/A(reactant)0}
(I)

C5(reactant)0 ) {p1 × %(reactant) × F5/F1}/100RT1

(II)

A(reactant)0 ) A(reactant)t + ∑A(pri)t/S(pri) (III)

Figure 2. Yields of the acenaphthylene and naphthalene are shown
as mole percent vs temperature on a semilog scale. Also shown is the
total decomposition of 1-iodonaphthalene. The reflected shock tem-
peratures of the points shown in red were calculated using the extent
of the total isomerization of cyclopropane carbonitrile, and the ones in
blue are from the extent of decomposition of 1,1,1-trifluoroethene. The
black points (+) are the calculated yields, and the lines are the best fit
to these points. As can be seen, the agreement is very good.

k∞ ) σ(kT/h) exp(∆S#/R) exp(-∆H#/RT) (1)
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of activation, respectively. For the unimolecular reactions, ∆H#

) ∆E#, where ∆E# is the energy difference between the
transition state and the reactant. ∆E# is equal to ∆E0

total +
∆Ethermal, where ∆E0

total is obtained by taking the difference
between the total energies of the transition state and the reactant,
and ∆Ethermal is the difference between the thermal energies of
these species. In view of relatively low temperatures covered
in this investigation and the high size molecules involved,
RRKM calculations were not performed.

V. Results of the Quantum Chemical Calculations

The potential energy surface of the 1-naphthyl + acetylene
system is shown in Figure 3. The energetics and other
parameters relevant to this surface are shown in Table 1. The
addition of acetylene to the naphthyl radical toward the
formation of a rather stable 1-naphthylacetynyl INT(R1) has a
very low barrier of ∼5.5 kcal/mol (TS1). The energy of INT(R1)
is taken as zero in both the figure and the table. INT(R1) appears
in two isomers that differ from one another in the direction of
the •CHdCH- group. The isomerization barrier is ∼2 kcal/
mol, so that the two isomers reach equilibrium instantaneously.
There are two reaction channels staring from INT(R1). One
channel leads to the formation of acenaphthylene, and the second
channel leads to the formation of 1-naphthyl acetylene; both
involve an H-atom ejection. The bending of the •CHdCH-
group toward a five-member ring closure (INT(R2)) proceeds

via transition state TS3 with an energy barrier of 19.3 kcal/
mol. Only one out of the two INT(R1) isomers can take place
in this pathway. This is the isomer where the •CHdCH- group
is bent toward the adjacent benzene ring (blue line in Figure
3). This strong bending introduces considerable decrees in
entropy (-6.1 cal/(K ·mol)) due to its stiff structure. It is
accompanied by high exothermicity of 18.8 kcal/mol. The rate-
determining step for the formation of acenaphthylene is the
H-atom ejection from INT(R2) via transition state TS4 with a
barrier of 27.9 kcal/mol.

1-Naphthylacetylene is formed in one step, which is H-atom
ejection from INT(R1) via transition state TS2. Both isomers
of INT(R1) can participate in this process (red lines in Figure
3). However, the energy barrier of this step is 38 kcal/mol, which
is much higher than both the 17.7 kcal/mol for the formation
of INT(R2) via transition state TS3 and the 28 kcal/mol that is
required to form acenaphthylene via transition state TS4. These
differences prevent the production of 1-naphthylacetylene as
can be seen in Figures 1 and 2. These results are quite similar
to the ones obtained by Richter et al.1

VI. Kinetics Scheme and Modeling

1. Reaction Scheme and Results of the Computer Model-
ing. To compare the single-pulse shock tube experiments to the
quantum chemical calculations, a kinetics scheme was con-
structed and computer modeling was carried out. In addition to
the steps that appear on the potential energy surface, the
modeling requires several additional steps, such as the produc-
tion rate of naphthyl radical and some bimolecular reactions
involving H-atoms, I-atoms, and other radicals.

The kinetics scheme contains 16 elementary reactions, but
only three unimolecular reactions (13-15, Table 2) are based
on the potential energy surface of the naphthyl + acetylene
system. The rate constant for the unimolecular reaction 16 was
taken from our previous 1-naphthylacetylenef acenaphthylene
isomerization study.30 The barriers for reactions 10-12 were
calculated by quantum chemical methods in this investigation,
but their preexponential factors were estimated on the basis of
similar reactions. Reactions 1-9 were either taken from
literature sources or were estimated.

The rate constants of reactions 13-15 were obtained from
the quantum chemical calculations using eq 1 at several
temperatures covering the temperature range 950-1200 K, over
which the single-pulse shock tube experiments were carried out.
These were then plotted as ln k versus 1/T to obtain Arrhenius-

Figure 3. Potential energy surface starting with the reaction: 1-C10H7
•

+ C2H2 f C10H7-CHdCH•. The surface has two pathways, one
producing 1-naphthylacetylene and the other producing acenaphthylene.

TABLE 1: Total Energies Etotal (in au), Zero-Point Energies, Relative Energies ∆E,a Imaginary Frequencies,b and Entropiesc of
the Species in the 1-Naphthyl + C2H2 System

uB3LYP uCCSD(T)

species Etotal ∆Ea ZPE Sc νb Etotal ∆Ea

1-naphthyl -385.228877 84.26 83.30 -384.111525
C2H2 -77.333219 15.81 45.19 -77.110121
1-naphthyl + C2H2 -462.562095 39.99 100.07 -461.221646 38.59
TS1 -462.557121 39.17 101.25 104.01 (i - 295) -461.216467 43.02
INT(R1) -462.629472 0.0 104.36 95.35 -461.289983 0.0
TS2 -462.561243 37.18 98.73 97.42 (i - 762) -461.220524 37.96
1-naphthylacetylene + H -462.567638 32.53 98.09 -461.231582 30.38
1-naphthyl acetylene -462.066380 98.09 92.18 -460.732304
TS3 -462.606137 15.73 103.45 89.84 (i - 553) -461.257780 19.30
INT(R2) -462.661333 -19.22 105.13 89.25 -461.321129 -18.77
TS4 -462.611069 7.84 100.65 90.16 (i - 851) -461.269553 9.11
acenaphthylene + H -462.612949 5.93 99.92 -461.282136 0.48
acenaphthylene -462.111691 99.92 86.11 -460.782858

a Relative and ZPE energies in kcal/mol. ∆E ) ∆Etotal + ∆(ZPE). b Imaginary frequency in cm-1. c Entropies at 298 K in cal/(K ·mol).
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type rate constants that could be used in the modeling. The
calculated Arrhenius activation energies and pre-exponential
factors are somewhat different from the barriers and the pre-
exponential factors that were obtained from the surfaces.

The results of the modeling are shown in Figure 2 as solid
lines in comparison with the experimental yields. The + signs
on the lines are the calculated points, and the lines are the best
fits to these points. As can be seen, the agreement is very good.

VII. Differences and Similarities in the Reaction of
1-Naphthyl Radical with Acetylene and Ethylene

It is of interest to compare the results of the single-pulse shock
tube experiments and of the quantum chemical calculations
obtained in the reaction of 1-naphthyl radical with acetylene to
those that were previously obtained with ethylene. There are
two main differences between these two systems. One difference
is the formation of 1-naphthyl ethylene (1-vinyl naphthalene)
and the absence of the equivalent 1-naphthyl acetylene in the
reaction with acetylene. An additional marked difference is the
fact that with acetylene the production of acenaphthylene, which
is the product of the highest concentration, is the end of the

reaction pathway. It does not further decompose or become
attacked by H-atoms over the temperature range of the present
study. On the other hand, the equivalent product acenaphthalene
further reacts with H-atoms to produce acenaphthylene by
abstraction reactions.

As can be seen in Figure 4, the two potential energy surfaces
starting from INT(R1) (red lines, ethylene; and blue lines,
acetylene) are very similar both in the structure of the pathways
and energetically, except for one step, which is the back reaction
INT(R2) f INT(R1) (via transition state TS3). For ethylene it
is ∼27 kcal/mol, whereas for acetylene it is ∼38 kcal/mol. This
implies that for acetylene the step INT(R2) f INT(R1) is
practically forbidden and the step that produces the acenaph-
thylene is the only step. The much lower barrier for the INT(R2)
f INT(R1) step in ethylene enables this back reaction to take
place and to produce 1-naphthyl ethylene. The reason for this
different behavior of the two systems is clearly the higher
stability of INT(R2) in acetylene. We believe that the delocal-
ization that exists in the latter due to the CdC double bond
that does not exist in the ethylene system is the reason for the
difference in stabilities.
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