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Shock-tube studies at the National Institute of Standards and Technology (NIST) and the University of Illi-
nois at Chicago (UIC) have been used to examine the decomposition of 1-pentyl radicals in argon between
(833–1130) K and (100–5000) kPa. High pressure limiting values of the product branching ratios appear
to be approached at the highest pressures studied. Results agree well with a ‘best-fit’ model previously
developed [1] and are consistent with an energy transfer value hDEdowni = (675 ± 100) cm�1 at 1000 K.
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1. Introduction

The decomposition of alkyl radicals plays a prominent role in
the combustion of hydrocarbon fuels. Under conditions of interest
there is a competition between bimolecular oxidation reactions
and unimolecular processes that fragment or isomerize the fuel
radical. The competition between these processes is a determinant
of the product mix in the initial breakdown of a fuel and this is
responsible for many of the observed differences and similarities
in the burning characteristics of fuels.

The 1-pentyl radical is the smallest alkyl radical that can under-
go a five center intramolecular H transfer reaction that alters the
position of the radical center. Its decomposition has been studied
for many years, both experimentally [1–7] and theoretically
[8–14]. Recent measurements carried out at NIST [1] were the first
to experimentally probe the olefin product branching ratio deter-
mined by the competition between isomerization and beta C–C
bond scission. The ratio was found to be temperature and pressure
dependent. A Rice-Ramsberger-Kassel-Marcus/Master Equation
(RRKM/ME) analysis was carried out and the experimental results
were compared with quantum chemical calculations. While quali-
tative agreement between experiment and computation was
achieved, it proved necessary to modify the computed potential
energy surface (PES) in order to match the experimental data. A
‘best fit’ model was ultimately constructed on the basis of a critical
analysis of the product branching ratio data together with consid-
eration of relevant literature data from kinetic experiments at
lower temperatures. A key quantity was the variation of the
product ratio with pressure, and the experimental results placed
significant constraints on the PES and the value of the energy
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transfer parameter used in conjunction with the model and the
RRKM/ME analysis.

The above experiments were carried out at pressures ranging
from about 80 to 600 kPa. Limitations in the shock-tube prevented
the extension to higher pressures. Significant differences in the
computed variation of the product branching ratio with pressure
and its high pressure limiting value were obtained when using
the computed PES compared with the empirically adjusted ‘best-
fit’ model. While potential sources of systematic error in the exper-
iments were considered, the pressure range over which data could
be taken was limited and this increases the possibility that small
perturbations could impact the results. The presently described
experiments represent an attempt to further test the models by
extending the range of pressure over which data are available. To
that end, the high-pressure shock tube at the University of Illinois
at Chicago (UIC) has been employed to carry out experiments at
pressures at high as 5000 kPa and these data are compared with
NIST measurements taken at lower pressures.
2. Experimental procedures

2.1. NIST apparatus and procedures

Previous publications [15,16] have described the single-pulse
shock tube used at NIST in detail. In brief, samples are prepared
in 15 L holding tanks using calibrated capacitance manometers.
Shocks are generated by rupture of a cellophane diaphragm and
samples of the post-shock gases are withdrawn for immediate
analysis using a valve and loop sampling system that is directly
interfaced with the shock tube. The shock tube, sample preparation
system, and the analytical system are heated to typically 373 K
throughout to maintain heavier components in the gas phase.
The configuration of the shock tube results in heating times, as de-
rived from recorded pressure traces, of (500 ± 50) ls, and the shock
pressures that are attainable are roughly 80–750 kPa.
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The postshock gas analysis employs an Agilent Technologies
6890N gas chromatograph (GC) equipped with a Restek
30 m � 0.53 mm i.d. Rt-Alumina (aluminum oxide porous layer)
capillary column for hydrocarbons up to about C5 and a J&W
Scientific DB-1 30 m � 0.53 mm internal diameter (i.d.) fused silica
capillary column for the heavier species. [Disclaimer: Certain
commercial materials and equipment are identified in this Letter
in order to specify adequately the experimental procedure. In no
case does such identification imply recommendation or endorse-
ment by the National Institute of Standards and Technology, nor
does it imply that the material or equipment is necessarily the best
available for the purpose.] The GC is equipped with both flame
ionization detection (FID) and an Agilent Technologies 5973 Inert
mass selective detector. An Agilent Technologies microfluidic
splitter based on differential pressures (Dean’s Switch) is used to
quantitatively split the sample eluting from the DB-1 column to
allow simultaneous identification and quantification of the mix-
ture components by mass spectrometry and FID analysis. The GC
oven can be cooled with chilled nitrogen gas, and the present
analyses utilize an oven temperature program spanning 213–
453 K. The cryogenic conditions allow the DB-1 column to ade-
quately separate many of the smaller species determined with
the Rt-alumina column. In cases where analyses were possible on
both columns, derived amounts agreed typically within a few per-
cent. FID responses of all major olefin products were determined
from standard samples and should be accurate to within 5%. Values
for some minor products were estimated based on carbon number
and standard FID response relationships. These should be accurate
to about 10%. Peak areas were determined using the HP ChemSta-
tion software.

Shock temperatures are determined using a comparative rate
technique whereby we follow the progression of an internal
standard reaction that proceeds with a known rate constant. The
present experiments make use of the decomposition of the
substrate itself for this purpose. The rate expression k(1-iodopen-
tane ? Products,) = 1013.96exp(-24513/T) s�1 was determined in
our previous work(1) relative to k1(chlorocyclopentane ? cyclo-
pentene + HCl, 590–1020 K) = 1013.75exp(-24514/T) s�1. The rate
expression for chlorocyclopentane is from our recent comprehen-
sive study [17] and critical evaluation of several temperature
standards. Since the relative values for 1-iodopentane and chloro-
cyclopentane are based on direct competitions, it will be possible
to directly compare the present data with those from our previous
study of 1-pentyl radical, in which chlorocyclopentane was used as
the temperature standard. We estimate the standard uncertainties
(1r) in the absolute temperatures to be about ±10 K.

2.2. University of Illinois at Chicago apparatus and procedures

The single-pulse high-pressure shock tube (HPST) present at the
University of Illinois at Chicago (UIC) has been described in detail
in earlier publications [18–20]. Therefore only the relevant features
are reported here. The HPST consists of a 297 cm (117 in.) long dri-
ven section with an inner diameter of 2.54 cm (1 in.) and a driver
section with an inner diameter of 5.08 cm (2 in.). The length of
the driver section is varied by inserting metallic plugs in order to
obtain constant reaction conditions as well as fast cooling of the
reaction by the rarefaction wave. Nominal post-shock pressure
conditions of 2500 and 5000 kPa were obtained utilizing
0.0635 cm (0.025 in.) thick aluminum diaphragms with score
depths of 0.0254 cm (0.010 in.) and 0.0127 cm (0.005 in.) respec-
tively. Reagent mixtures are prepared manometrically in 42 L ves-
sels and allowed to stand overnight before use. The entire
apparatus is heated to 373 K.

A high-frequency PCB piezoelectric pressure transducer is
mounted on the end-wall of the driven section perpendicularly to
the flow. The corresponding pressure trace was used in order to
determine both the experimental pressure and the reaction time
which is defined as the time between the arrival of the incident
wave at the end-wall and the time when the pressure reaches the
80% of its maximum value [21]. Uncertainty in the time measure-
ment is no more than 10%. Six additional PCB transducers are posi-
tioned along the driven section for the measurement of the incident
shock wave velocities. Such velocities are experimentally related to
the temperatures in the post-shock reaction by means of external
chemical thermometers [19]. The presently described experiments
encompass a temperature range of 300 degrees. The most reliable
temperatures from the standards are obtained at moderate degrees
of conversions, which necessitates the use of several chemical
thermometers to cover the entire range. The standards used for
calibration of the low, intermediate and high temperature regimes
were respectively 1-iodopentane(1), � (830–900 K), chlorocycl-
opentane [17] and cyclopropanecarbonitrile [22], � (900–1030 K),
and 1,1,1-trifluoroethane [23], � (1030–1130 K). Temperatures
derivable from the various standards were in good agreement in
the overlapping temperature regions. The estimated uncertainty
in the postshock temperature is about 1%.

A sample of gas is withdrawn from the post-shock mixture
through an automated sampling apparatus. The sampling appara-
tus is coupled directly to the analytical system for the measure-
ment of the stable products. Neon is added to the mixtures as an
internal standard to account for any dilution by the driver gas.
The analytical system consists of two Hewlett–Packard 6890 series
gas chromatographs, the first equipped with a FID detector con-
nected to a DB-17 ms column for the measurement of 1-iodopen-
tane, the second GC equipped with a FID detector and a TCD
detector connected respectively to an HP-PLOT Q column for mea-
surement of light species and to a HP-PLOT MoleSieve column for
measurement of inert gases. An Agilent Technologies 5973 series
mass spectrometer is also connected to the second GC for identifi-
cation of unknown products. The GC calibration for the major gas
components was performed using certified gas mixtures as well
as in-house prepared calibration mixtures. Typical uncertainties
in the measurement of such species are about 5%. Calibration
curves for some minor products were estimated based on the car-
bon number. The corresponding uncertainties should be no more
than 10%.
2.3. Chemicals

Chemicals used in the present mixtures were 1-iodopentane
(98%, Aldrich), and high-purity Argon [99.999%, Praxair (NIST) or
Airgas (UIC)]. The argon was further purified with a Matheson oxy-
gen filter (UIC) or Restek thermal gas purifier (NIST). Primary
impurities in the NIST sample of 1-iodopentane were determined
to be 1-bromopentane (1.6%) and 1-chloropentane (0.3%) by GC/
MS analysis. The UIC sample was not tested, but was from the same
company and had the same nominal purity. Chemicals were de-
gassed with standard freeze, pump, thaw techniques prior to use.
3. Results and discussion

The basis of our methodology is to use an appropriate precursor
to create the radical of interest under very dilute conditions where
it can undergo only unimolecular decomposition reactions. These
reactions lead to a distribution of stable olefin products that corre-
spond to the initial fragmentation pattern of the radical. The olefins
are observed in postshock analyses and the cracking pattern then
related to the precursor radicals and the kinetics of the competing
reactions. In the present instance we generate the 1-pentyl radical
from the thermal decomposition of 1-iodopentane.
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3.1. Product distribution and mechanism

Product data from individual experiments are provided in Sup-
plementary Tables S1 and S2. The mechanism and kinetics of the
unimolecular decomposition of 1-iodopentane has been investi-
gated in our previous work (1): it proceeds via both fission of the
weak C–I bond and molecular elimination of HI:

1-iodopentane! 1-pentylþ I ð1Þ

1-iodopentane! 1-penteneþHI ð2Þ

Under our conditions the former process accounts for about 75%
of reaction. It is therefore an effective source of the 1-pentyl
radical. Rate constants for decomposition of the 1-pentyl radical
[1] entail a lifetime of about 0.1 ls near 1000 K, so that bimolecular
reactions cannot compete with its unimolecular decomposition
under our dilute conditions. The shocked gas is heated for typically
300–500 ls and the olefin decomposition products are quite stable
on this time scale. Also noteworthy is that the product spectrums
from channels (1) and (2) do not overlap, allowing the decomposi-
tion reactions of the radical to be isolated.

1-Pentene is the olefin product corresponding to molecular loss
of HI, reaction (2). The decomposition chemistry of the 1-pentyl
radical is summarized by reactions (3) to (8) in Scheme 1. The pre-
dominant olefin products are ethene and propene, but very small
amounts (<1% of the total olefin yield) of 1-butene, (E)-2-pentene,
and (Z)-2-pentene are also observed. Scheme 1 does not indicate
possible 1–2 and 2–3 H shift reactions, which have been shown
to be of very minor importance. (1,12) More detailed discussion
of the mechanism and possible impact of minor channels is given
in our other works [1,24]. Presently we emphasize that the ethene
to propene product ratio is determined in large part by the kinetics
of beta C–C bond scission (k3) relative to the 1–4 isomerization
(k4). It is the pressure dependence of this product ratio that is
the primary focus of the present Letter.

The previous NIST study utilized mixtures containing small
amounts (50–300) lL/L of the iodide in the presence of a large ex-
cess (5000 lL/L) of a radical scavenger, either m-xylene or 1,3,5-
trimethylbenzene. In the present experiments we take a different
approach, and have removed all organic components other than
the iodide, which is added to the argon bath gas at very low levels
of typically 50 lL/L. This assures that all observed olefins are prod-
ucts derived from the starting substrate. The remaining question is
3-Pentyl1-Pentyl 1-C4H8

2-Pentyl

+ CH3

C2H4 +

k4 (1-4shift)k-4

k8

+ C2H5 (C2H5 C2H4 + H )

( C2H4 + CH3 )

k3

k5

k-7

k7
(1-3 shift)

2-Pentene (E/Z) + H
k6

Scheme 1. Main product pathways postulated for the decomposition of 1-pentyl
radicals. Paths indicated by non-block arrows have branching ratios of <1%. The
starting radical is indicated by the dashed oval. Products linked to a specific pentyl
radical isomer are enclosed in boxes.
whether or not the measured ethene/propene ratios are signifi-
cantly impacted by processes other than unimolecular decomposi-
tion of the 1-pentyl radical. In essence we are assuming that
radical-induced decomposition of the substrate is minimal and
thus that iodide decomposition is a self-inhibiting system. There
are strong reasons to think that this might be the case since the io-
dides are well-known [25,26] to inhibit flame chemistry by cata-
lytic cycles that remove active species such as H atoms and
replace them with weakly reactive I atoms:

HIþH! IþH2 ð3Þ

2IþM! I2 þM ð4Þ

Hþ I2 ! HIþ I ð5Þ

Similar processes will help remove relatively long-lived alkyl
radicals, such as methyl, that lack facile unimolecular modes of
decomposition:

HIþ R ! Iþ RH ð6Þ

R þ I2 ! RIþ I ð7Þ

R þ IþM! RIþM ð8Þ

The HI bond strength is only 298 kJ mol�1 [27], so that attack of
I on a typical C–H bond, reaction 15, is endothermic by more than
110 kJ mol�1.

Iþ RH! R þHI ð9Þ

Consequently such reactions are slow and iodine atoms are poor
propagators of radical chain reactions. The expectation is that the
net effect is to effectively inhibit radical chain processes. If this is
the case, measured ethene/propene ratios correspond directly with
the decomposition behavior of the 1-pentyl radical. Evidence for
this supposition is examined below, and includes an empirical test
where ratios are compared with previous results, and an analysis of
secondary products for indications of more complex chemistry.

Empirically, new experiments were carried out at NIST with
mixtures that contained only 40 lL/L iodopentane and argon under
pressure conditions that matched those of our previous study,
wherein the mixtures contained large amounts of a methylbenzene
inhibitor. The newly measured ethene/propene ratios, determined
at two sets of pressures of roughly 200 and 600 kPa, fall precisely
on the lines found previously (vide infra, Section 3.2). This is sug-
gestive that there are no significant perturbations of the ethene/
propene ratio due to the absence of an additional inhibitor. Corre-
sponding experiments with iodopentane/argon-only mixtures
were performed at higher pressures with the UIC shock tube.
Two sets of pressure conditions, roughly 2250 and 5000 kPa, were
examined. To further test the consistency of the data, the UIC
experiments were completed with iodide concentrations near both
50 and 100 lL/L. Figure 1 compares the ethene/propene ratios ob-
tained in these experiments. Within the scatter, the change in the
iodide concentration has no discernible impact in the ethene/pro-
pene ratio.

Secondary products provide an additional test of our assump-
tions. Secondary chemistry in the pentyl iodide system is minor
in the presence of an inhibitor, and a detailed discussion has been
provided in our previous work (1). We presently limit ourselves to
the most relevant observations with respect to the iodide-only
experiments carried out at UIC. Under those conditions ethane is
found at levels of (3–5)% of ethene, while methane increases from
about 5% of ethene near 850 K to about 20% near 1050 K. Ethane is
the result of the self-recombination of CH3 produced in the decom-
position of pentyl radicals (Scheme 1), while H-abstraction reac-
tions by methyl, e.g. reaction 12, are the source of methane. The
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Figure 1. Comparison of ethene/propene ratios obtained in experiments at UIC
with the concentration of the starting changed from approximately (50–100) lL/L.
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Figure 2. Pressure dependence of the ethene/propene product ratio in the
decomposition of 1-pentyl radicals. Symbols indicate new experimental points
from the present Letter. Lines indicate predictions based on the ‘best-fit’ model
developed in Ref. [1]. Individual points from the previous work at pressures of 90–
600 kPa are not shown, but are well-represented by the dashed curves. Approx-
imate pressures are as indicated. Computed ratios for specific conditions are given
in Table 1.
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main question is possible interference by attack of methyl radicals
on the starting iodide:

C5H11Iþ CH3 ! CH4 þ C5H10I ð10Þ

C5H10I! Products ð11Þ

At higher temperatures small amounts of 1,3-butadiene are ob-
served. This product, not noted in our previous lower-pressure
study where an inhibitor was used, suggests a degree of radical at-
tack on the starting iodide (reactions 18–20) or the 1-pentene
product of HI elimination (reactions 21 and 22):

R þ 1-iodopentane! 1-iodopent-3-ylþ RH ð12Þ

1-iodopent-3-yl! 1-iodobut-3-eneþ CH3 ð13Þ

1-iodobut-3-ene! 1;3-butadieneþHI ð14Þ

CH3 þ 1-pentene! CH4 þ 1-ethylallyl ð15Þ

1-ethylallyl! 1;3-butadieneþ CH3 ð16Þ

1,3-Butadiene was first detectable in the UIC studies near 950 K,
where it is present at a level of about 0.1% of ethene. Relative to
ethene formation, amounts of 1,3-butadiene increase both with
the shock pressure and with the starting iodide concentration.
When �50 lL/L of the starting iodide is used, 1,3-butadiene in-
creases from 2% to 3% of ethene at 1050 K as the pressure is
increased from 2300 to 5000 kPa. If the shock pressure is main-
tained at �2300 kPa, a similar increase is observed when the con-
centration of the starting iodide is increased from 46 to 95 lL/L.
Levels of 1,3-butadiene ultimately reach about 7% of ethene near
1130 K, the highest temperature studied.

Another product suggestive of radical-induced chemistry is
1,3-pentadiene. It is present at levels that are generally lower than
1,3-butadiene, and increases from about 0.1% to 1.0% of ethene
between 950 and 1130 K. It can be formed via:

CH3 þ 1-pentene! CH4 þ pent-1-en-4-yl ð17Þ

pent-1-en-4-yl! Hþ 1;3-pentadiene ð18Þ

The above observations suggest that radical induced decompo-
sition is relatively minor, but plays an increasing role at the upper
end of our temperature range. At the lower pressures covered by
the NIST data there are no appreciable differences in ethene/pro-
pene ratios obtained with and without an added methylbenzene
inhibitor. Ideally data under both sets of conditions would also be
available at the higher pressures of the UIC experiments, and we
hope to be able to make some comparisons in future work. The data
in hand are nonetheless convincing. Our analysis would suggest,
however, that the data from higher temperatures, say above
1025 K, are more subject to interference from radical-induced
decomposition.

3.2. Pressure dependence of the product ratios

3.2.1. Ethene/propene ratio
Figure 2 presents a plot that shows the pressure effect on the

ethene/propene ratio. Included are the new UIC and NIST data, to-
gether with predictions from our master equation RRKM analysis.
Individual points from the previous NIST experiments(1) are not
specifically shown in the present report, but are well described
by the dashed curves. For clarity, the UIC data are plotted only
for the experiments utilizing �45 lL/L of the starting iodide. These
lower-concentration experiments are expected to be less impacted
by possible systematic effects than are the results at 100 lL/L,
although Figure 1 shows that any concentration dependence is
small. The RRKM results are obtained with the ChemRate software
package [8,28–30]. Our model assumes a continuous incoming flux
of the 1-pentyl radical at the temperature of the bath gas. The mas-
ter equation is then solved with an eigenvalue/eigenvector ap-
proach [29–31] to obtain a time-dependent evolution of the
species and their energies. Steady-state distributions and stable
branching ratios are computed to be reached within about
1 � 10�5 s under our experimental conditions. The present results
are based on the ‘best-fit’ PES developed in reference [1]. Station-
ary point energies and molecular properties of species in that mod-
el were derived initially from quantum chemical calculations, and
then critically adjusted to fit both the NIST product branching ratio
data at � (90–600) kPa, and relevant literature data from kinetic
experiments at lower temperatures. Energy transfer is described
with an exponential-down model [31], with hDEdowni/cm�1 K�1

= 0.675T, where T is the temperature in Kelvin. Tunneling is in-
cluded via an asymmetric Eckart potential adjusted to provide a
good fit to lower temperature kinetic data. More discussion is pro-
vided in our previous report [1]. To account for the slight temper-
ature dependence of the experimental shock pressures, pressure
versus temperature plots were used to select the conditions used
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for the model predictions given in Figure 2. Computed ratios for
specific conditions are given in Table 1.

Some small improvements have been made to the ‘best fit’ mod-
el presented in Ref. [1]. For completeness we have added minor C–H
bond scission channels. The kinetic parameters reflect our recent
work on the addition of H to (E)-2-pentene [24], which applies
through detailed balance. The C–H bond scissions play almost no
role under the conditions studied in the present experiments <2%,
see products in Tables S1 and S2, but are predicted to have a minor
impact as the model is extrapolated to higher temperatures. Addi-
tionally, in the course of preparing the present Letter it was discov-
ered that the electronic degeneracy of the activated complex for
reaction 3 (Scheme 1) was inadvertently set as 1 rather than 2. This
impacts the pre-exponential factor and requires a readjustment of
the lowest frequency of the complex in our ‘best fit’ model to re-
cover the rate constants and fit reported previously (note that this
same frequency was empirically adjusted in Ref. [1] as part of the
fitting procedure). Compared with Ref. [1], computed branching ra-
tios are altered by less than 0.5% in the experimental temperature
range, and by no more than a few percent over the entire range of
conditions considered. These differences are similar or less than
numerical round-off errors in the calculations, and the parameter-
ized rate constants presented in Ref. [1] are almost indistinguish-
able from the present values. The updated high pressure limiting
rate parameters, including new estimations for C–H scission
channels, are given in Table 2. For purposes of chemical modeling,
Table 1
Computed ethene/propene ratios in the decomposition of 1-pentyl radicals as derived fr
correspond to approximate average values for the sets of conditions examined experimen

Corresponding Experiments Temp (K) Pressure (kPa

NIST low-pressure data sets 860 71
900 79
940 87
980 95
1020 103
1050 109

NIST mid-pressure data sets 860 154
900 165
940 179
980 196
1020 215
1050 232

NIST high-pressure data sets 860 448
900 494
940 542
980 594
1020 649
1050 693

UIC lower pressure data sets 860 2222
900 2237
940 2252
980 2267
1020 2283
1050 2294

UIC higher pressure data sets 860 4785
900 4868
940 4951
980 5034
1020 5118
1050 5180

Computed high pressure limits 860 1 � 108

900 1 � 108

940 1 � 108

980 1 � 108

1020 1 � 108

1050 1 � 108

a Includes tunneling correction, PES = potential energy surface, a = hDEdowni/cm�1 K�1

b Includes tunneling correction; the value of hDEdowni was selected so as to match th
in the Supplementary material we additionally provide parameter-
izations of the computed pressure-dependent rate constants in the
PLOG format used by ChemKin Pro [32]. Results are those obtained
when the 1-pentyl radicals are initially created with a thermal
(Boltzmann) distribution. They cover (600–1700) K and
(10–100000 kPa) and represent values derived after steady-state
energy distributions are reached, typically within 1 � 10�5 s.

Figure 2 shows there is noticeable roll-off in the experimental
ratio observed below about 900 K, with progressively larger devia-
tions from the predicted values at lower temperatures. Tempera-
tures in this region were based on the rate parameters for
decomposition of 1-iodopentane from Ref. [1]. Errors due to
extrapolation of the rate parameters or pressure effects thereon
could possibly account for some of the discrepancy. Notice also,
however, that at the lowest temperatures the product ratios at
5000 kPa appear to fall below those at 2250 kPa, which is not as ex-
pected. At present this behavior is not fully understood. One spec-
ulation is that the experimental data are increasingly affected by
contributions from bimolecular reactions as the radical lifetimes
increase rapidly at lower temperatures. In unpublished work, sim-
ilar low-temperature behavior has been observed at NIST in studies
of the decomposition of other alkyl radicals, although at the lower
pressures of the NIST studies the roll-off occurs at temperatures
lower than shown by the UIC data. A dependence on pressure
would be consistent with expectations for bimolecular processes,
wherein reaction rates scale with concentrations squared.
om the RRKM/ME models described in the text. Pressure/temperature combinations
tally.

) Computed ethene/propene ratio

‘Best fit’ PES a = 0.675Ta a priori PES a = 0.100Tb

2.68 2.58
2.97 2.89
3.28 3.24
3.60 3.64
3.93 4.10
4.20 4.49
2.91 3.08
3.24 3.45
3.60 3.87
3.97 4.35
4.37 4.91
4.68 5.39
3.18 3.94
3.60 4.49
4.05 5.08
4.51 5.74
4.99 6.46
5.37 7.05
3.44 5.51
3.94 6.27
4.47 7.06
5.02 7.87
5.58 8.71
6.01 9.37
3.50 6.30
4.03 7.28
4.61 8.29
5.22 9.33
5.85 10.40
6.34 11.22
3.56 9.09
4.14 11.32
4.79 13.88
5.48 16.77
6.24 19.96
6.84 22.55

= energy transfer parameter.
e experimental ethene/propene ratios at the lowest pressures studied.



Table 2
Limiting high pressure rate expressions for 1-pentyl radical decomposition. Significant figures are reported to adequately represent the model results and do not imply accuracy.

Reaction # Reaction Log A n E (K) Log k1 (1000 K)

A: High pressure limiting rate expressions: k1(400–1900 K) = A Tn exp(�E/T) s�1

k3 1-Pentyl ? ethene + n-propyl 12.51 0.323 14497 7.18
k5 2-Pentyl ? ethyl + propene 2.61 0.272 14664 7.06
k8 3-Pentyl ? 1-butene + methyl 10.47 0.928 15121 6.69
k4 1-Pentyl ? 2-pentyl 1.06 3.033 7706 6.81
k�4 2-Pentyl ? 1-pentyl �0.631 3.533 9049 6.04
k7 1-Pentyl ? 3-pentyl �11.41 6.843 9451 5.02
k�7 3-Pentyl ? 1-pentyl �13.50 7.515 10736 4.38
k25 2-Pentyl ? 3-pentyl 10.44 0.712 21071 3.43
k�25 3-Pentyl ? 2-pentyl 10.04 0.884 21013 3.56
k26 1-Pentyl ? 1-pentene + H 10.31 0.950 17014 5.77
k6a 2-Pentyl ? E-2-pentene + H 9.06 1.220 17239 5.24
k6b 2-Pentyl ? Z-2-pentene + H 9.69 1.028 17683 5.09
k27 2-Pentyl ? 1-pentene + H 8.35 1.517 17487 5.31
k28 3-Pentyl ? E-2-pentene + H 8.66 1.379 17166 5.34
k29 3-Pentyl ? Z-2-pentene + H 9.72 1.061 17745 5.19

B: Addition reactions (from detailed balance): k1(400–1900 K) = A Tn exp(�E/T) cm3 mol�1 s�1

k�3 Ethene + n-propyl ? 1-pentyl 2.45 2.841 2591 9.85
k�5 Ethyl + propene ? 2-pentyl 3.52 2.451 2983 9.58
k�8 1-Butene + methyl ? 3-pentyl 4.08 2.393 2634 10.12
k�26 1-Pentene + H ? 1-pentyl 9.08 1.323 528 12.82
k�27 1-Pentene + H ? 2-pentyl 8.82 1.389 �341 13.13
k�6a E-2-Pentene + H ? 2-pentyl 8.46 1.506 344 12.82
k�28 E-2-Pentene + H ? 3-pentyl 8.45 1.494 329 12.79
k�6b Z-2-Pentene + H ? 2-pentyl 8.14 1.596 245 12.82
k�29 Z-2-Pentene + H ? 3-pentyl 8.58 1.458 365 12.79

A. Comandini et al. / Chemical Physics Letters 552 (2012) 20–26 25
As indicated in the above discussion, experiments at the lower
end of our temperature range can be impacted by bimolecular pro-
cesses, while radical-induced decomposition may have some influ-
ence at the upper end: the most reliable results are expected in the
intermediate range of roughly 900–1025 K. In this range the new
UIC data at 2250 and 5000 kPa fall about 3% lower than the model
predictions. As discussed in detail in our previous publication [1],
the NIST data contain small corrections to the ethene concentra-
tions due to formation of ethyl and propyl iodides. These correc-
tions amount to (1–6)% in the present NIST experiments (see
Table S2). Due to differences in the columns used in the GC analy-
ses, the iodides were not observed in the UIC experiments and
these corrections were not employed in the UIC data. Their inclu-
sion would tend to increase the UIC ethene/propene ratios by a
small percentage. Overall, we estimate that the experimental
uncertainty in the UIC branching ratio data, including analytical
uncertainties and systematic perturbations due to secondary
chemistry, is about 10%. Given this, the level of agreement with
the ‘best-fit’ model is remarkably good.

Previously we tested some alternative models using an unad-
justed potential energy surface derived from calculations at the
G3MP2B3 level of theory. Inclusion of tunneling improved the fit,
but to match the experimental C2/C3 ratios these models required
much smaller values of hDEdowni than those used in our ‘best fit’
model. After correction of the electronic degeneracy term for reac-
tion 3 alluded to earlier, a fit to the observed low pressure ratios
when using our a priori model with tunneling included requires
hDEdowni � 100 cm�1 at 1000 K. Extrapolation to the high pressure
limit then results in ethene/propene ratios about a factor of three
larger than indicated by the present data (see Table 1 for computed
ratios). Such models are obviously not supported.

3.2.2. Ratios of the minor products
In our earlier study, 1-butene, (E)-2-pentene and (Z)-2-pentene

were found as very minor products, with product branching ratios
of <0.01. These same species are observed at similar levels in the
present experiments. We previously noted that these very minor
channels are more subject to interference from secondary chemistry
than are the main propene and ethene channels. In the Supplemen-
tary material we provide product amounts for the minor species.
The present data are generally consistent with the results from
our previous study at lower pressures, but show some divergence
at the temperature extremes. This may suggest some impact from
bimolecular and radical-induced chemistry as mentioned earlier.
For this reason we refrain from detailed discussion, concluding only
that these data provide maximums for these channels and are
consistent with our previous observations [1].

4. Conclusions

The most important finding of this Letter is that our studies sup-
port the ‘best-fit’ model of 1-pentyl radical decomposition devel-
oped in Ref. [1]. In particular the predicted extrapolation with
pressure is in excellent agreement with the new data obtained at
pressures as high as 5000 kPa. The model and data suggest that
the high pressure limiting value of the branching ratio is ap-
proached under the conditions of high pressure examined at UIC.
The previously tested alternate models that led to much larger high
pressure limiting values of the ethene/propene branching ratio can
therefore be ruled out. This sets strong limits on the kinetic param-
eters for the competing reactions. A roughly 60-fold range of pres-
sure has now been covered and includes most of the region of
greatest practical interest. Predictions outside of the experimental
range, particularly those at higher temperatures and lower pres-
sures, have larger uncertainties and are subject to the limitations
of the master equation treatment. The present values should none-
theless be more reliable than those heretofore available.

The predicted pressure dependence is dependent on the se-
lected potential energy surface (PES), as well as the parameters
used to describe energy transfer. With the exponential-down mod-
el employed, the present data continue to support the energy
transfer value estimated earlier[1] on the basis of the NIST data
from lower pressures, hDEdowni = (675 ± 100) cm�1 at 1000 K. It
should be noted that the model used for energy randomization
within the context of RRKM theory plays a role in our conclusions.
We follow the usual procedure wherein molecules are treated as
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symmetric tops. The degenerate two dimensional external rotation
is then generally considered to be adiabatic, whereas the remain-
ing degree of freedom is allowed to participate in energy exchange
[31,33]. Using the PES from our ‘best-fit’ model, we find that
equally good fits are obtained if the degenerate external rotation
is also made active, but that the required value of hDEdowni
(1000 K) is then reduced from 675 cm�1 to about 550 cm�1. The
data provide no information on which model is to be preferred,
but, to the extent that the present results can be extrapolated to
other systems, it is important to maintain self-consistency in the
RRKM treatment.
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Appendix A. Supplementary data

Supplementary data associated with this article [product data
from individual experiments, parameters used in the RRKM/ME
analysis, species thermodynamics in NASA polynomial format,
and parameters for chemical kinetic modeling from (600–1700) K
and (10 to 100000 kPa)] can be found, in the on-line version, at
http://dx.doi.org/10.1016/j.cplett.2012.09.039.
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