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Reactions of 1-Naphthyl Radicals with Ethylene. Single Pulse Shock Tube Experiments,
Quantum Chemical, Transition State Theory, and Multiwell Calculations
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Receied: September 11, 2007; In Final Form: Member 6, 2007

The reactions of 1-naphthyl radicals with ethylene were studied behind reflected shock waves in a single
pulse shock tube, covering the temperature range-2200 K at overall densities behind the reflected shocks

of ~2.5 x 10°® mol/cn®. 1-lodonaphthalene served as the source for 1-naphthyl radicals aslitea@d
dissociation energy is relatively small. It is omy65 kcal/mol as compared to the-El bond strength in
naphthalene which is-112 kcal/mol and can thus produce naphthyl radicals at rather low reflected shock
temperatures. The [ethylene]/[1-iodo-naphthalene] ratio in all of the experimentsl@&sin order to channel

the free radicals into reactions with ethylene rather than iodonaphthalene. Four products resulting from the
reactions of 1-naphthyl radicals with ethylene were found in the post shock samples. They were vinyl
naphthalene, acenaphthene, acenaphthylene, and naphthalene. Some low molecular weight aliphatic products
at rather low concentrations, resulting from the attack of various free radicals on ethylene were also found in
the shocked samples. In view of the relatively low temperatures employed in the present experiments, the
unimolecular decomposition rate of ethylene is negligible. Three potential energy surfaces describing the
production of vinyl naphthalene, acenaphthene, and acenaphthylene were calculated using quantum chemical
methods and rate constants for the elementary steps on the surfaces were calculated using transition state
theory. Naphthalene is not part of the reactions on the surfaces. Acenaphthylene is obtained only from
acenaphthene. A kinetics scheme containing 27 elementary steps most of which were obtained from the potential
energy surfaces was constructed and computer modeling was performed. An excellent agreement between
the experimental yields of the four major products and the calculated yields was obtained.

I. Introduction II. Experimental Section

The reaction of aryl radicals with unsaturated aliphatic ~ 1. Apparatus. The reactions of 1-naphthyl radicals with
hydrocarbons is one of the reaction channels that lead to the€thylene were studied behind reflected shock waves in a

production of polycyclic aromatic hydrocarbons (PAH). This Pressurized driver, 52-mm i.d., single-pulse shock tube. The
is particularly true when acetylene and its derivatives are Shock tube had a 4-m driven section divided in the middle by

concerned: 12 The same holds for the unsaturated aliphatic a 52-mm i.d. ball valve. The driver section had a variable length
hydrocarbon radicals reacting with the aromatic compounds. UP t0 @ maximum of 2.7 m and could be varied in small steps
While reactions with acetylene have been studied quite in order to obtain the best cqollng cor]dltlons. A 36-L dump
extensively! 8 reactions of aryl radicals with ethylene or of tank was connected to the driven section &t dbgle toward

vinyl radicals with the aromatic compourfd$’ are hardly the dr_lver near th_e diaphragm ho_Ider in order to prevent

. o . reflection of transmitted shocks and in order to reduce the final
mentioned in literature. When naphthyl radicals are concerned, . . . .
their attack on ethvlene. acetvlene and other unsaturateddnver gas pressure in the tube. The driven section was separated

liohati lead tyb th’ i y i ’ d a simole attach t from the driver by “Mylar” polyester films of various thicknesses
aliphatics can lead to both cyclization and a simplé attachmen "depending upon the desired shock strength.
The same behavior is seen when &€ H, for example, attack . .
; The shock tube, the reaction mixture storage bulbs, the gas

naphthalené The relative rates of these two types of processes

froct tent h the rate of the PAH arowth handling manifold, and the transfer tubes were all maintained
atect to some extent, among others, the rate ot the growth. ot 170+ 2°C with a heating system containing 15 independent

In this article we present experimental single pulse shock tube computer controlled heating elements. Reaction dwell times
data of product formation and quantum chemical calculations hehind the reflected waves were approximately 2.0.1 ms
in the system of 1-naphthyl radicals and ethylene where the and cooling rates were5 x 10° K/s.
1-naphthyl radicals are obtained from the dissociation of Prior to performing an experiment, the tube and its gas
1l-iodonaphthatene. We also compose a kinetics scheme anchandling system were pumped down+@ x 1075 Torr. The
perform computer modeling based on the reaction pathways andreaction mixtures were introduced into the driven section
the elementary steps on the calculated surfaces and compargetween the ball valve and the end plate, and pure argon into
the results of the calculations to the single pulse shock tube the section between the diaphragm and the valve, including the
results. dump tank. After each experiment, two gas samples were taken
for analysis. One sample was transferred from the tube through
*To whom correspondence should be addressed. E-mail: Assa@ & Neated injection system to a Hewlett-Packard model 5890A
vms.huiji.ac.il. gas chromatograph operating with a flame ionization detector
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Figure 1. Typical chromatograms of a reaction mixture containing 0.05% 1-iodonaphthalene, 5% ethylene and 0.01% of each of the two chemical
thermometers, shock-heated to 1181 K. The chromatogram on the left shows the low molecular weight aliphatic hydrocarbons, coming from the
decomposition of ethylene. The peaks shown in red belong to the chemical thermometgsC(EbH — (CHs),C=CH, + H,0, and the ones in

cyan to the thermometer: cyclopropanecarbonittie-CH;CH=CHCN, t-CH;CH=CHCN and CH=CHCH,CN. The chromatogram on the right

shows the high molecular weight aromatics that are coming from the reactions of naphthyl radicals with ethylene.

(=]

(FID), using a 15 mx 0.53 mm HP-1 megabore column, coated Torr. Both the bulbs and the line were pumped down to
with methyl silicon gum. This analysis provided the concentra- approximately 3x 1075 Torr before the preparation of the
tions of the heavy aromatics. The second sample, which gavemixtures. 1-lodonaphthalene served as the source of naphthyl
the conversion of the chemical thermometers and the concentra+adicals as the €l bond dissociation energy in 1-iodonaph-
tion of the low molecular weight ethylene decomposition thalene is by some 46 kcal/mol smaller than that of theHC
products, was transferred from the shock tube via 100gtass bond in naphthalene (66 vs.112) and can thus produce naphthyl
bulbs to a Carlo-Erba Vega series 2, model 6300 gas chromato-radicals at much lower temperatuféshe reason for the high
graph usig a 2 mPorapak-N column with a flame ionization [ethylene]/[1-iodonaphthalene] ratioy 100), comes to channel
detector. all the radicals, particularly the naphthyl radicals to reactions
2. Temperature Determination. Reflected shock tempera-  with ethylene rather than 1-iodonaphthalene.
tures were determined from the conversion of two standard 1-lodonaphthalene was obtained from Aldrich Chemical Co.
reactions, the reactants of which were added in small quantitiesand had a purity 0f~97%. None of the four major products,
(0.01%) to the reaction mixtures to serve as chemical thermom-acenaphthene, vinyl naphthalene, naphthalene, and acenaphth-
eters. Over the temperature range 93050 K, the reflected  ylene, were found in the unshocked samples. The argon used
shock temperatures were determined from the extent of the totalwas Matheson ultrahigh purity grade, listed as 99.9995%, and

isomerization of cyclopropanecarbonitrile tis- and trans the helium driver gas was Matheson pure grade, listed as
crotonitrile and 3-butenonitril€ and over the temperature range 99.999%. All materials were used without further purification.
1050-1200 K, from the extent of decompositionteft-butanol Typical chromatograms of a reaction mixture containing
to isopropene and watét: 0.05% iodonaphthalene, 5% ethylene and 0.01% of each of the

1. Cyclopropanecarbonitrile> c-CH;CH=CHCN, t-CHs- two chemical thermometers shock-heated to 1181 K are shown
CH=CHCN, and CH=CHCHCN, ki = 3.2 x 10" in Figure 1. As can be seen naphthyl acetylene is not among
exp(—57840RT) s, the reaction products.

2. (CHg)3C—OH — (CHg),C=CH; + H0, kynj = 8.5 x 10+ 4. Data Reduction.The concentrations of 1-iodonaphthalene
exp(-63120RT) s 1, and the four, two ring aromatic products in the shocked samples

whereR is expressed in units of cal/mol. Cs(pri) were calculated from their GC peak areas using the

Reflected shock temperaturds were calculated from the  following set of relations that are based on two fused aromatic
relation ring balance

T.= —(E/R)/[In{— Ait In(1 — X)}] Cy(pr) = A(pr)/Spr;) x { Cg(reactantyA(reactant)} "

where t is the reaction dwell timeA and E are the pre- ~ Where

exponential factors and the activation energies of the standard

— 0,
reactions, ang is the extent of reaction defined as Cs(reactaniy = {p, x %(reactant< pg/p,}/100RT, )

x = [reactant]([reactant]+ [product(s))) and
Density ratios were calculated from the measured incident shock A(reactant) = A(reactant)+ ZA(pr,)/Spr) (1)
velocities using the three conservation equations and the ideal
gas equation of state. Cs(reactant) is the concentration of 1-iodonaphthalene behind

3. Materials and Analysis. Reaction mixtures containing the reflected shock prior to reaction addreactant) is its
0.05% iodonaphthalene, 5% ethylene, and 0.01% of each onecalculated GC peak area prior to reaction (eq Ill) whekéori)
of the two chemical thermometers diluted in argon were is the peak area of a produdh the shocked sample, a&jr;)
prepared in 12 L glass bulbs and stored at 7P °C and 700 is its sensitivity relative to that of the reactapt/p; is the
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Figure 2. Yields of the four major products are shown as mole percent vs temperature on a semilog scale. The reflected shock temperatures of the
points shown in red, were calculated using the extent of the total isomerization of cyclopropane carbonitrile and the ones in blue from the extent
of decomposition of tert.-butyl alcohol. The black points) @re the calculated yields and the lines are the best fit to these points.

compression behind the reflected shock, dnds the initial 100
temperature, 443 K in the present series of experiments.

The low molecular weight aliphatic products that are coming
from ethylene and the very low concentrations of some single
ring aromatics such as phenyl acetylene and indene were not
taken into account in these calculations. Only naphthalene,
acenaphthene, vinyl naphthalene and acenaphthylene were
considered.

The G.C. sensitivities of the products relative to the reactant
were determined from standard mixtures. GC peak areas were 40
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 20 bt
analysis to a PC for data reduction and graphical presentation. 950 1000 1050 1100 11

T (K)
Figure 3. Total decomposition of 1-iodonaphthalene.

Some 45 tests were run with reaction mixtures containing reflected shock temperatures of the low-temperature data points
0.05% 1l-iodonaphthalene, 5% ethylene, and the two chemical(shown in red) were calculated from the isomerization rate of
thermometers diluted in argon, covering the temperature rangec-C;HsCN and the high-temperature data (shown in blue) were
950-1200 K. Densities behind the reflected shocks wepe5 calculated from the extent of decomposition of tertiary butanol.
x 10°° mol/cn® corresponding ts = ~1400-1850 Torr The + sign on the lines are the calculated points and the lines
depending upon the temperature. Four major products resultingare the best fits to these points. Many rate constants in the

from the reactions of the system containing 1-iodonaphthalene scheme where evaluated by quantum chemical calculations as
and ethylene, namely, acenaphthene, vinyl naphthalene, acenaphyill be described later.

thylene, and naphthalene, were found in the shocked samples. . .
Figure 2 shows the actual data points of the four above V- Quantum Chemical and Rate Constant Calculations
mentioned products as product yield vs temperature, and Figure 1. Quantum Chemical Calculations.We used the Becke
3 shows the overall decomposition of 1-iodo-naphthalene. The three-parameter hybrid methi§dwith Lee—Yang—Parr cor-

80

60
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-
50 1200

Ill. Experimental Results
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relation functional approximation with unrestricted open shell TABLE 1: Zero-Point Energies, Relative EnergiesAE,?
wavefunctions (UB3LYFY and the Dunning correlation con- Irﬂagmary FreqluenmesP an? Entropies® of the Species on the
sistent polarized valence douliicc-pVDZ) basis set® Struc- Three Potential Energy Surfaces

ture optimization of the reactants and products was done using uB3LYP uccsD(T)
the Berny geometry optimization algorithifhFor determining species ZPE & pb AE?
transition state structures, we used the comblngd synchronous Potential Energy Surface A
transn-gwded quasi-Newton (STQN) methddHigher level 1-naphthyH CoHa 116.09 34.99
(CI) calculations were done using these structures. TS1 116.74 103.67 (i-209) 37.51
All of the calculations were performed without symmetry INT(R1)® 118.20 98.61 0.0
restrictions. Vibrational analyses were done at the same level ; ~¢ . 113.77 98.38 (i-682) 35.01
. S - 1-vinylnaphthalene+- H 113.01 29.07
of theory to characterize the optimized structures as local minima 1g3 11823 91.38 (i-581) 21.23
or transition states. Calculated vibrational frequencies and |NT(R2) 120.03 91.12 —9.76
entropies (at uB3LYP level) were used to evaluate preexpo- TS4 115.33 91.95 (i-688) 19.71
nential factors of the reactions under consideration. All of the acenaphthene H ~114.16 13.48
calculated frequencies, the zero-point energies, and the thermal Potential Energy Surface B
. . . . 1-naphthyH- C;H,4 116.09 34.99
energies are of harmonic oscillators. The calculations of the 11321 105.85 (i-1518) 43.21
intrin_si_c reaction coordinate _(IRC)_, to check whether the paphthalene C,Hs 115.16 32.48
transition states under consideration connect the expectedTse 116.02 102.09 (i-353) 39.52
reactants and products, were done at the B3LYP level of theory INT(R3) 118.55 98.71 5.67
with the same basis set as was used for the stationary pOintI?/?nylnaphthalenek " 1111:;1815 97.09 (i-838) 2376%0
optimization. These calculations were done on all of the Tss 11536  95.37 (-1698) 4657
transition states. INT(R1)* 118.20 98.61 0.0
Each optimized uB3LYP structure was recalculated at a Potential Energy Surface C
single-point coupled cluster, including both single and double acenaphthene H: 114.16 , 0.0
substitutions with triple excitations uCCSD(T). The uCCSD- . 112.90  93.23 (-782) 6.39
T lculati ¢ d with the f INT(R4) + Hz 111.91 —13.65
(T) calculations were performed with the frozen core ap- 1510+ H, 100.12 91.95 (i-335) 27.29
proximation. All of the reported relative energies include zero- acenaphthylene H* +H, 99.9 24.75

point energy correction (ZPE). The DFT and CCSD(T)
computations were carried out using the Gaussian 03 programy,
packagéel!

2. Rate Constant Calculations.In order to evaluate first- V. Results of the Quantum Chemical Calculations
order rate constants from the quantum chemical calculations
the relation

aRelative energies in kcallmohE = AEqw + A(ZPE).? Imaginary
equency in cmt. ¢ Entropies at 298 K in cal/(K mol).

Two potential energy surfaces leading to the formation of
1-vinyl naphthalene and acenaphthene and one surface that
describe the formation of acenaphthylene from the product
k, = T(T)o(KT/H) exp(ASTR) exp—AH*RT) (1) acenaphthene were calculated. The first two surfaces begin with
a reaction between 1-naphthyl radicals and ethylene where the

was used?23whereh is Planck constank is Boltzmann factor, ~ source of 1-naphthyl radicals is the decomposition of 1-io-
o is the degeneracy of the reaction coordinatél* and AS* donaphthalene. The first step in surface (A) involves an
are the temperature-dependent enthalpy and entropy of activatiorglectrophilic attachment of 1-naphthyl radical to ethylene and
respectively andl(T) is the tunneling correction. For the insurface (B) the first step is an abstraction of a hydrogen atom
unimolecular reactions\H# = AE*, whereAE* is the energy ~ from ethylene producing naphthalene angHE. Surface (C)
difference between the transition state and the reacdgitis begins with an abstraction of a hydrogen atom from acenaph-
equal toAEY _ + AEmermawhereAE?  is obtained by taking thene towar_d to formation of acenaphthylene.

the difference between the total energies of the transition state 1. Potential Energy Surface A: 1-Naphthyt + CoHy —

and the reactant andEyperma is the difference between the ~ CioH7—CH>—CHy" and so on...The potential energy surface
thermal energies of these species. A is shown in Figure 4. The energetics and other parameters

relevant to this surface are shown in Table 1A. The electrophilic
addition process has a very low barrier-62.5 kcal/mol (TS1)
toward the formation of a rather stable 1-naphthyl ethyl radical
—i\ 2 (INT(R1)) where its energy is taken as zero in both the figure
(Mm=1+ 1 x (h(‘/1 ) and in the table. There are two reaction channels starting from
24 INT(R1). One channel leads to the formation of acenaphthene
_ and the second channel leads to the formation of vinyl
andZ” is the imaginary frequency of the reaction coordinate in naphthalene, both involve H-atom ejection. In the radical INT-
cm 1226 The correction was significant only for higt. (R1) there is practically a free rotation around the €<
Among the fifteen rate constants that were calculated by bond (a barrier of 0.62 kcal/mol). The energy barrier for the
guantum chemical methods and where introduced into overall isomerization INT(R1)— INT(R2) via transition state TS3 is
kinetics scheme (Table 3), nine were unimolecular and six were thus due only to the bend of the @HCH,—C< group rather
bimolecular. For the latter, only the barriers were calculated then its rotation process. This strong bending toward the ring
and the pre-exponential factors were estimated on the basis ofclosure introduces considerable stiffness to the transition state
similar reactions, the rate constants of which are available in TS3 that is apparently a late transition state. The low pre-
the literature® In view of relatively low temperatures covered exponential factor for the INT(RL)> INT(R2) isomerization
in this investigation and the high size molecules involved, (Table 1) is due to the large negative difference in the entropy
RRKM calculations were not done. between the two above mentioned intermediate8.64 cal/

The tunneling effect'(T), was estimated using Wigner's
inverted harmonic modé&f where

kT
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TABLE 2: Calculated Thermodynamic Properties of
Radical Intermediates at 298 K

Specie Structure AH | S°
Hzc/éH2
INT(R1)* 744  98.6
Hzc_CHz
H
INT(R2)’ "’ 647 91.1
(o
y He=CMe
INT(R3)" (., 80.1 98.7
(0)
H,C—CH
INT(R4)" OO 75.8  89.0
[ ]
HCéCH
INT(R5)" OO 1157 953
HC—=C
H
INT(R6)" "’ 95.0 89.2
(o)

a AfH° in kcal/mol and entropies in cal/(K mol). The symbe) (

denotes partial free electron density.

K.mol). The barrier of the rate determining step, for the
formation of acenaphthene namely, INT(R2)acenaphthene
+ H°, = ~29.5 kcal/mol (TS4), is smaller than that for the
formation of vinyl naphthalene which is35 kcal/mol (TS2).

J. Phys. Chem. A, Vol. 112, No. 5, 200829

(R3) with a barrier of~7 kcal/mol (TS6). The free electron
density in this radical is distributed between two carbon atoms
in the ring. The intermediate INT(R3) has now two reaction
channels. One channel forms INT(R1), where the latter is a
starting point for the production of both vinyl naphthalene and
acenaphthene (see Figure 4). This channel, however, does not
contribute much to the formation of these two products. This is
the result of the high barrier of39 kcal/mol. The second
channel produces 1-vinyl naphthalene via transition state TS7
with the ejection of a hydrogen atom. The barrier81.5 kcal/
mol.

The equivalent reaction of naphthaleheC,Hsz* — INT(R3)
in benzene was calculated to have a barrier-8f kcal/mol?
very similar to value calculated in this study.

3. Potential Energy Surface C: Production of Acenaph-
thylene from Acenaphthene The production of acenaphthylene
from acenaphthene involves the removal of two hydrogen atoms
from acenaphthene. The surface is shown in Figure 6. The
energetics and other parameters relevant to this surface are
shown in Table 1(C). The process proceeds in two steps where
the first one is an abstraction of a hydrogen atom from
acenaphthene and the second step is an ejection of a hydrogen
atom from the radical INT(R4). When the abstraction is by
H-atom as a radical, the barrier of the fist step~i6.4 kcal/
mol (TS9) and the ejection of a hydrogen atom from INT(R4)
requires~41 kcal/mol (TS10).

VI. Multiwell Calculations and Kinetics Modeling

1. Reaction Scheme and Results of the Computer Model-
ing. In order to evaluate the yields of the four major products:
acenaphthene, vinyl naphthalene, naphthalene and acenaphth-
ylene, a kinetics scheme was constructed and computer modeling
was carried out. Table 2 provides a glossary of the radical
intermediates that are part of the scheme and gives the calculated
values of AfH® and S of these species at 298 K. The values
were obtained by quantum chemical calculations at the uCCSD-
(T)//uB3LYP/cc-pVDZ level of theory and are based on the
known values of the heat of formation of acenaphthene and
acenaphthylene. The thermochemical values at different tem-
peratures were used to calculate equilibrium and rate constants
of the back reactions of the elementary steps on the potential
energy surfaces.

The kinetics scheme is shown in Table 3, and it contains three
categories of reactions. One category contains all of the

Similar processes with the benzene ring have been reportedunimolecular steps that appear on the three potential energy

in the literature®~12 The electrophilic addition of phenyl radical
to ethylene was calculated using CBS-QB3/B3LYP//6-81+15-
(d,p) level of theory to have a barrier of 2.3 kcal/mol, that is
very similar to the barrier of the equivalent reaction with
naphthyl radicals. Also, the ejection of a hydrogen atom from
phenyl ethyl radical has a barrier of 35.1 kcal/ffothich is
practically identical to the barrier for H-atom ejection from
1-naphthyl ethyl radical (INT(R1) via transition state TS2) to

form vinyl naphthalene.

2. Potential Energy Surface B: 1-Naphthyl + C;Hy —
Naphthalene+ C;H3* and so on...The reaction channels that

surfaces for which both the barriers and the pre-exponential
factors were calculated by quantum chemical methods (9
reactions). The second category contains all of the bimolecular
reactions on the surfaces for which only the barriers were
calculated but the pre-exponential factors were estimated on the
basis of known similar chemical reactions (6 reactidA3hese

two categories of reactions are printed in bold letters in Table
3, where the first category is marked with a in the reference
column and the second category is marked with b. The third
category of reactions (reactions-11 and 21) contains elemen-
tary steps that are part of the scheme, but not of the potential

appear on this surface lead also to the formation of both vinyl energy surfaces. Their rate constants were taken from the
naphthalene and acenaphthene. The surface is shown in Figurditerature or were estimatéd?”3° The rate parameters for four

5. The energetics and other parameters relevant to this surfaceeactions (reactions 247) that contribute to the production
are shown in Table 1B. The surface begins with an abstraction of acenaphthylene from acenaphthene were taken from a study
of a hydrogen atom from ethylene by naphthyl radical with a on the reaction of 1-iodonaphthalene with acetylene that is now
barrier of ~8.2 kcal/mol via transition state TS5 forming being prepared for publicatich.

naphthalene and 8. It is followed by an attachment of the

The rate constants of the unimolecular steps on the surfaces

C,Hz* to naphthalene forming a rather stable intermediate INT- were evaluated by the quantum chemical calculations at several
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H,C=CH, S CH
2 CH 2 1-vinyl naphthalene +H®

CH,

% O ..

— CH

II j j TS1
+CyHy TS2
35.01 o

34.99
CyHy + C,H,

DE (kcal/mol)

acenaphtha-
lene + H*

H,C—CH;
H

INT(R1) ]
1-naphthyl ethyl radical

[}
INT(R2)

Figure 4. Potential energy surface 1(A) based on the initiation reaction: g€+ C,Hs — CioH;—CH,—CH". The surface has two reaction
channels, one producing vinyl naphthalene and the other producing acenaphthene.

TABLE 3: Kinetics Scheme for the 1-lodonaphthalene-Ethylene Reaction System

ks AS AH,
no. reactions A E (1050 K) (1050 K) (1050 K) (1050 K) ref
1 iodonaphthalene- naphthyl + I 8.59 x 10" 65.2 23.1 9.95¢ 10*? 30.9 646 27
2 GCHs+ Ar—CoHg + H + Ar 3.39 x 10Y 97.3 1.92x 10°%  1.51x 10v 35.3 109 14
3 CHs+H —CHz +H; 1.33x 10°T 258 12.2 1.66x 10" 9.72x 10° 8.07 255 14
4 CHzy—CH,+H° 2.37x 10 30.7 9.67x 10"  3.19x 10'¢ 23.6 42.0 14
5 GCHsz + CHy— CyHg + H* 5.37 x 10" 7.3 1.51x 10*° 1.66x 10! 52.0 1.93 28
6 H-+H-+Ar—H+Ar 8.11 x 10vT —08t 0.160 2.76x 10'® 2.05x 10°% —27.2 —106 14
7 iodonaphthalene H* — naphthyi + HI 2.00x 10* 11.0 1.03x 102 6.87x 10 6.31 —8.63 est
8 iodonaphthaleng H* — naphthalenet- I* 1.00x 10" 13.0 1.97x 10 58.9 —2.85 —48.8  est
9 H-+I"+Ar—HI+Ar 2.00 x 10°4T ~187 0 4.48x 10" 6.96 —24.6 —73.2 29 est
10 GHsz + I*— CHal 4.40 x 10%? 1.0 2.72x 10 7.78 —28.8 —62.0 est
11  naphthalene> naphthyl + H* 5.01x 101 108 1.75x 1077 2.52x 10% 33.7 113 30
12  naphthyl + C;H,— INT(R1)* 3.00x 10% 2.52 8.97x 10  7.54x 10/ —34.1 =317 b
13 INT(R1)' — vinylnaphthalene + H* 1.33x 10" 37.3 2.27x 1P 1.02x 10%? 24.4 29.0 a
14 INT(R1)— INT(R2)" 4.16x 101 220  1.10x 10/ 8.00x 10° -964 —10.8 a
15 INT(R2)' — acenaphthenet H* 1.26x 10" 32.0 2.76x 10 3.97x 104 28.4 260 a
16 naphthyl + C;H, — naphthalene+ C,Hs*  3.00 x 10%? 10.6 1.90x 10 1.04x 10° 1.57 —-442 b
17 naphthalene+ C;Hz — INT(R3)* 3.00x 10% 7.03 1.03x 10" 2.53x 10° —35.9 —-21.7 b
18 INT(R3)* — vinylnaphthalene + H* 3.46 x 10% 33.7 3.29x 10°  9.27 x 10 24.6 235 a
19 INT(R3)— INT(R1)* 7.91x 107 42.3 1.27x 100 7.99x 177 0.247 —552 a
20 acenaphthenet H*— INT(R4)* + H, 1.00x 10" 6.39 4.68x 10?2 9.58x 10° 4.0 -135 b
21 acenaphthene CoHs — INT(R4) + CH,  3.00x 103 8.0 6.49x 10"t 2.27x 1C° —4.07 -16.1 est
22 INT(R4)" — acenaphthylene+ H* 7.96 x 104 441 5.23x 10°  9.65x 102 27.9 405 a
23 naphthyl + H, — naphthalene+ H* 4.00x 1012 7.90 9.13x 10'°© 8.52x 10 —6.50 —6.97 b
24 naphthyl + C,H, — INT(R5)* 3.00x 10 443 359 10" 2.00x 10/ —35.3 —-338 b
25 INT(R5)* — naphthylacetylene+ H* 6.20x 10% 41.2 1.67x 100 4.08x 10° 30.7 296 a
26 INT(R5)— INT(R6)* 1.45x 102 19.7 1.15x 1¢° 1.60x 1C° —7.14 —-212 a
27 INT(R6)* — acenaphthylene+ H* 1.22x 10* 30.4 5.83x 10/ 1.30x 10% 27.3 211 a

a Calculated? Calculated barrier, estimated preexponent.

temperatures covering the temperature range-4200 K, over on the GC. So both the calculations and the experiments contain
which the single pulse shock-tube experiments were carried out.the two isomers.

These were then plotted asKivs 17T to obtain Arrhenius type The results of the modeling are shown in Figures 2 and 3 as
rate constants that were used in the modeling. The calculatedsolid lines in comparison with the experimental yields. Fhe
Arrhenius activation energies and pre-exponential factors aresign on the lines are the calculated points and the lines are the
somewhat different from barriers and the pre-exponential factors best fits to these points. As can be seen the agreement is
that were calculated on the surfaces. excellent.

It should be mentioned that the dissociation of naphthalene 2. Sensitivity Analysis.We ran also several sensitivity tests.
to naphthyl radicah- H* contains both 1- and 2-napthyl. The In one test reactions were eliminated from the scheme, one by
latter can produce 2-vinylnaphthalene but no acenaphthene. Weone, by multiplying their rate constants by a factor of 10710,
could not identify in the post-shock mixtures two isomers of and in another test the rate constants were multiplied, one by
vinyl naphthalene and suspected that they could not be separatedne, by a factor of 3. Each test was run at two different
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Figure 5. Potential energy surface 1(B) based on the initiation reaction;o#-C+ C,H, — CioHs + CoHz". The surface has two reaction channels,
one leading to the production of acenaphthene and the other producing vinyl naphthalene. The contribution to the acenaphthene yield is negligible.

%‘ 20 : 24.75
EF ; HC=CH
g 5 +o
= : .
w 0 i acenaphthylene + H
< .

o . :

‘ . " -
-10 OO “ +H,
acenaphthalene + H -13.65

INT(R4) +H,

Figure 6. Potential energy surface 1(C) describes the production of acenaphthylene from acenaphthene. It has two steps: an abstraction of a
hydrogen atom from acenaphthene followed by an ejection of another hydrogen atom.

temperatures: at the lower temperature end (950 K), and at theare reactions 18 and 19, (Table 3). When the rate constants are
upper temperature end of the study (1175 K). The results of multiplied by a factor of 3 (Table 5), additional reactions join
the tests are shown in Tables 4 and 5. They give the sensitivity the group that has a very small effect.
spectrum of the four major products and for naphthyl radicals.  Although most of the sensitivity factors that appear in Tables
Reactions with sensitivity factors of less thar10% for all of 4 and 5 are self-explanatory, there are some features that should
the five products are not included in the tables. be mentioned, in particular when a comparison is made between
There are 9 reactions that have no effect at all on the resultstheir values at high and at low temperature. In most of the
of the product yields at both the low and the high temperatures, reactions, the sensitivity factors at the low-temperature end are
even when they are completely eliminated from the scheme higher than those at the high-temperature end, in particular when
(Table 4). These reactions are either side reactions such as théhe rate constant multiplication factor is 3 (Table 5). The self-
recombinations H-H*+Ar — H, or H+l *+Ar — HI or dissociation of iodonaphthalene (Reaction 1), for example, has
reactions that are very slow such as, for example, the self- a very strong effect on the yields of all the four major products
dissociation of ethylene. Another group of reactions are those at 950 K owing to the initial production of naphthyl radicals.
that appear in parallel to other reactions that produce the sameAt 1075 K, its effect drops by almost an order of magnitude
products at a much higher rate. Such reactions, for example,owing to the fact that at this temperature, most of the
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TABLE 4: Sensitivity Factors (y) in Percent for Elimination of Elementary Steps from the Kinetics Scheme
no. reactions vinylnaphthalene naphthalene acenaphthene acenaphthylene naphthyl(R)
1 iodonaphthalene> naphthyl + I+ —99/~99 —99/~99 —100/~100 —99/~99 —99/-99
3 CHs + H*— CHz" + H; 31/8 40/61 3026 58/43 49/26
4 CHg — CoH, + H° —69/65 —87/~19 —68/~19 —85/47 —72/78
7 iodonaphthaleng- H* — naphthyl + Hl —71/-24 —25/-14 —71/-22 —68/—18 —74/3
8 iodonaphthaleng- H* — naphthalene- I* 26/0 —51/~10 256 80/12 32/1
10 GHg" + I* — CoHal 0/—14 0/10 0+-52 1/43 1+19
11 naphthalene> naphthyl + H* 2/4 017 213 4/37 2+8
12 naphthyl+ C;H, — INT(R1) —99/~99 326/102 —99/-99 —71/-54 955/ 178
13 INT(R1y — vinylnaphthalenet+ H* —99/~99 3/14 11/28 10/20 8/21
14 INT(R1y — INT(R2) 451/79 127/43 —99/~99 —85/—64 366/76
15 INT(R2y — acenaphtheng H* 447/79 125/43 —99/~99 —85/—64 365/76
16 naphthyl+ C,H;— naphthalene- C,Hz® 7126 —35/—44 7129 7/19 7126
20 acenaphthene H*— INT(R4) + H; 0/0 0/0 1/49 —83/—41 0/0
21 acenaphthene C,Hz — INT(R4) + C,Hs  0/0 0/0 0/22 -11/-19 0/0
22 INT(R4y — acenaphthylene- H* 0/0 -1/0 0/83 —96/~75 —1/0
24 naphthyl+ C;H, — INT(R5) 0/6 0/4 0/9 —-3/-22 0/12
26 INT(R5) — INT(R6) 0/6 0/4 0/9 -3/-22 0/12
27 INT(R6)y — acenaphthylene- H* 0/6 0/4 0/9 —-3/-22 0/12
a L eft numbers correspond to 950 K, and right numbers correspond to 1175 K.
TABLE 5: Sensitivity Factors in Percent (y) for a Factor of 3 Variation in the Rate Constants?
no. reactions vinylnaphthalene naphthalene acenaphthene acenaphthylene mnaphthyl
1 iodonaphthalene> naphthyl + I 129/25 121 /32 125/21 437/32 168
3 CHs + H* C;Hg + H; —19/-24 —24/-30 —18/~15 —26/~13 —23/-24
7 iodonaphthaleng- H* — naphthyl + Hl 131/29 46/13 132/31 115/15 1379
8 iodonaphthaleng- H* — naphthalene- I* —29/0 35/16 —28/8 —60/—16 —33/-2
10 GHgz* + I'— CHal 0/7 -1/-3 0/21 —2/-13 —3/12
11 naphthalene> naphthyi + H* —-3/-4 0/16 —3/6 —8/—26 —4/-3
12 naphthyl+ C;Hs, — INT(R1) 1/2 —3/-2 1/1 11 —-11/-3
13 INT(R1y — vinylnaphthalenet H* 149/84 —4/-13 —16/—22 —15/~19 —13/~15
14  INT(R1y— INT(R2) —46/-31 —13/-18 10/34 10/31 —37/-28
15 INT(R2y — acenaphthene H° =12/-7 —3/-4 2/8 217 —9/-6
16 naphthyl+ C,Hs — naphthalene- C,Hz* —12/-29 57/49 —12/—30 —11/-24 —12/—28
20 acenaphthene H* — INT(R4) + H, 0/0 0/0 —2/-44 162/37 0/0
21 acenaphthene C;Hz' — INT(R4) + C;H, 0/0 0/0 030 21/25 0/0
24 naphthyl+ C,H, — INT(R5)" 0/-5 0/-3 0/~7 5/18 0~10

ay = 9 [prod]/d k. Left numbers correspond to 950 K, and right numbers correspond to 1175 K.

iodonaphthalene has already been decomposed. There are Quantum chemical calculations using uCCSD(T)//uB3LYP/
however some exceptions. Reaction 16, for example, has ancc-pVDZ level of theory were carried out to evaluate three
inhibiting effect owing to the turning of active naphthyl radicals potential energy surfaces that describe the production of
to naphthalene. Except for naphthalene the sensitivity factors acenaphthene, vinyl naphthalene and acenaphthylene. Rate
of the other three major products are negative and increase withconstants of the elementary steps on the surfaces including their
temperature since a higher fraction of the radicals react and back reactions were calculated using transition state theory.

A kinetics scheme was constructed including the calculated
rate constants (and some additional ones) and computer model-
ing was performed. An excellent agreement between the

lodonaphthalene provides a very useful tool for the production Measured and the calculated yields was obtained.
of naphthyl radicals at rather low reflected shock temperatures.
With a [ethylene]/[1-iodonaphthalene] ratio of100, the

disappear at the high temperatures.

VII. Conclusions

reactions of naphthyl radicals are channeled to ethylene rather
then to reactions with iodonaphthalene. Also, at the low
temperatures used in this investigation the self-dissociation of

ethylene is very slow and does not affect the overall kinetics.

Two chemical thermometers were used to calculate the reflectedd- B.; Bozzelli, J. W.J. Phys. Chem. 2001, 105 1561.

shock temperatures.

thalene, and acenaphthylensere produced upon shock heating
and were analyzed by gas chromatography and their yields in126 1506.
terms of mole percent as a function of temperature were
calculated. Naphthyl acetylene was not observed experimentally chem.1983 87, 1067.
and its calculated yield is by several orders of magnitudes below
the yields of the other products. The isomerization reaction Combust. Inst1984 20, 887.
acenaphthylene> naphthyl acetylene cannot take place owing
to the much higher stability of acenaphthyl&helative to that

of naphthyl acetylene.
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