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Abstract

Temperature dependent rate constants and branching ratios are reported for the reactions of a variety of ions with
recombination energies ranging from 9.26 eV (NO1) to 21.56 eV (Ne1) with naphthalene. For most ions, the measurements
are made between 300 and 370 K in a variable temperature-selected ion flow tube (VT-SIFT). For the reactions of Ar1 and
N2

1, data have also been measured between 300 and 500 K in the selected ion flow tube. In addition, for the reactions of O2
1

and N2
1, data have been obtained between 500 and 1400 K in a high temperature flowing afterglow (HTFA). These are among

the first determinations of branching ratios for ion–molecule reactions measured over 700 K. All reactions are found to proceed
at the Langevin collision rate for all temperatures studied. The reactions proceed by nondissociative and dissociative charge
transfer except for the reaction involving F1 where some of the reactivity is attributed to chemical channels. No dissociative
charge transfer is observed for ions with recombination energies equal to or less than that for N2

1 at room temperature. At
higher temperatures in the N2

1 reaction and for ions with higher recombination energies (F1, Ne1), naphthalene cation
dissociation is observed, implying a threshold over 16 eV. This value is substantially higher than the known thermodynamic
threshold because of kinetic shifts and quenching of the excited state of C10H8

1 by collisions with the helium buffer gas. The
observed product thresholds and branching ratios are presented within the context of previous work and the implications for
combustion chemistry are discussed. (Int J Mass Spectrom 195/196 (2000) 327–339) © 2000 Elsevier Science B.V.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) play an
important role in combustion chemistry. For example,
pyrolysis of hydrocarbons produces carbonaceous de-

positsthrough complex chemical reactions involving
PAHs such as naphthalene. Furthermore, condensa-
tion reactions such as Diels–Alder additions generate
increasingly larger ring compounds from neutral
PAHs, promoting the formation of tars and soot [1].
Recently, soot formation via PAH growth has been
modeled [2]. Although experiments have shown that
PAH cations may also undergo successive ring addi-
tions, further contributing to soot formation [3,4], the
effects of ion chemistry have not been included in the
models.

We have begun investigating the effects of ioniza-
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tion on combustion processes. Previously, reactions of
various atmospheric plasma ions (NO1, N2

1, O2
1, O1,

N1) with aliphatic hydrocarbons have been studied as
a function of temperature using flow tube methods
[5–7]. Incorporating these ionic mechanisms into
detailed hydrocarbon combustion kinetics models
demonstrates that ionization may speed the rate of
combustion [8]. In order to expand the database of ion
chemistry available for the combustion kinetics and
soot formation models, we have undertaken a study of
atmospheric plasma ions reacting with aromatic hy-
drocarbons.

In this article, we present temperature dependent
rate constants and product branching ratios for the
reaction of several air plasma ions (NO1, N2

1, N1,
O2

1, O1) with naphthalene. These reactions have been
examined using a variable temperature-selected ion
flow tube (VT-SIFT) from 300–500 K. A high tem-
perature flowing afterglow (HTFA) allows the reac-
tions of O2

1 and N2
1 to be further studied from

500–1400 K. These measurements, along with similar
ones for reactions with benzene [9], are the first
branching ratios measured in the HTFA and are
therefore the first ion–molecule branching ratios mea-
sured at high temperatures. This advancement is
noteworthy because branching ratios can now be
measured at relevant combustion temperatures.

In addition to being important in combustion pro-
cesses, PAHs have long been of interest because they
are believed to exist in the interstellar medium in both
neutral and cationic forms [10]. PAHs may account
for a portion of the spectral features observed in space
[11,12]; recent models using the spectral features of a
mixture of neutral and cationic PAHs including naph-
thalene successfully reproduce many interstellar in-
frared emission features [13]. Under the conditions
that exist in space, PAH cations may also undergo
dissociation [14,15]. The dissociation of the naphtha-
lene cation, C10H8

1, has been previously studied in
other laboratories [14,16–28]. Briefly, the main prod-
uct ions of C10H8

1 dissociation result from the elimi-
nation of H atoms and C2nH2 molecules [14,17–
19,21,22,24,27,28]. The energetics of C10H7

1 and
C8H6

1 product formation have been particularly well
established [24]. Other dissociation product ions arise

at high energies, indicating that substantial fragmen-
tation of the naphthalene cation occurs [19–21].
Comparing time-dependent dissociation measure-
ments to Rice–Ramsperger–Kassel–Marcus (RRKM)
calculations has provided valuable information on the
C10H8

1 dissociation lifetime, which is surprisingly
long [19,21,22,24].

In order to further explore the dissociation of
C10H8

1, we have extended the current study of naph-
thalene reacting with atmospheric plasma cations to
include several high energy ions as well, namely Ar1,
F1, and Ne1. Taken together, this set of cation
reactions allows for comparison of the flow tube
studies with the previous C10H8

1 dissociation studies.
In addition, it allows us to explore the effects of
electronic, vibrational, and rotational energy on the
reactivity.

2. Experimental

Both the VT-SIFT [29] and the HTFA [30] have
been described in detail elsewhere. The methods
complement each other, providing the capability for
studying reactions over temperatures ranging from
85–1800 K at pressures from 0.25–2 Torr. A brief
description of the methods as applied to the current
problem follows.

The VT-SIFT uses a differentially pumped high
pressure electron impact ion source with a quadrupole
mass spectrometer for mass selection. The desired
reactant ion is injected into the flow tube where a fast
flow of helium buffer gas entrains the ions and carries
them into the reaction region where the naphthalene is
introduced. The remaining reactant ions as well as all
of the product ions are sampled through a small orifice
and mass analyzed in a quadrupole mass spectrome-
ter. Monitoring the depletion of the reactant ion over
a previously measured reaction time as a function of
the naphthalene concentration allows the reaction rate
constant to be calculated under pseudo-first order
conditions. The absolute error in the reported rate
constants is625%, whereas the relative error is
615% [29].

Naphthalene enters the flow tube through a bubbler
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system where helium carrier gas passes through a
sample of naphthalene crystals, becoming saturated
with naphthalene vapor. The flow rate of naphthalene
is derived from the known vapor pressure of naphtha-
lene at room temperature [31] along with the helium
flow rate and the total pressure in the bubbler.
Adjusting the helium flow varies the concentration of
naphthalene introduced into the reaction region. The
naphthalene flow rate is roughly proportional to the
square root of the helium flow rate [32].

Rate constants in the HTFA are measured in a
similar fashion as in the VT-SIFT, the key difference
being the lack of ion selection in the HTFA. Penning
ionization of the source gas by metastable He atoms
as well as charge transfer with He1, both created
through electron impact, generate the reactant ions. A
large flow of source gas must subsequently be added
to guarantee that all of the metastables, He1 ions, and
any electronically excited reactant ions are consumed
before the reaction zone. The presence of any of these
species in the reaction zone can produce erroneous
results. The rate constants have relative uncertainties
of 615% and absolute uncertainties of625% [30].

Primary ions of simple molecules can now be
made with near 100% purity because more efficient
pumping on the vacuum box surrounding the furnace
and flow tube reduces the water vapor concentration
in the flow tube. This improvement also permits
product branching ratios to be measured for the first
time in the HTFA. The branching ratios are deter-
mined in the following manner in both experiments.
First, the product mass resolution is set low enough to
minimize mass discrimination between the CnHm

1

products, wheren 5 6, 8, and 10 for the major
product channels. The resolution is set low enough so
that ions with the same number of carbons but varying
numbers of hydrogens are detected as one unresolved
peak. Extrapolating the product branching ratios to
zero flow of naphthalene gives the partitioning of the
products into the various Cn channels, regardless of
any secondary chemistry that may occur. Next, the
resolution is set high enough to resolve the 1 amu
difference between the various CnHm

1 products for a
given n. The branching ratios are measured again to
determine how the intensity of the low-resolution Cn

mass peak is distributed amongst the different CnHm
1

products. A similar extrapolation to zero neutral
reagent flow gives the relative high-resolution product
fractions that are multiplied by the low-resolution
fraction of the Cn peak to give the overall contribution
of an individual product channel. This method has
been successfully employed in similar branching ratio
determinations with relative uncertainties of625%
[5].

The high-resolution product branching ratios are
further corrected for the13CnHm

1 contribution to the
product peak at 1 amu higher mass. An additional
correction has been made to the HTFA branching
ratios for N4

1 formed in the flow tube at temperatures
below 1100 K in the N2

1 experiments. The recombi-
nation energy of N4

1 is about 12.9 eV [33], which is
between the recombination energies of O2

1 and O1.
The latter two ions only undergo nondissociative
charge transfer; therefore, we assume that the N4

1

signal in the HTFA contributes only to the C10H8
1

mass peak. The N4
1 signal has consequently been

subtracted from the C10Hm
1 signal at low mass reso-

lution, and the branching ratios have been renormal-
ized to reflect the change. This correction is about
15% at 500 K and eventually becomes unnecessary at
higher temperatures where N4

1 is unstable. The rela-
tive uncertainty in the branching ratio determinations
is 630%.

Alkali metal atoms and ions emitted from the
industrial-grade quartz flow tube at temperatures
above 800 K do not interfere with the branching ratio
measurements of naphthalene. However, monitoring
the alkali ion signal during a kinetics experiment has
proven to be a valuable diagnostic tool. If the alkali
ion signal does not vary with neutral reagent concen-
tration, then the complex flow tube chemistry has
equilibrated before the reaction zone, and all un-
wanted species from the source region have been
scavenged.

The reagent sample has been used without further
purification except for pumping on the naphthalene
sample to removed trapped gases. The naphthalene is
of .99% purity (Aldrich, 991%, scintillation grade)
and the helium carrier gas is 99.997% pure (AGA).
The buffer gas used in both flow tubes is helium of the
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same grade and supplier. However, the helium buffer
gas is passed through a liquid nitrogen cooled sieve
trap to remove any water vapor. The nitrogen and
oxygen source gases used to create N2

1, O2
1, O1, and

N1 ions are 99.999% pure (AGA). Other source gases
employed are argon (AGA, 99.999%), nitric oxide
(Matheson, 99.3%), and neon (Matheson, 99.999%).
Generating F1 ions necessitates the use of sulfur
hexafluoride (Matheson, 99.8%) as the source gas,
requiring a rhenium filament in the source instead of
the thoriated iridium filaments normally used.

3. Results

Temperature dependent rate constants and product
branching ratios for the reactions of naphthalene with
NO1, O2

1, O1, N1, N2
1, Ar1, F1, and Ne1 as

measured in the VT-SIFT and HTFA are given in
Tables 1 and 2, respectively. Reaction enthalpies at
298 K have been calculated for the observed products
and are listed in Table 1. The standard heats of
formation utilized in the calculations are from Lias et
al. [34]. To calculate the energetics, we make assump-
tions about product structures based on the literature
[14,19–22,24,26,35,36]. When previous data are not
available, we assume that the lowest energy channel
occurs. The neutral fragments generated are not ob-
served in our experiment. In addition, several isomers
of the ionic and neutral products may occur that have
energies within 1 eV of each other [34]. In some
cases, the neutral products are shown in parentheses
to reflect this uncertainty. Enthalpies enclosed in
braces indicate that estimates have been made regard-
ing the enthalpies of formation of one or more of the
products. These considerations mostly apply to the
minor channels that appear only at higher electronic
energies, i.e. higher recombination energies of the
reactant ion.

All of the reactions measured proceed at the
Langevin collision rate and the rate constants are
independent of temperature within our relative uncer-
tainty as seen in Tables 1 and 2. Absolute rate
constants are difficult to measure at high temperatures
because of the low vapor pressure of naphthalene and

the shorter reaction times. Therefore, we report the
rate constants for the reaction with N2

1 and O2
1 in the

HTFA in Table 2 at the two extremes of our temper-
ature range, 630 and 1400 K, which again show no
significant temperature dependence.

The atmospheric plasma cations NO1, O2
1, O1,

and N1 undergo nondissociative charge transfer with
naphthalene, whereas N2

1 and ions with higher recom-
bination energies undergo both nondissociative and
dissociative charge transfer. Petrie et al. have studied
the reactions of Ar1 and Ne1 with naphthalene in a
SIFT at room temperature [37]. The current results for
Ne1 agree with the previous results to within the
experimental error. However, the current Ar1 results
differ significantly from those of Petrie et al. for the
branching between the C10H8

1 and C10H7
1 products.

Because of this discrepancy, the Ar1 branching ratios
have been thoroughly reexamined. No explanation for
this disagreement is apparent. For F1, some of the
reaction also proceeds through the formation of new
chemical bonds. Product branching percentages for all
of the naphthalene reactions are depicted in Figs. 1–5
plotted against the average total reaction energy in eV
neglecting zero point energies. The average reaction
energy, ^Erxn&, at flow tube temperatureT is thus
defined by:

^Erxn& 5 REreact1 ^Etrans& 1 ^Erot
C10H8& 1 ^Evib

C10H8&

1 ^Ein
ion& (1)

In the above equation,REreact is the recombination
energy of the reactant ion; the average translational
energy, ^Etrans&, is 3/2 kBT; the average rotational
energy in naphthalene,^Erot

C10H8&, is 3/2 kBT; and the
average reactant ion internal energy,^Ein

ion&, is kBT for
the diatomic reactant ions. The average naphthalene
vibrational energy,̂ Evib

C10H8&, is an ensemble average
over a Boltzmann distribution of vibrational energy
levels for the 48 modes. The average vibrational
energies in the O2

1 and N2
1 ions at the highest

temperatures in the flow tube are negligible, e.g. 0.04
eV at 1400 K. Electronic excitation of the atomic ions
is also negligible, i.e. excited states such as the
spin-orbit states of Ar1 are not populated. The aver-
age available naphthalene internal energy (rotational
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Table 1
Reaction rate constants and product branching percentages for ion–molecule reactions of C10H8 from 300–500 K measured with the VT-
SIFT. The collision rate constant,kc, is given in brackets next to the experimental rate constants. All rate constants are listed in italics
and are given in units of 1029 cm3 s21. The enthalpies of reaction at 298 K,DHrxn, are given in kJ mol21 where the assumed neutral
products are given in parentheses. Enthalpies given in braces have been estimated

Reaction
(recombination
energy, eV)

Rate constant (3 1029 cm3 s21), [kc] branching ratios

DHrxn,
kJ mol21 300 K 325 K 370 K 500 K

NO1 1 C10H83 Products 1.8 [2.0] 1.9 [2.0]
(9.26) C10H8

1 1 NO 2108 1.00 1.00

O2
1 1 C10H83 Products 1.8 [1.9] 1.8 [1.9]

(12.07) C10H8
1 1 O2 2379 1.00 1.00

O1 1 C10H83 Products 2.4 [2.6] 2.3 [2.6]
(13.62) C10H8

1 1 O 2529 1.00 1.00

N1 1 C10H83 Products 2.7 [2.7] 2.9 [2.7] 2.4 [2.7]
(14.53) C10H8

1 1 N 2617 1.00 1.00 1.00

N2
1 1 C10H83 Products 2.0 [2.0] 2.1 [2.0] 2.0 [2.0] 2.0 [2.0]

(15.58) C10H8
1 1 N2 2718 1.00 1.00 1.00 0.94

C8H6
1 1 (C2H2) 1 N2 2292 0.04

C6H6
1 1 (C4H2) 1 N2 2238 0.02

Ar1 1 C10H83 Products 1.7 [1.8] 1.6 [1.8]
(15.76) C10H8

1 1 Ar 2735 0.95 0.84
C8H6

1 1 (C2H2) 1 Ar 2310 0.03 0.08
C6H6

1 1 (C4H2) 1 Ar 2256 0.01 0.04
C5H5

1 1 (C5H3) 1 Ar { 238} 0.01 0.04

F1 1 C10H83 Products 1.8 [2.4]
(17.42) C10H7F

1 1 H 2778 0.04
C10H8

1 1 F 2895 0.15
C10H7

1 1 (HF) 21034 0.22
C10H6

1 1 (H2 1 F) 2453 0.04
C9H8

1 1 (CF) 2707 0.01
C9H7

1 1 (HCF) 2711 0.01
C8H6

1 1 (C2H2 1 F) 2470 0.28
C7H7

1 1 (C3 1 HF) 2498 0.11
C6H6

1 1 (C4H2 1 F) 2416 0.04
C6H5

1 1 (C2H2 1 C2HF) { 2506} 0.06
C6H4

1 1 (C4H4 1 F) 2132 0.02
C5H4

1 1 (C3H3 1 C2HF) 247 0.01
C5H3

1 1 (C5H5 1 F) 295 0.01

Ne1 1 C10H83 Products 2.3 [2.3]
(21.56) C10H8

1 1 Ne 21295 0.04
C10H7

1 1 H 1 Ne 2863 0.03
C10H6

1 1 H2 1 Ne 2853 0.05
C8H6

1 1 (C2H2) 1 Ne 2869 0.07
C8H5

1 1 (C2H2 1 H) 1 Ne { 2575} 0.10
C7H5

1 1 (C3H3) 1 Ne { 2738} 0.06
C7H4

1 1 (C3H3 1 H) 1 Ne { 2474} 0.01
C6H6

1 1 (C4H2) 1 Ne 2815 0.04
C6H5

1 1 (C2H2 1 C2H) 1 Ne { 2368} 0.23
C6H4

1 1 (C4H4) 1 Ne 2532 0.17
C5H5

1 1 (C5H3) 1 Ne { 2598} 0.03
C5H3

1 1 (C5H5) 1 Ne 2495 0.05
C4H4

1 1 (C4H2 1 C2H2) 1 Ne 2317 0.03
C4H2

1 1 (3C2H2) 1 Ne 2125 0.01
C3H3

1 1 (C3H3 1 C4H2) 1 C4H2 2269 0.08
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and vibrational) at the temperatures used in the HTFA
is noted in Table 2.

Fig. 1 shows the total percentage of products in
each Cn channel measured in the VT-SIFT as a
function of total energy. A single symbol represents
ions with the same number of carbon atoms but
differing numbers of H atoms. Ions with increasingly
higher recombination energies provide greater
amounts of energy. The branching percentages for the
individual C10H8

1, C10H7
1, C8H6

1, and C6H6
1 product

channels are plotted as a function of total energy in
Fig. 2. Breakdown curves for naphthalene have not
been published, but breakdown curves are available
for the deuterated analogs. Therefore, the relative
branching percentages for the deuterated species are
also shown in Fig. 2, measured in a T-PEPICO
apparatus by Ru¨hl et al. [19], where the photon energy
has been varied. The appearance energies of the

Table 2
Reaction rate constants and product branching ratios for the reaction of N2

1 and O2
1 with C10H8 from 500–1400 K measured with the

HTFA. The reactant ion recombination energies are also shown. All rate constants are listed in italics and are given in units of 1029 cm3

s21. The collision rate constant,kc, is given in brackets next to the experimental rate constants. The average internal energy (rotational
and vibrational energy) in the naphthalene neutral is given for the temperatures used

Reaction
(recombination
energy)

Rate constant (3 1029 cm3 s21), [kc] branching ratios

500 K 630 K 800 K 1200 K 1400 K

Avg. C10H8 internal energy (eV) 0.47 0.77 1.07 2.46 3.19

O2
1 1 C10H83 Products 1.8 [1.9] 1.8 [1.9] 1.5 [1.9]

(12.07 eV) C10H8
1 1 O2 .0.99 0.97 0.95

C10H7
1 1 H 1 O2

C10H6
1 1 H2 1 O2 0.01 0.02

C8H6
1 1 (C2H2) 1 O2 0.01 0.02

C9Hn
1, C7Hn

1, C6Hn
1,

C5Hn
1, and C4Hn

1 0.01 0.01

N2
1 1 C10H83 Products 2.0a [2.0] 1.8 [2.0] 1.8 [2.0]

(15.58 eV) C10H8
1 1 N2 0.96 0.84 0.63 0.44 0.28

C10H7
1 1 H 1 N2 0.06 0.15 0.23 0.30

C10H6
1 1 (H2) 1 N2 0.02 0.02 0.06

C8H6
1 1 (C2H2) 1 N2 0.04 0.08 0.16 0.24 0.27

C8H5
1 1 (C2H2 1 H) 1 N2 0.01

C6H6
1 1 (C4H2) 1 N2 0.01 0.03 0.06 0.06

C6H5
1 1 (C2H2 1 C2H) 1 N2 0.01

C9Hn
1, C7Hn

1, C6H4
1,

C6H3
1, C5Hn

1, and 0.01 0.01 0.01 0.01
C4Hn

1

a Value taken from the VT-SIFT. See Table 1.

Fig. 1. Branching percentages measured in the VT-SIFT for the
various Cn product ion channels plotted as a function of the average
total reaction energy in eV at temperatures from 300–370 K. The
reaction energy is predominantly electronic energy in the reactant
ion as determined by its recombination energy.
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deuterated fragment ions are shifted less than 0.2 eV
higher than their hydrogenated counterparts [21]. The
trends in the branching ratios from the two experi-
ments agree qualitatively. However, the deuterated
product branching ratios are higher because Ru¨hl et
al. neglect smaller mass channel contributions, as well
as corrections for the time-of-flight (TOF) mass spec-
trometer transmission and hot electron formation. The
authors consequently note that the product fractions
should be considered “effective” values [19].

Figs. 3–5 show the individual branching percent-

ages for the C10Hm
1, C8Hm

1, and C6Hm
1 products

plotted versus the average reaction energy given in
Eq. (1). The solid symbols represent 300 K data where

Fig. 2. (a) Branching percentages for C10H8
1, C10H7

1, C10D8
1, and

C10D7
1 plotted against the average total reaction energy in eV. (b)

Branching percentages for C8H6
1, C6H6

1, C8D6
1, and C6D6

1 plotted
against the average total reaction energy in eV. In both plots, the
solid symbols are branching percentages measured at temperatures
from 300–370 K in the VT-SIFT, where the reaction energy is
predominantly electronic energy in the reactant ion as determined
by its recombination energy. The crosses, plus signs, and open
symbols are the relative branching percentages for the deuterated
product ions taken from breakdown curves measured by Ru¨hl et al.
as a function of photon energy using T-PEPICO [19].

Fig. 3. Branching percentages for the C10Hm
1 product channels for

m 5 6–8 plotted vs. the average total reaction energy in eV. The
solid symbols reflect primarily electronic excitation in the reactants.
The open symbols reflect increasing amounts of internal excitation
in vibrational and rotational energy of the reactants measured as a
function of temperature from 500–1400 K.

Fig. 4. Branching percentages for the C8Hm
1 for m 5 5–6 plotted

vs. the average total reaction energy in eV. The solid symbols
reflect primarily electronic excitation in the reactants. The open
symbols reflect increasing amounts of internal excitation in vibra-
tional and rotational energy of the reactants measured as a function
of temperature from 500–1400 K.
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the total energy is varied by changing the recombina-
tion energy of the ion. The open symbols reflect an
increasingly larger fraction of the available energy
coming from internal excitation of the naphthalene as
the temperature is raised.

3.1. C10Hm
1 products

The branching percentages of the charge transfer
product C10H8

1 and the two hydrogen loss products
C10H7

1 and C10H6
1 are plotted versus the average total

reaction energy in Fig. 3. The solid symbols represent
the branching percentages measured at 300 K in the
VT-SIFT, and the line is interpolated to fit the points.
For these data, increasing the energy reflects an
increase in the recombination energy of the reactant
ion. For comparison, the open symbols give the
percentages measured at temperatures above 300 K.
In this case a larger portion of the reaction energy is
neutral reactant internal energy—over 3 eV for a
temperature of 1400 K. Both hydrogen loss products
have a common onset, as seen previously in photo-

ionization mass spectrometry (PIMS) experiments
[20].

High temperature data from the O2
1 reaction show

an onset of C10H8
1 dissociation slightly lower than the

other data sets. This may arise from pyrolysis of the
naphthalene reagent in the flow tube. However, the
amount of fragmentation totals 5%, indicating that 5%
or less degradation occurs at high temperatures. The
lack of significant decomposition at 1400 K is con-
sistent with the fact that aromatic species are stable
products of hydrocarbon pyrolysis [1]. Alternatively,
the slightly different onset may reflect a broader
energy distribution at high temperature. Changing the
recombination energy does not affect the energy
spread in the reactivity at 300 K because the ioniza-
tion potentials are well defined. However, elevating
the temperature not only increases the energy, but also
broadens the distribution appreciably because thermal
distribution functions define the average vibrational
and rotational energies.

As the energy increases, the amount of nondisso-
ciative charge transfer products decreases with a
concomitant increase in the fraction of dissociative
charge transfer products, i.e. the hydrogen loss prod-
ucts. This trend is not surprising because the fragmen-
tation channels are highly exothermic, as seen in
Table 1. If the effect of internal energy (open sym-
bols) versus electronic energy (solid symbols) is
compared, differences between the high temperature
N2

1 data and the F1 data become apparent. However,
reactive channels that produce HF cannot be ruled
out, as will be discussed later. The same comparison
shows no effect for C10H7

1 and C10H6
1 formation.

3.2. C8Hm
1 products

The branching percentages for C8H6
1 and C8H5

1

are plotted relative to the average reaction energy in
Fig. 4. Increasing the recombination energy increases
the amount of C8H6

1 observed compared to increasing
the internal energy. This is one of several channels
that offsets the difference in the C10H8

1 product with
the different types of energy just described. Increasing
energy yields a greater amount of C8H5

1 and both
types of energy appear to be equally effective in

Fig. 5. Branching percentages for the C6Hm
1 for m 5 4–6 plotted

vs. the average total reaction energy in eV. The solid symbols
reflect primarily electronic excitation in the reactants. The open
symbols reflect increasing amounts of internal excitation in vibra-
tional and rotational energy of the reactants measured as a function
of temperature from 500–1400 K.
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driving this channel. The onset for this channel is
higher than the channels previously discussed, includ-
ing C8H6

1.

3.3. C6Hm
1 products

The branching percentages for C6H6
1, C6H5

1, and
C6H4

1 plotted against the average total reaction energy
are illustrated in Fig. 5. As with the other major
products, C6H6

1 has an energetic threshold of;16 eV.
If the extrapolation to the baseline through the VT-
SIFT data (solid symbols) is used to estimate the onset
of C6H5

1 and C6H4
1, the products also appear at;16

eV. The temperature-dependent data have an onset
above 18 eV for these two channels. This may be a
real effect or may reflect the fact that the 300 K point
at 17.42 eV represents the reaction of F1 with
naphthalene, for which hydride anion abstraction
giving HF is highly exothermic. Thus, the branching
percentages for the C6H5

1 and C6H4
1 channels may be

higher if HF formation occurs. A threshold closer to
18 eV is consistent with the PIMS results where no
reactive channels interfere [20].

4. Discussion

Experimental appearance energies reflect the time-
scale of observation in the particular apparatus. When
ions dissociate slowly, they may not have time to
fragment before being detected. Therefore, the re-
quired energy for dissociation appears higher than the
actual threshold value, producing a kinetic shift [38].
The time-dependent photodissociation results of Lif-
shitz and co-workers have been fit using RRKM rate
constants for the unimolecular decay of C10H8

1. The
C–H bond dissociation energy of 4.48 eV (432 kJ
mol21) obtained [24] intimates an appearance poten-
tial of 12.62 eV. The;16 eV appearance potential
observed in the flow tube experiments and the PIMS
measurements [20] differs significantly from the ap-
pearance energy derived from the C–H bond dissoci-
ation energy. This value is over 3 eV greater than the
thermochemical value, indicating that a large kinetic
shift occurs [22,24]. The energetics of acetylene loss

from C10H8
1 have also been well established by

time-dependent measurements and RRKM theory to
require 4.41 eV [24], corresponding to an appearance
energy of 12.55 eV. This value implies a similar 3 eV
kinetic shift as observed with C10H7

1. The appearance
potentials are based on the observation that simple
bond fissions do not usually have activation barriers
beyond the reaction endothermicity.

The earlier PIMS experiments [14,20] can detect
fragments formed at a unimolecular dissociation rate
of around 104 s21. Using plots of the unimolecular
dissociation rate as a function of internal energy from
Ho et al. [24], the naphthalene cation internal energy
required for this dissociation rate is 7.5 eV, giving an
appearance energy of around 15.5 eV (exactly as
Jochims et al. observe [14,20]). These rate-energy
curves reveal that the naphthalene cation has an
extraordinarily long lifetime. Our observation time is
around 1 ms, so that the threshold for dissociation on
this timescale taken from the aforementioned curve
should be around 15 eV. However, our observed
threshold is;16 eV, about 1 eV higher.

The major difference between the two sets of
experiments is the operating pressure. The PIMS
experiments of Jochims et al. [14,20] have been
conducted at pressures under 1024 Torr [39], whereas
the flow tube measurements are taken at 0.5–1 Torr.
Eq. (2) gives a simple kinetic model for the fraction of
C10H8

1 detected relative to the amount of excited
C10H8

1* initially formed. The equation includes a
collisional quenching term that accounts for colli-
sional stabilization of C10H8

1* in competition with
unimolecular dissociation and radiative relaxation

@C10H8
1#tx

/@C10H8
1* #0

5 e2~kuni1krad1kQ@M#!tx 1
krad1 kQ@M#

kuni 1 krad1 kQ@M#

3 ~1 2 e2~kuni1krad1kQ@M#!tx! (2)

The rates of unimolecular dissociation, collisional
quenching, and radiative decay are given bykuni,
kQ[M], andkrad, respectively, in s21 and the reaction
time tx at a given flow tube positionx is in seconds.
[M] represents the number density of helium atoms in
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the flow tube. The radiative relaxation rate for naph-
thalene cation is;1 s21 [40,41]. Collisional stabili-
zation of the energized C10H8

1* is a consequence of
the approximately 1016 cm23 number density of He
buffer gas present under typical flow tube conditions,
wheretx is 1 ms on average. According to Eq. (2),
kuni > kQ[M] at the 50% point of the C10H8

1 break-
down curve. This point occurs at a reaction energy of
about 16.8 eV, allowingkuni to be obtained from the
rate-energy curves of Ho et al. [24]. Substitutingkuni

and [M] into the equality mentioned giveskQ of
;0.5 3 10210 cm3 s21. Considering the Langevin
collision rate between He and C10H8

1* of 5.38 3
10210 cm3 s21, thekQ value derived implies that;10
collisions with the buffer gas are required for stabi-
lizing C10H8

1* for a period longer than 1 ms. This
result is consistent with work done on ion–molecule
association reactions that also indicates that numerous
helium collisions are necessary to stabilize complexes
[42]. Therefore, a kinetic shift, coupled with colli-
sional quenching by the helium buffer gas, accounts
for the differences between the experimental and
thermochemical dissociation energies. The long life-
time of the nascent C10H8

1 ion facilitates the large
shifts observed.

In spite of these complications, we can speculate
about the mechanism for C10H8

1 dissociation. Be-
cause the qualitative trends in our results and the
PIMS results of Jochims et al. [20] agree, we adopt
their mechanism for C10H8

1 dissociation. The electron
impact ionization [16] and PIMS measurements show
common dissociation thresholds for the C10H7

1,
C10H6

1, C8H6
1, and C6H6

1 product ions observed at
lower appearance energies [16]. Jochims et al. also
observe a common dissociation threshold for the
lower energy products. Consequently, Jochims et al.
conclude that the C10H8

1 ions originate from a com-
mon naphthalene-like cationic intermediate [20]. The
thresholds for C10H7

1 and C8H6
1 established by an

RRKM theory fit to time-dependent photodissociation
data also confirm that these products have a common
threshold independent of kinetic shifts [22,24]. On the
contrary, recent photodissociation experiments indi-
cate that naphthalene cations fragment by sequential
C2H2 loss in contrast to the common intermediate

hypothesis discussed above. However, the authors of
the photodissociation studies acknowledge that they
are probably not observing the lowest energy disso-
ciation channels because the broadband light source
used is uncharacterized [28].

Above 18.5 eV, the bicyclic cation intermediate
may isomerize into an open chain isomer that disso-
ciates into smaller open chain products with higher
appearance energies [20]. Therefore, the minor prod-
uct channels we observe are assumed to have an open
chain configuration in calculating reaction enthalpies,
yielding similar neutral products to those postulated
by Jochims et al. [20]. Because of the substantial
shifts in the experimental appearance energies just
discussed, these values make it difficult to identify the
reaction products.

4.1. C10Hm
1 products

The common appearance energy onset, along with
the energetics of H atom removal from C10H7

1,
precludes the formation of C10H6

1 from decomposi-
tion of C10H7

1, where sequential H atom loss would
require 1 eV of energy above the observed threshold.
Kinetic shifts should also make the apparent onset
even higher in energy. Consequently, both hydrogen
loss channels probably arise from the C10H8

1 interme-
diate [20]. We observe this threshold at around 16 eV,
close to the value of Jochims et al. [20].

4.2. C8Hm
1 products

The C8H6
1 products are assumed to come from

acetylene loss in C10H8
1 to generate the phenylacety-

lene isomer [20], because it is the lowest energy
structure [34]. However, recent ab initio calculations
[26] suggest that the bicyclic benzocyclobutadiene
isomer may be;0.1 eV more stable. The authors note
that this difference is within the error of the calcula-
tions so that the two may be equally stable [26].
Nevertheless, we have assumed that the product ion
has the phenylacetylene structure for calculating en-
thalpies of reaction. As already mentioned, the C8H5

1

is assumed to arise from a linear precursor; in this
case, olefinic hydrogen loss from an open chain C8H6

1
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isomer formed at high energy [20]. This is consistent
with the higher onset energy.

The C8H6
1 channel has an observed threshold

around 15.8 eV. Extrapolating the line through the
C8H5

1 data to the baseline in Fig. 4 yields an experi-
mental onset of about 18.5 eV. This threshold is
consistent with removing an H atom from a higher
energy open chain isomer [20]. However, the loss of
an H from the acetylene substituent of phenylacety-
lene is energetically possible and cannot be ruled out
as a possible mechanism at the highest reaction
energies [20] where almost 10 eV excess energy is
accessible. Loss of a hydrogen atom from either ring
of the cyclobutadiene C8H6

1 isomer is exothermic as
well.

4.3. C6Hn
1 products

Acknowledging that the appearance energies may
have as much as 3 eV kinetic shift, the only energet-
ically possible structures for C6H6

1 can be either the
benzene or fulvene cations [19]. However, the ben-
zene cation is the most likely form considering that it
requires only two hydrogen shifts and two C–C bond
cleavages in a naphthalene cation intermediate. The
common threshold of C6H6

1 and the other major
products believed to arise from a single intermediate
of this type supports this assertion [20]. In addition,
generating the fulvene cation necessitates an addi-
tional isomerization, which is a more complicated
mechanism. Nevertheless, the C6H5

1 and C6H4
1 struc-

tures are not readily apparent based simply on ener-
getics. It is not possible to distinguish whether open
chain structures form or a benzene cation loses
hydrogen atoms based solely on the appearance ener-
gies, especially considering that kinetic shifts occur
[20]. Both mechanisms are thus feasible at the ener-
gies where the products appear.

4.4. High energy product channels

The products that arise only in the reactions with
F1 and Ne1 are referred to as the high-energy
products because over 9 eV of excess energy can be
put into the nascent C10H8

1. The excessive energy

affords substantial ring fragmentation. Jochims et al.
have proposed that the C10H8

1 intermediate with its
transannular ring bond broken can use the extra
energy to form an open chain C10H8

1. This linear
species can be dissected into smaller fragments, pro-
ducing the ions observed with appearance energies
above 18 eV [20]. However, the benzene cation can
also dissociate through competing pathways [43–46],
some of which yield similar C3–C5 products [47]. We
have also observed these products in recent flow tube
experiments of ion–molecule reactions of benzene
[9]. All of the C5Hm

1 and smaller ionic fragments are
energetically accessible from either a linear precursor
or from the benzene cation with Ne1 as the reactant
ion.

In addition, recombination of the neutral products
with F makes several of the fragmentation reactions
exothermic, and both a cyclic and a linear mechanism
are possible in the F1 reactions as well. F1 can
abstract a hydride anion to form HF in a very
exothermic reaction. Another recent study of disso-
ciative charge transfer involving halide-containing
molecules has shown evidence for HF and HCl
formation [48]. Other chemical pathways involving
CF bond formation are also possible, and, in fact, a
minor channel forming C10H7F

1 has been observed.
Again, the large kinetic shifts in the experimental
appearance energies preclude the elimination of a
specific pathway simply based on thermochemistry.
As a result, we cannot differentiate whether the
dissociation products observed at high energies form
via cyclic or linear intermediates.

5. Conclusions

Temperature dependent rate constants and product
branching ratios have been measured for the reactions
of naphthalene with the atmospheric plasma ions
NO1, N2

1, N1, O1, and O2
1, as well as several higher

energy ions, Ar1, F1, and Ne1 in a VT-SIFT. In the
case of N2

1 and O2
1, the reactions have been studied

over an extended temperature range from 300–1400
K. Branching ratios have been measured for the first
time in the high temperature flowing afterglow, ex-
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panding the capabilities of this apparatus. All of the
reactions proceed at the Langevin collision rate,
yielding nondissociative and dissociative charge
transfer products. The fraction of dissociation prod-
ucts increases as the average reaction energy in-
creases. The results further demonstrate that using
reactant ions with successively higher recombination
energies gives breakdown curves similar to photodis-
sociation measurements at different photon energies.
In addition, the reaction with F1 may partially pro-
ceed by chemical reaction. The onsets of the disso-
ciative channels exceed the thermodynamic thresh-
olds due to both kinetic shifts and collisional
quenching of the nascent excited species by the
helium buffer gas.

One of the goals of the present study was to search
for the effects of internal energy of the reactants on
the dissociation rate. Comparing the energy added
through temperature (open symbols) to the energy
added through ion recombination energy (closed sym-
bols) shows that for many of the product channels
little difference is found, i.e. for the C10H7

1, C10H6
1,

C8H5
1, and C6H6

1 channels. In other cases, differences
are observed, such as for C10H8

1, C6H5
1, and C6H4

1.
It is possible to store large amounts of vibrational

energy in naphthalene because of the 48 vibrational
degrees of freedom available, many of them being
low or moderate frequency [49]. At 800, 1100, and
1400 K, approximately 1, 2, and 3 eV of vibrational
energy is stored in naphthalene. The energy spread is
also large when energy is added through temperature.
For the parent ion, C10H8

1, the dissociation threshold
seems to shift slightly to lower energy for the O2

1 data
at high temperature, compared to the N2

1 and Ar1 300
K data. As explained previously, the energy spread in
the high temperature experiments or a small amount
of dissociation of naphthalene may account for this
shift. The higher temperature data for the N2

1 reac-
tions show more of the nondissociative charge trans-
fer channel than the 300 K point with F1 (17.5 eV).
The extra fragmentation with F1 is found in the
C8H6

1, C6H5
1, C6H4

1, and some of the smaller frag-
ments. Most of the ions in this study are either ions
formed in air discharges or are nonreactive so that
nondissociative and dissociative charge transfer com-

pletely govern the reactivity. Unfortunately, at ener-
gies above 16 eV few such ions exist; therefore F1 is
the simplest, most logical choice. This makes the above
comparisons difficult to interpret because reactive chan-
nels may interfere. Thus, the differences found when
looking for specific types of energy effects when F1

is involved can be due to several factors: (1) energy
spread, (2) reactive pathways, or (3) the type of
energy. Because many of the channels behave simi-
larly, it appears that much of the reactivity is inde-
pendent of all three of these effects. The chemistry of
this large molecule is very complex and we cannot
speculate further on how different types of energy
affect the dissociation based on our current results.

The strong kinetic shifts observed have implica-
tions for models of carbon growth reactions in com-
bustion systems. Over 3 eV of internal energy above
the thermochemical threshold must be added for the
unimolecular decay rate of C10H8

1 to be observable on
our experimental timescale. Larger PAH molecules
will exacerbate the situation because the ion lifetimes
increase with increasing size. Consequently, higher
internal energies are required for fragmentation on
short timescales [14]. Any theoretical predictions that
include ionic PAH constituents must therefore ac-
count for the long dissociation lifetimes, as well as the
pressure effects on the branching ratios introduced by
collisional stabilization.
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