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The competition between the C-I bond fission and the four-center HI elimination in the thermal unimolecular
decomposition of C3-C4 alkyl iodides has been investigated at temperatures of 950-1400 K and pressures
around 1 atm by a shock tube technique. The concentration of iodine atoms was followed by atomic resonance
absorption spectrometry. For primary iodides, the absolute rate constants were measured at temperatures of
950-1100 K. The branching fractions for C-I bond fission channels were determined for all isomers of C3

and C4 alkyl iodides at temperatures of 950-1400 K. A drastic change in the branching fraction for the C-I
bond fission channel was observed from primary iodides (0.6-0.9) to secondary iodides (0.2-0.4), and further
to tertiary iodide (<0.05), which was mainly ascribed to the lowering of the threshold energy for the HI
elimination channel from primary to secondary (by∼14 kJ mol-1) and from secondary to tertiary (by∼20
kJ mol-1) iodides. TheR-CH3 substituent effect to the activation energy was in good accordance with previous
investigations. The observed temperature dependence of the branching fraction could not be explained by the
simple high-pressure limit treatment, and an RRKM analysis showed that the proper treatment of the mutual
effect of two dissociation channels is essentially important to reproduce the observed branching fractions and
their temperature dependence. A simple interpretation for theR-CH3 substituent effect is presented in terms
of the avoided intersection between ionic dissociation (RIf R+ + I -) surface and the repulsive surface of
HI approach to the double bond.

Introduction

The four-center molecular elimination is a frequently observed
phenomenon in the unimolecular dissociation of hydrocarbons.
Especially, the molecular elimination from halocarbons has been
widely studied in various points of view. Because the molecular
elimination process involves a high barrier other than the
enthalpy change of the reaction, the internal or translational
excitation of the products is expected and nonstatistical energy
distribution may be also expected. Spontaneous1 or laser2

emission from the vibrationally excited products (for example,
HF up toV ) 4) has been observed in chemical activation or
infrared mutiphoton activation. Internal1,2 and translational3

energy partitioning has been the subject of many studies and
the main interest has been focused on the dynamics of the exit
channel and the comparison with the statistical theory.

The nature of the transition state for the four-center molecular
HX (hydrogen halide) elimination reaction from haloalkanes
has been extensively discussed.4 The activation energy has been
shown5 to decrease by about 29 kJ mol-1 for each R-CH3

substitution, which is in good accordance with the classical
Markovnikov selection rule for the reverse HX addition reaction
to alkenes. Since such a large effect to the activation energy
could not be expected from the energetics of neutral reactants
and products, Maccoll and Thomas6 first suggested a relation
with the heterolytic dissociation (RXf R+ + X-) energy,
which decreases by about 0.9 eV (∼ 87 kJ mol-1) for each
R-CH3 substitution. This model was subsequently refined by
Benson, Bose, and Haugen5,7 as the semi-ion-pair model, which
assumes a more realistic, less polarized semi-ion-pair transition
state. Later, many experimental investigations were reported in
relation to this subject. Since the heterogeneous effect had been
thought to be the source of the large scatter in earlier

experimental data, Tsang8 reported reliable Arrhenius parameters
from single-pulse shock tube experiments, which were free from
the heterogeneous effect. He also showed the correlation
between the activation energy and the heterolytic dissociation
energy. Tschuikow-Roux and co-workers9 reported shock tube
studies for fluoroethanes and developed a modified semi-ion-
pair model10 for various substituted haloalkanes. Setser and co-
workers11 reported extensive investigations by the chemical
activation method. In combination with the detailed RRKM
model, they derived the threshold energies for the four-center
HX elimination reactions and the averaged energy removed per
collision. Some modifications to the semi-ion-pair model were
reported to be necessary for the interpretation of the experi-
mental results. More recently, Holmes and co-workers12 reported
chemical activation investigation and explained the substituent
effect in terms of the charge separation in the transition states.
Although some modifications have been made, the “semi-ion-
pair” treatment of the transition state has been successful for
various substituted haloalkanes.

Several ab initio calculations have been also reported for the
four-center HX elimination processes. Kato and Morokuma13

reported a detailed theoretical investigation on the intrinsic
reaction coordinate (IRC) of HF elimination from fluoroethane.
Their investigation was focused on the structure of the transition
state and exit channel IRC in relation to the experimentally
observed vibrational excitation of HF. Although a comparison
of the transition-state geometry with the previous models was
made, no analysis on the polarization of the transition state was
reported. Recently, Toto et al.14 reported a detailed analysis of
the charge distribution of the transition states and the F- or
Cl- substituent effect for HF and HCl elimination processes.
Although some polarization exists in the transition states, no
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systematic correlation was found between the polarization and
the stabilization energy of the transition states, and they
concluded that a simple model for the substituent effect remains
to be developed.

For alkyl iodides, since the C-I bond is weak, the simple
C-I bond fission reactions are known to compete with the
molecular elimination processes and were speculated to be the
source of the complexity in earlier measurements.5 However,
the experimental investigation on the simple bond fission
channel is limited, mainly because of the experimental difficulty
induced by the complex radical chain reactions. From the
theoretical point of view, the experimental investigation on the
competition between two dissociation channels is interesting
since the branching fraction is expected to be very sensitive to
the energy-transfer phenomenon at the high-energy regime
around the dissociation thresholds.15 The alkyl iodide is one of
the suitable candidates for the investigation of the two-channel
effect in the thermal unimolecular reactions since the threshold
energies for competing HI elimination and C-I fission processes
are close to each other. King et al.16 reported a very low pressure
pyrolysis study on then- and i-propyl iodides. Forn-propyl
iodide, the competition of the C-I bond fission channel was
observed and a two-channel RRK calculation was performed
to analyze the experimental results. Hippler et al.17 studied the
thermal decomposition rate constants fortert-butyl iodide and
tert-butyl bromide in order to investigate the possible contribu-
tion of the second dissociation channel, although no such effect
could be found in the experimental results. More recently,
Kumaran et al.18 reported a study on the thermal decomposition
of ethyl iodide. The overall rate constant and the branching
fraction for C-I fission channel were determined by a shock
tube with ARAS (atomic resonance absorption spectrometry).
The experimental results were analyzed by RRKM calculations
with a steady-state solution of the master equation for the two-
channel problem. However, the experimental investigation has
been limited to primary iodides only.

In the present study, the thermal decomposition of a series
of alkyl iodides including primary, secondary, and tertiary
iodides (n-C3H7I, i-C3H7I, n-C4H9I, s-C4H9I, i-C4H9I, t-C4H9I)
has been studied by a shock tube technique. Competition
between the C-I bond fission and HI elimination reactions was
monitored by observing the iodine atom concentrations by
ARAS at temperatures of 950-1400 K. Experimental results
were analyzed with an RRKM calculation with proper treatment
of the mutual effect of two dissociation channels. A simple
interpretation is presented for theR-CH3 substituent effect to
the threshold energy for the HI elimination processes.

Experimental Section

All experiments were performed with a diaphragmless
stainless steel shock tube equipped with an ARAS detection
system. The detail of the apparatus has been described else-
where.19 Sample gas mixtures of alkyl iodide largely diluted in
Ar (1-10 ppm) were heated behind the reflected shock waves
and the concentration-time profiles of product iodine atoms
were measured by ARAS. Resonant radiation of iodine atom
at 183.0 nm [4P5/2-2P3/2 (6s-5p)] emitted from a microwave
discharge of a flowing I2/He (0.1%) mixture was used as the
light source for ARAS.

The branching fraction for the C-I bond fission channel was
determined by the quantitative concentration measurement of I
atoms. The concentration versus absorbance calibration curve
was constructed by using the thermal decomposition of methyl
iodide,

The constructed calibration curves are shown in Figure 1.
Slight density dependence was observed, probably due to the
pressure broadening of the line shape of the absorber atom in
the shock tube. No evident temperature dependence was
observed, probably because the pressure broadening dominates
over the Doppler broadening for such a heavy atom.

Preliminary experimental investigations were performed for
the thermal decomposition of the ethyl iodide,

which has been extensively investigated by Kumaran et al.18

The derived branching fraction for C-I fission pathway (2a)
was temperature independent and was 0.92( 0.06. The present
result is in good agreement with the results obtained by Kumaran
et al.,18 0.89( 0.07, obtained from the I atom measurements.

The overall rate constants were measured for primary iodides
in the temperature range 950-1100 K. The branching fractions
were measured in the temperature range 950-1400 K. Experi-
mental results were obtained mostly around the total pressure
of 1.0 atm (buffer gas is Ar). For some experiments, it was
varied from 0.6 to 1.9 atm in order to investigate the pressure
effect.

Gases used were obtained from Nihon Sanso (He,>99.9999%;
Ar, >99.9999%), Wako (I2, 99.9%; CH3I, >99%; n-C3H7I,
>97%; i-C3H7I, >99%), and Tokyo Kasei (C2H5I, >99%;
n-C4H9I, >98%; s-C4H9I, >97%; i-C4H9I, >97%; t-C4H9I,
>95%). All reagents were purified by trap-to-trap distillation.
Ar was purified by passing through a cold trap (-140 °C).
Indicated error limits for the experimental results are at the two
standard deviations level.

Results

In the present study, the thermal decomposition of two
isomers of propyl iodides and four isomers of butyl iodides has
been investigated.

A typical time profile of the I atom concentration is shown
in Figure 2. For primary alkyl iodides, the overall rate constants
were determined from the growth of the iodine atom concentra-

CH3I + M f CH3 + I + M (1)

C2H5I + M f C2H5 + I + M (2a)

f C2H4 + HI + M (2b)

n-C3H7I + M f n-C3H7 + I + M (3a)

f C3H6 + HI + M (3b)

i-C3H7I + M f i-C3H7 + I + M (4a)

f C3H6 + HI + M (4b)

n-C4H9I + M f n-C4H9 + I + M (5a)

f 1-C4H8 + HI + M (5b)

s-C4H9I + M f s-C4H9 + I + M (6a)

f 2-C4H8 (or 1-C4H8) + HI + M (6b)

i-C4H9I + M f i-C4H9 + I + M (7a)

f i-C4H8 + HI + M (7b)

t-C4H9I + M f t-C4H9 + I + M (8a)

f i-C4H8 + HI + M (8b)
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tion by fitting to the function

wherekI is the first-order overall rate constant. For secondary
and tertiary iodides, the rate constants could not be measured
because the rate constants were too large and the branching
fractions for I atom formation were small as will be described
below. The branching fraction for the C-I bond fission channel
was determined from the plateau of the iodine atom concentra-
tion as is observed in Figure 2. In the experiments fori-C3H7I,
a gradual rise of the I-atom concentration was observed due to
the reaction

since a significant amount of HI is formed by reaction 4b and
hydrogen atoms are formed by the thermal decomposition of
the i-C3H7 radical,

following reaction 4a. To minimize this effect, low concentration

(1-2 ppm) sample gas was used especially fori-C3H7I. For
other alkyl iodides, the effect of reaction 10 was smaller because
of the lower HI yield and/or the lower yield of H atom from
the subsequent thermal decomposition of alkyl radicals.

Measured first-order rate constants for primary alkyl iodides
(n-C3H7I, n-C4H9I, and i-C4H9I) were summarized in Figure 3.
For n-C3H7I, the pressure dependence of the rate constant was
investigated under total pressures from 0.64 to 1.91 atm. No
significant pressure effect was observed. The rate constants are
supposed to be in, or close to, the high-pressure limit. For
primary iodides, since the higher C-I fission channel is already
dominant as shown below, the pressure effect to the overall
rate constant is expected to be smaller for larger molecules. (This
was also verified by the RRKM calculation described below.)
Thus, for larger alkyl iodides, the rate constant measurements
were done at pressure around 1.0 atm only.

Measured branching fractions for C-I bond fission channels
(fC-I) are summarized in Figure 4. A clear difference was found
among primary (n-C3H7I, n-C4H9I, and i-C4H9I; fC-I ) 0.6-
0.9), secondary (i-C3H7I and s-C4H9I; fC-I ) 0.2-0.4), and
tertiary (t-C4H9I; fC-I < 0.05) iodides. Almost no temperature
dependence was found for primary iodides, but slight temper-
ature dependence was found for secondary and tertiary iodides.
The extremely small branching fraction fort-C4H9I should be
discussed carefully since the observed iodine atoms (∼3%) may
be ascribed to the impurity (probably the other isomers of alkyl
iodides) considering the specified purity (>95%) of the reagent
used. No apparent pressure effect to the branching fractions was
found forn-C3H7I. For other iodides, the experiments were done
at a pressure around 1.0 atm only, since the RRKM calculation
(described below) predicts the very small pressure effect to the
branching fractions.

Discussion

The overall rate constants for primary iodides were found to
be close to each other in the temperature range studied, 950-
1100 K, as shown in Figure 3. This implies the similarity of
the Arrhenius parameters for C-I bond fission channels. Since,
as shown in Table 1,20-23 no systematic change in the C-I bond
dissociation energy was found from primary to tertiary iodides,
the activation energy for C-I bond dissociation channels can
be estimated to be nearly constant for all alkyl iodides. Thus,
the drastic change in the branching fractions from primary to
tertiary iodides must be ascribed to the significant change in
the activation energy and/or activation entropy (including the
reaction path degeneracy) for the four-center HI elimination
channels.

A. High-Pressure Limit Analysis. A simple high-pressure
limit analysis was made as a first step, to derive the activation
energy by using the calculated preexponential factor. Transition
state theory (TST) calculations were performed with the
molecular properties listed in Table 2. Structures and frequencies
of alkyl iodides and alkyl radicals were estimated mainly from
the published structures24,25and frequencies26,27of alkyl halides,
alkanes, and alkyl radicals. Some unknown frequencies were
estimated by ab initio calculations [at HF/3-21G or HF/6-31G-
(d) level] using the Gaussian 94 program.28 Structures and the
frequencies for the four-center HI elimination transition states
were estimated from the published ab initio calculation results,14

known structure, and group frequencies of each specific
molecular moiety. Also some frequencies, which were difficult
to estimate, were taken from the HF/3-21G level ab initio
calculations. For alkyl radicals, the internal rotation of the alkyl
group bonded to the radical center carbon was treated as a free

Figure 1. Absorbance [ln(I0/I)] versus concentration calibration curves
for I atom ARAS. Open triangles (4), closed circles (b), and open
circles (O) denote the experimental data obtained at total densities of
15.6 × 1018, 10.4 × 1018, and 5.2× 1018 molecules cm-3 (Ar),
respectively. Solid lines denote the results of least-squares fitting to
second-order polynomial.

Figure 2. An example of the I atom concentration-time profile
observed in the thermal decomposition ofn-C3H7I. Experimental
conditions are as follows:T ) 1039 K, total density) 7.03 × 1018

molecules cm-3, and sample gas composition) n-C3H7I (2.98 ppm)/
Ar. Dotted line is drawn to indicate the initial concentration ofn-C3H7I.

[I] ) A[1 - exp(-kI t)] (9)

H + HI f H2 + I (10)

i-C3H7 + M f C3H6 + H + M (11)
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rotator since the barrier height for such an internal rotation was
known to be very low (∼1 kJ mol-1).29 Other internal torsion
modes were treated as vibrations. The rotational symmetry

number,σ, listed in the table includes the symmetry number of
internal free rotators. Fors-C4H9I, two distinct transition states
are possible, leading to the formation of 1-C4H8 and 2-C4H8.
Since the properties for these two transition states are quite
similar to each other, these two were merely counted as the
“isomers” in the calculation. As a check of the validity of the
estimations, entropy was calculated for alkyl iodides and alkyl
radicals from the properties listed in Table 2. The calculated
entropy agrees well with the experimental value,22 as well as
that estimated by the group additivity method30 within (6.0 J
K-1 mol-1.

A variational approach was applied to the simple C-I bond
fission channel. The potential energy curve for the C-I bond
was approximated by the Morse function,

with â ) 2.4 Å-1 andre ) 2.17 Å for all alkyl iodides. Variation
of the adiabatic vibrational frequencies was estimated by the
interpolation between the alkyl iodide and the alkyl radical by
the formula proposed by Quack and Troe,31

Figure 3. Observed and calculated overall thermal decomposition rate constants (k) for (a and b)n-C3H7I, (c) n-C4H9I, and (d) i-C4H9I. Dashed
lines (- - -) denote the results of high-pressure limit analysis. Dotted lines (‚ ‚ ‚) denote the results of single-channel RRKM analysis and solid lines
(s) denote the results of two-channel RRKM analysis. Different symbols in (a) and b) denote the experimental data at different pressures: 0.64 atm
(O), 1.24 atm (4), and 1.91 atm (b). Experimental data plotted in (a) and (b) are the same. In (a), the experimental data are compared with
high-pressure limit analysis, while in (b), they are compared with RRKM analysis at pressures of 0.64, 1.24, and 1.91 atm (correspond to the lines
from lower to upper).

Figure 4. Observed and calculated branching fractions for C-I bond fission channels (fC-I). (a) Branching fractions forn-C3H7I (O, 4, b,) and
i-C3H7I (0). Different symbols forn-C3H7I denote the experiments at different pressures (same as in Figure 3). (b) Branching fractions forn-C4H9I
(b) ands-C4H9I (O). (c) Branching fractions fori-C4H9I (b) and t-C4H9I (O). Dashed lines (- - -), dotted lines (‚ ‚ ‚), and solid lines (s) denote
the results of high-pressure limit analysis, single-channel RRKM analysis, and two-channel RRKM analysis, respectively.

TABLE 1: C-I Bond Dissociation Energies and Arrhenius
A-Factors

molecule
D298(C-I)a/

kJ mol-1 A(C-I)b/s-1 A(HI)b/s-1
(σ/n)HI-TS

-1/
(σ/n)RI

-1c
A(HI)/
A(C-I)

C2H5I 231.7
n-C3H7I 234.9 7.64× 1014 1.67× 1014 2/3 0.219
i-C3H7I 234.0 9.09× 1014 3.44× 1014 6/3 0.378
n-C4H9I 230.8 8.87× 1014 1.98× 1014 2/3 0.223
s-C4H9I 237.5 1.01× 1015 4.42× 1014 5/3 0.438
i-C4H9I 233.0 9.47× 1014 3.53× 1014 1/3 0.373
t-C4H9I 224.4 9.74× 1014 3.58× 1014 9/3 0.368

a C-I bond dissociation energy at 298 K calculated from the
literature20-23 heats of formation of alkyl iodides, alkyl radicals, and
iodine atom.b A(C-I) andA(HI) denote the preexponential factors for
C-I bond fission and HI elimination channels, respectively. These were
derived from the Arrhenius plot of the calculated high-pressure limit
rate constants in the temperature range 900-1400 K. c Statistical factor
for the HI elimination channel, that is, a total correction factor for
rotational symmetry number and number of optical isomers and/or
rotational conformers. This is, of course, proportional to the intuitive
“reaction path degeneracy”, which is 2, 6, 2, 5, 1, and 9, respectively,
from n-C3H7I through t-C4H9I.

V(r) ) De{1 - exp[â(re - r)]}2 (12)

ν(r) ) [ν(re) - ν(r∞)] exp[R(re - r)] + ν(r∞) (13)
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with R ) 1.0 Å-1 recommended for many reactions. For the
vibrational mode correlating to the free rotation in the products,
the partition function was interpolated with the formula31

with γ ) 0.75 Å-1. The location of the transition state was
determined so as to minimize the rate constant calculated by
TST at each temperature, according to the canonical variational
TST or the maximum free energy criterion.31

The calculated Arrhenius preexponential factors (A-factors)
are listed in Table 1. From simple intuition, theA-factor can be
expected to be proportional to the statistical factor (or the
reaction path degeneracy) which is unity for all the C-I bond
fission channels, and is 1/3-9/3 for the HI elimination channel,
as shown in Table 1. However, the calculatedA-factors show
smaller difference among primary, secondary, and tertiary
iodides. It should be noted that the ratio of the partition functions
of the transition state and the reactant,Q*/Q, for the HI
elimination process mainly reflects the statistical factor at lower
temperatures. For example, (Q*/Q)[t-C4H9I]/(Q*/Q)[i-C3H7I] is
1.405 and 1.695 at 1200 and 700 K, respectively, for which the
ratio of the statistical factor is 1.5. However, in theA-factor,
this difference was canceled with the larger temperature
dependence ofQ*/Q for i-C3H7I. For example,A[t-C4H9I]/
A[i-C3H7I] ) 1.04 and 1.18 at 900-1400 K (Table 1) and at
(600-800 K). The latter is in good agreement with theA-factors
reported by Tsang,8 A[t-C4H9I]/A[i-C3H7I] ) 1013.73/1013.67 )
1.15 at around 700 K. As a general trend, the temperature

dependence ofQ*/Q is larger in the order primary> secondary
> tertiary iodides. For these reasons, the effect of theA-factor
was small and the maximum difference inA(HI)/A(C-I) was
only a factor of 2 among all iodides as shown in Table 1. The
main cause of the drastic change in the branching fraction should
be attributed to the activation energies.

For primary iodides, the threshold energies for the C-I bond
fission channel,E0(C-I), and those for the four-center HI
elimination channel,E0(HI), were derived by the best fit to the
experimental overall rate constants [which is essentially sensitive
to the E0(C-I)] and the branching fractions [which is sensi-
tive to the difference of the threshold energies,E0(C-I) -
E0(HI)]. The derivedD0(C-I) [C-I bond dissociation energy
at 0 K] andE0(HI) are [in kJ mol-1 unit] as follows: 227.6 and
207.8 forn-C3H7I, 226.0 and 205.1 forn-C4H9I, and 230.3 and
218.7 for i-C4H9I. Since overall rate constants could not be
measured for secondary and tertiary iodides,D0(C-I) was
assumed to be 228 kJ mol-1, which is the averaged value of
D0(C-I) for primary iodides determined by the best fit to the
experimental rate constants. Fort-C4H9I, the E0(HI) was
determined so as to reproduce the overall rate constants reported
by Hippler et al.,17 since the observed branching fraction may
be overestimated for the reason described above. The derived
E0(HI) values are [in kJ mol-1 unit] as follows: 193.0 for
i-C3H7I, 190.2 fors-C4H9I, and 173.1 fort-C4H9I. As a general
trend, E0(HI) decreases from primary (∼211 kJ mol-1) to
secondary (∼192 kJ mol-1), and further to tertiary (∼173 kJ
mol-1) iodide.

TABLE 2: Molecular Properties Used in the Calculations

RI R HI elimination TS

R σ/na
rot.

consts/cm-1 vib freqb/cm-1 σ/n
rot.

consts/cm-1 vib freqb/cm-1 σ/n
rot.

consts/cm-1 vib freqb/cm-1

n-C3H7 1/3 0.81410, 0.04442,
0.04316

3000(7), 1430(3),
1350(3), 1280(3),
1050(2), 940(2),
760(2), 500, 360,
240, 200, 90

2 1.0170, 0.3080,
0.2749

3000(7), 1430(4),
1350(3), 1050(2),
1030(2), 780,
760, 540, 360,
240,-10

1/2 0.31340, 0.03980,
0.03693

3000(6), 1700,
1450, 1430(3),
1310(3), 1120,
1090(2), 1050(2),
930, 570, 390,
250, 170(2), 85

i-C3H7 1 0.28029, 0.07280,
0.06135

3000(7), 1430(6),
1260(2), 1050(4),
940(2), 500, 360,
290, 240(2), 200

18 1.2198, 0.2766,
0.2465

3000(7), 1430(6),
1300, 1050(4),
1030(2), 370,
360,-6(2)

1/2 0.26759, 0.04534,
0.04069

3000(6), 1770,
1430(3), 1370(4),
1090(2), 1050(4),
460, 390, 380,
200, 170, 85

n-C4H9 1/9 0.48616, 0.02528,
0.02447

3000(9), 1430(3),
1350(6), 1280(3),
1050(2), 940(3),
760(3), 500,
360(2), 240,
200, 90(2)

2/3 0.8067, 0.1326,
0.1250

3000(9), 1430(4),
1350(6), 1050(2),
1030(3), 780,
760(2), 540,
360(2), 240,
90,-9.7

1/6 0.15228, 0.02961,
0.02578

3000(8), 1700,
1450, 1430(3),
1350(3), 1310(3),
1120, 1090(3),
1050(2), 930,
760, 570, 390(2),
240, 160, 130,
110, 60

s-C4H9 1/6 0.12808, 0.06035,
0.04331

3000(9), 1430(6),
1350(3), 1260(2),
1050(4), 940(3),
760, 500, 360(2),
290, 240(2),
200, 90

3 0.7997, 0.1260,
0.1192

3000(9), 1430(6),
1350(3), 1300,
1050(4), 1030(3),
760, 370,
360(2), 240,
-1.4,-5.6

1/10 0.12174, 0.03521,
0.02850

3000(8), 1700,
1430(6), 1370,
1310(3), 1200,
1090(3), 1050(4),
460, 390(2), 200,
170, 160, 110, 60

i-C4H9 1/3 0.26383, 0.03823,
0.03488

3000(9), 1430(6),
1330(2), 1280(3),
1050(4), 940(3),
760, 500, 490,
360(2), 240(2),
200, 90

2 0.2855, 0.2749,
0.1610

3000(9), 1430(7),
1330(2), 1050(4),
1030(3), 780,
540, 490, 360(2),
240(2),-9.7

1 0.17003, 0.02922,
0.02850

3000(8), 1610,
1450, 1430(6),
1140, 1120,
1090(3), 1050(4),
930, 570, 440,
390(2), 250,
170(2), 110, 60

t-C4H9 3 0.15816, 0.05208,
0.05208

3000(9), 1430(9),
1050(6), 940(3),
500, 490, 360(2),
240(3), 200(2)

162 0.2628, 0.2628,
0.1420

3000(9), 1430(9),
1050(6), 1030(3),
360(2), 270,-5.6(3)

1 0.15014, 0.03396,
0.03351

3000(8), 1770,
1430(6), 1370(3),
1090(3), 1050(6),
440, 390(2), 380,
200(2), 110, 60

a σ denotes the symmetry number of external and internal rotations, andn denotes the number of optical isomers and/or rotational conformers.
b Values in parentheses are degeneracy of vibrations. Negative frequencies denote the free rotators, and the absolute values are the rotational
constants.

Q(r) ) [Q(re) - Q(r∞)] exp[γ(re - r)] + Q(r∞) (14)
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The results of the high-pressure limit analysis are shown in
Figures 3 and 4 by dashed lines (- - -). The predicted rate
constants assuming the high-pressure limit does not satisfactory
reproduce the temperature dependence, especially that of the
branching fraction for secondary and tertiary iodides. The
E0(HI) for t-C4H9I determined from the rate constants by Hippler
et al.17 is inconsistent with the present very smallfC-I, <0.05,
under the assumption of high-pressure limit. Detailed falloff
analysis seems to be necessary in order to explain our
experimental data, and in order to derive the reliable threshold
energies.

B. RRKM Analysis. The failure of the high-pressure limit
analysis suggests two possibilities. (1) The falloff effect is large
and different between the two channels. (2) The mutual effect
of the two channels is large. To investigate the two problems
separately, two kinds of RRKM calculations were performed.
The first is an RRKM calculation with proper treatment of the
falloff effect but where two channels were treated independently,
and the second is an RRKM calculation with the proper
treatment of both falloff and mutual effects. The RRKM
calculations were performed by using the UNIMOL program
suit.32 In this program, the steady-state internal energy distribu-
tion was calculated as the numerical solution to the eigenvalue
problem of the master equation. In the RRKM calculation, the
location of the transition state for the C-I bond fission channel
was fixed at the position determined from the variational
treatment at 1200 K. In the present experimental temperature
range, 950-1400 K, the high-pressure rate constants calculated
with this fixed TS approach differ not more than 5% from the
full variational treatment. Collisional energy transfer was
assumed to obey the exponential-down model.

Again, the threshold energies,E0(C-I) and E0(HI), were
derived from the best fit to the experimental results. The results
of the two types of the RRKM calculations were compared with
experimental results in Figures 3 and 4. The single-channel
RRKM calculation, in which two channels are treated indepen-
dently but the falloff effect was properly included, does not
reproduce the experimental temperature dependence. On the
other hand, the multichannel RRKM calculation, in which the
mutual effects of the two channels are treated properly, well
reproduces the experimentally observed temperature depen-
dence. Further, this multichannel calculation also reproduces
the fC-I for t-C4H9I, for which theE0(HI) was determined by
the best fit to the rate constants reported by Hippler et al.17

With the threshold energies derived from the multichannel
RRKM analysis, the calculated high-pressure limit rate constants
also well reproduce the lower temperature rate constants reported
by Tsang8 for i-C3H7I and t-C4H9I within (40%. These
consistencies also confirm the validity of the present measure-
ment and the multichannel RRKM analysis. The calculated
product of microcanonical rate constant and internal population
in the RRKM calculation is shown in Figure 5. Not only the
high-pressure limit calculation but also the single-channel
calculation with only the higher C-I bond fission channel
apparently overestimate the rate constants since they do not
include the population depletion by the lower channel.

In the RRKM calculation, the value of the average downward
energy transferred per collision,〈∆Edown〉, was set to be 600
cm-1 and assumed to be temperature independent. Change in
the 〈∆Edown〉 affects the overall rate constants to some extent,
approximately a similar extent as the pressure effect as shown
in Figure 3. However, the large change in〈∆Edown〉 affects the
calculated branching fractions only very slightly over 400e
〈∆Edown〉 e 900 cm-1, and the effect was always less than 1%.

Experiments under a much wider pressure range, especially
extended to lower pressures, will be necessary to extract the
〈∆Edown〉 from the experiments. Although the present experi-
mental results were not sensitive to the quantity〈∆Edown〉, it
should be noted that the multichannel treatment is still essential
to explain the present experimental results obtained at rather
high pressures where the pressure dependence of the overall
rate constants was found to be small.

Similarly, the pressure effect was found to be small in the
present experimental conditions. Although the largest pressure
effect to the calculated overall rate constant (for primary iodides)
was found forn-C3H7I, as shown in Figure 3b, experimental
investigation could not reveal this effect. The pressure effect to
the branching fraction was calculated to be very small, typically
+0.005 and at maximum+0.019 when the pressure was
doubled, and thus, no experimental investigation on the pressure
effect was intended other than forn-C3H7I.

C. Threshold Energies and the Nature of the Transition
State.Table 3 summarizes the derived threshold energies from
the multichannel RRKM analysis. For primary iodides (n-C3H7I,
n-C4H9I, and i-C4H9I), the threshold energy for the C-I bond
fission channel [E0(C-I)] was derived from the best fit to the
experimental rate constants and its error limit was estimated to
be (7.3 kJ mol-1. The bond dissociation energy at 0 K (D0)
was derived by assuming the Morse potential curve, and that at
298 K (D298) was derived by correcting the thermal energy
calculated from the properties listed in Table 2. For the
secondary and tertiary iodides, the bond dissociation energy (D0)
was assumed to be 223.7 kJ mol-1, which is the average for
primary iodides. The derived bond dissociation energies agree
well with those calculated from the heats of formation in the
literature, considering the error limit in the present experimental
value ((7.3 kJ mol-1) and those in the heats of formation
((4-8 kJ mol-1). For t-C4H9I, the threshold energy for the HI
elimination channel [E0(HI)] was derived by the best fit to the
direct experimental measurements by Hippler et al. This
E0(HI) and the estimatedE0(C-I) well reproduce the present
branching fraction fort-C4H9I. This fact also suggests the
validity of the assumption of the common bond dissociation
energy for primary and tertiary iodides. The carbon-halogen
bond dissociation energies have been discussed in relation to
the four-center elimination reactions and are known to be almost
independent of theR-CH3 substitution.5 Because of the electron-
withdrawing nature of the halogen atom, theR-CH3 substitution

Figure 5. Product of microcanonical rate constant [k(E)] and internal
population [g(E)] calculated fort-C4H9I at 1300 K and 0.6 atm. Dashed
lines (- - -), dotted lines (‚ ‚ ‚), and solid lines (- - -) denote the
calculation assuming the high-pressure limit, maser equation calculation
with single exit channel, and that with two exit channels, respectively.
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probably stabilizes the alkyl halides by an amount almost equal
to the stabilization of alkyl radicals. This effect results in the
almost constant C-I bond dissociation energies for the primary,
secondary, and tertiary iodides.

The branching fraction observed in the present study is a
sensitive measure of the difference of threshold energies (∆E0)
between C-I bond fission and HI elimination channels. The
accuracy of the∆E0 is estimated to be(4.0 kJ mol-1, while
that for absolute threshold energies is poorer,(7.3 kJ mol-1.
The derived threshold energies forn-C3H7I and i-C3H7I agree
well with those reported by King et al.16 The threshold energies
(for both the C-I fission and HI elimination channels) derived
for primary iodides are close to each other and also close to
those derived for C2H5I by Kumaran et al.18 The E0(HI) was
found to decreases by∼14 kJ mol-1 from primary to secondary
iodides and by∼20 kJ mol-1 from secondary to tertiary iodides.
These differences were also in agreement with the difference
of activation energy derived in earlier studies5,8 (∼29 kJ mol-1

or 25( 4 kJ mol-1 per eachR-CH3 substitution) if we consider
the difference between the activation energy (Ea) and the
threshold energy (E0). A high-pressure limit calculation around
1000 K indicates that theEa - E0 is ∼10,∼7, and∼4 kJ mol-1

for primary, secondary, and tertiary iodides.
The threshold energies for HI elimination channels are plotted

in Figure 6 against the heterolytic dissociation energies for RI
f R+ + I - according to the indication in the earlier studies.4

A clear correlation was found. Although the semi-ion-pair
model5 has been shown to be successful for the explanation of
the many four-center HX elimination reactions with minor
modification, the cause of the charge separation in the transition

state has not been well understood. Maccoll presented a picture
of the perturbation from the “ionic excited state” to the transition
state and the exit potential surface to HX+ olefin (Figure 6 of
ref 4) from the analogy to the SN1 or E1 reactions in a polar
solvent. However, our preliminary ab initio (at HF/3-21G level)
analysis of charge separation along the four-center elimination
IRC indicates that the charge separation increases from reactant
to TS, starts to decrease around TS, and suddenly disappears
in the exit channel. The charge separation character was seen
in the alkyl iodide side but not in the HI+ olefin side as
indicated by Maccoll.

A simple interpretation for the correlation between the
threshold energy and the heterolytic dissociation energy is
illustrated in Figure 7. Probably, the heterolytic ion dissociation
potential energy surface intersects with the repulsive, nonpolar
potential surface of the HI approach to the double bond. The
avoided intersection of these two surfaces is expected to be the
origin of the transition state for HI elimination. The lowering
of the ultimate heterolytic dissociation energy decreases the ion
dissociation potential surface, while the repulsive potential does
not change a lot. In this assumption, similar to the Evans-
Polanyi rule, the lowest point of the intersection of the two
surfaces is expected to decrease as the ion dissociation energy
decreases. Recent ab initio calculation14 for the F- and Cl-
substituent effects on HCl or HF elimination transition states
showed that there is no obvious connection between the barrier
height and atomic charges. But, one point should be noted; the
Mulliken population analysis at the transition state only may

TABLE 3: Threshold Energies Derived from the Multi-Channel RRKM Analysis

present threshold energya/kJ mol-1 lit threshold energy/kJ mol-1 C-I bond dissoc energy/kJ mol-1

molecule E0(C-I) E0(HI) ∆E0 E0(C-I) E0(HI) ref D0
b D298

b D298(lit.)c

C2H5I 218.8 203.8 18 231.7
n-C3H7I 216.7 202.1 -14.6 217.6 198.7 16 222.3 226.1 234.9
i-C3H7I (217.0) 190.8 -26.2 185.8 16 (223.7)d (227.4) 234.0
n-C4H9I 216.3 201.7 -14.6 222.1 225.9 230.8
s-C4H9I (216.5) 188.3 -28.2 (223.7)d (226.7) 237.5
i-C4H9I 220.5 214.2 -6.3 226.6 230.4 233.0
t-C4H9I (216.3) 168.6 -47.7 (223.7)d (226.8) 224.4

a E0(C-I) andE0(HI) denote the threshold energies for the C-I bond fission channel and that for the four-center HI elimination channel, respectively.
∆E0 is the difference of threshold energies [)E0(HI) - E0(CI)]. b D0 was derived fromE0(CI) by assuming the Morse potential function.D298 was
evaluated fromD0 by calculating the thermal energy from the properties listed in Table 1.c Literature bond dissociation energies same as those
listed in Table 1.d D0 for secondary and tertiary iodides are assumed to be the constant, 223.7 kJ mol-1, which is the average ofD0 derived for
primary iodides.E0(C-I) and D298 values in parentheses were calculated from the constantD0.

Figure 6. A correlation between the ion dissociation energy for RIf
R+ + I- [D(R++I-)] and the threshold energy for the four-center HI
elimination process. Solid line is the result of a simple least-squares
fit.

Figure 7. Hypothetical interpretation for theR-CH3 substituent effect
on the barrier height for the four-center HI elimination process. The
avoided intersection between the ionic dissociation surface and the
repulsive surface of the HI approach to the double bond is expected to
be the origin of the four-center elimination transition state.
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not be enough to resolve the full feature of the transition state
since the transition state would be a critical point along the IRC
where the charge distribution suddenly changes because of the
avoided intersection of very ionic and nonpolar surfaces. Further,
F- or Cl- substituent effects are rather complex, since they
involve bothσ electron withdrawal andπ electron donation from
lone pairs. The CH3- substitution seems to be simpler since
the σ electron donation is expected to be the dominant effect.

Also, there is a question whether the ground state of alkyl
halide diabatically correlates to the ion pair (R+ + I -). From
the large electronegativity of the halogen atoms, some ionic
character of the carbon-halogen bond is expected. The almost
constant bond dissociation energy for carbon-halogen bond for
primary, secondary, and tertiary alkyl halides suggests the ionic
stabilization of the alkyl halides byR-CH3 substitution. If the
ground-state alkyl halide diabatically correlates to the ion pair
(R+ + I-), the avoided intersection between the ionic and
covalent surfaces is expected even in the simple C-X bond
fission potential energy surface. Our preliminary HF/3-21G level
ab initio calculation also suggests the avoided intersection
between the ionic and covalent surfaces along the simple C-X
bond fission channel. Probably, the ground state alkyl iodide
diabatically correlates the ion pair (R+ + I -), and the avoided
intersections produce both reaction coordinates to simple R-I
bond fission and HI elimination. However, this hypothetical
interpretation should be examined with detailed, higher level
ab initio calculations.

Conclusion

In the present study, the branching fractions for the simple
C-I bond fission and four-center HI elimination processes were
measured for a series of alkyl iodides at temperatures of 950-
1400 K and at pressures around 1.0 atm. The overall rate
constants were also measured for primary iodides at tempera-
tures of 950-1100 K. The drastic change in the branching
fractions for primary, secondary, and tertiary iodides was mainly
ascribed to the change of the threshold energy for HI elimination
processes. An RRKM analysis showed that the mutual effect
of the two dissociation channel is essentially important. A simple
interpretation for theR-CH3 substituent effect on the threshold
energy for the HI elimination channel was presented in terms
of the avoided intersection between ionic and nonpolar potential
energy surfaces.
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