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Kinetics of the Unimolecular Decomposition of ~ s o - C ~ H ~ :  Weak Collision Effects in Helium, 
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Rate constants for the unimolecular decomposition of iso-C3H7 have been determined by laser flash photolysis 
coupled with photoionization mass spectrometry, over the temperature range 720-910 K. The reaction was 
studied in He, at densities of (3-30) X 10l6 atoms ~ m - ~ .  More limited measurements were made for Ar and 
N2. The reaction is in the falloff region under all conditions studied. Three methods of data analysis were 
employed: (i) A transition state model was constructed by reference to literature values of dissociation and 
association limiting high-pressure rate constants over the temperature range 177-910 K. The model gives 
k;" = 6.51 X l O 7 F S 3  exp(-17793/T) s-I and k;" = 9.47 X 10-1ST1.16 exp(-440/T) cm3 molecule-l s-I for 
dissociation and association, respectively. The model was incorporated into a modified strong collision model 
and the data fitted using ( h E ) d o w n  as a variable parameter, giving 136 cm-l (He), 130 cm-I (Ar) and 129 cm-I 
(Nz). (ii) A Troe analysis, using the transition-state model to determine both k;" with ST and employing 
ky as the variable parameter, is consistent with ( h E ) d o w n  = 200 cm-l for He. (iii) Finally, the microcanonical 
rate constants for dissociation were calculated by inverse Laplace transformation of the association rate constants 
of Harris and Pitts and incorporated in a master equation analysis with (&!?)down and @ as the variable 
parameters. The analysis gives ( h E ) d o w n  = 210 cm-1 for He and A@298 (iso-C3H7) = 21.0 kcal mol-I. 

I. Introduction 
The unimolecular decomposition of alkyl radicals is an 

important aspect of the chemical kinetics of many high- 
temperature processes including the pyrolysis and oxidation of 
hydrocarbons.'-3 To date, information on the rate constants of 
these reactions is derived largely from indirect studies based on 
product analyses of complex kinetic systems in which the 
decomposition reaction of interest is an important elementary 

These studies, typically conducted at pressures of several 
hundred Torr, have provided rate constants near the high-pressure 
limit and at temperatures between 600 and 800 K. Rate 
coefficients at or near room temperature and indications of falloff 
behavior of these reactions (i.e., measures of the collisional energy- 
transfer parameters) are available from investigations of the 
reverse addition reactions conducted at lower pressures."-16 

The magnitude and temperature dependence of the parameters 
such as (&!?)down (the average energy transferred in a deactivating 
collision) required to predict the falloff behavior of these 
unimolecular reactions at elevated temperatures are largely 
uncertain for reactions involving polyatomic free radicals, although 
very recent investigations have provided some information on 
this subject for the C2H517J8 and CH3C0I9 radicals. In the case 
of closed-shell hydrocarbon molecules, information is available 
which has been correlated.20 High-temperature unimolecular 
decomposition data in the temperaturerange 1200-2500 K (using 
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argon as the bath gas) can be fitted using step sizes down per 
collision of the order of 400-800 cm-I. Near room temperature, 
values in the 100-cm-l rangeare required to fit pressure-dependent 
rate coefficients for the reverse combination process. 

The study of the decomposition of simple alkyl radicals provides 
an opportunity to characterize energy transfer of hydrocarbon 
species at temperatures intermediate between those of the 
investigations of addition reactions conducted near ambient 
temperature and the shock tube studies of hydrocarbon disso- 
ciations. These free-radical decompositions involve species with 
much lower levels of excitation, typically between 20-40 kcal 
mol-I (versus 80-105 kcal mol-I for stable hydrocarbon molecules), 
and hence are processes most conveniently studied at intermediate 
temperatures, 500-1000 K. 

In this paper we present the results of an investigation of the 
unimolecular decomposition of the isopropyl radical: 

[MI 
iso-C3H7 C3H6 + H (19-1) 

using three bath gases: helium, argon, and nitrogen. Unimo- 
lecular rate coefficients, kl( T,M), were measured as a function 
of temperature (typically 750-900 K) and density ((3-30) X 
10'6 atoms ~ m - ~  in the case of He). The experiments have provided 
significant sections of isothermal unimolecular falloff curves (kl 
vs [MI) at 14 different temperatures plus more limited mea- 
surements at three others (in the case of M = He). 

Many pressure dependent reactions play important roles in 
processes occurring outside of the conditions that can be 
conveniently measured in the laboratory. Extrapolation of 
laboratory data, based on sound theoretical models, is the best 
way to gauge the contribution of any particular elementary 
reaction under these conditions. In addition, theoretical models 
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provide some insight into the nature of both inter- and intramo- 
lecular energy transfer and hence validation of such models is of 
great importance. In this investigation we have applied three 
theoretical methods, modified strong collision/RRKM (MSC/ 
RRKM), Troe modified Lindemann-Hinshelwood, and inverse 
Laplace transform/master equation (ILT/ME) techniques to 
model the observed weak collision effects in this unimolecular 
reaction. A discussion of the results obtained with the three 
methods and the physical bases of MSC/RRKM and ILT/ME 
methods are included. 

Limitations in the experimental conditions made it impossible 
to reach the high pressure limit. Fortunately, the high-pressure- 
limit rate coefficient, k;", is available from the body of prior 
investigations of reactions 1 and -1 (in the case of the latter 
reaction because the thermochemistry of reactions 1, -1, i.e., the 
heat of formation of ~ s o - C ~ H ~ ,  is now accurately known16,21). The 
older literature on the kinetics of reactions 1, -1 has been reviewed 
by Tsang, who recommended an expression for k;".l6 In his 
evaluation, an incorrect expression for was used, resulting in 
an error of =1 kcal mol-l in a derived heat of formation of the 
isopropyl radical. This in turn created an error in the recom- 
mended expression for k;". A new expression for k;" is presented 
here in the section dealing with the MSC/RRKM treatment of 
the data. 

II. Experimental Section 

(A) Apparatus and Procedure. Isopropyl radicals were pro- 
duced in a heated flow reactor by pulsed laser photolysis of 2,4- 
dimethyl-3-pentanone diluted in an inert carrier gas (helium, 
argon, or nitrogen): 

193 nm 
(iso-C,H,),CO - 2iso-C3H, + CO 

The subsequent decay of the iso-C3H7 radicals was monitored as 
a function of temperature and density using photoionization mass 
spectrometry. Radical concentrations were kept sufficiently low 
that the thermal decomposition process was essentially isolated 
for direct study. Details of the experimental apparatus22 and 
procedures23.24 have been published elsewhere and only those 
aspects of the procedures which are unique to the present study 
will be described in detail here. 

Pulsed (4 Hz), unfocused 193-nm radiation from a Lambda 
Physik EMG 201 MSC excimer laser was directed along the axis 
ofa heatable,uncoatedquartzreactor (1.05-cmi.d.). Gas flowing 
through the tube at =4 m s-I contained the isopropyl radical 
precursor (2,4-dimethyl-3-pentanone) and an inert carrier gas 
(e.g., He) in large excess (>99.9%). The flowing gas was 
completely replaced between laser pulses. Gas was sampled 
through a hole (0.043-cm diameter or 0,025-cm diameter) located 
at the end of a nozzle in the side of the reactor and formed into 
a beam by a conical skimmer before the gas entered the vacuum 
chamber containing the photoionization mass spectrometer. As 
the gas beam traversed the ion source, a portion was photoionized 
and mass selected. Temporal ion signal profiles were recorded 
on a multichannel scaler from a short time before each laser pulse 
up to 20 ms following the pulse. Data from 500 to 20 000 
repetitions of the experiment were accumulated before the data 
were analyzed. 

The initial ~ s o - C ~ H ~  concentrations were kept low (estimated 
to be typically less than 1 X 10" molecule c m 9  so that reactions 
between photolysis products (including the C3H7 + C3H7 reaction) 
had negligible rates under the experimental conditions used in 
this study. Under these conditions the C3H7+ ion signal profiles 
were always exponential in shape and were fitted to an exponential 
function ([C3H7+It = [C3H7+]0e-k'') by using a nonlinear least- 
squares procedure (e.g., see the insert in Figure 1). Below 650 
K, theC3H7 decay constants (k') wereindependent oftemperature 
for any given set of initial gas densities. This temperature- 
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Figure 1. Plot of kl vs 1000/T obtained for a set of experiments with 
[He] = 3.0X 1 0 ' 7 a t o ~ c m - 3 a n d  [(iso-C3H~)&O] = 9 . 4 X  10'2molecules 
~ m - ~ .  Inserts are the ~ s o - C ~ H ~  and C3Hs signals recorded at 780 K (dark 
circle on plot). Line through the plotted rate constants are from the 
MSC/RRKM fit at this density. Lines through the plotted data points 
are from nonlinear least-squares fits of the data to single-exponential 
functions. 

independent loss is attributed to heterogeneous processes: 

iso-C,H, - heterogeneous loss (3) 
Above 700 K the decay constant increased rapidly with rising 

temperature due to the increasing importance of the homogeneous 
thermal decomposition of the isopropyl radical. The C3H7 decay 
constants wereanalyzed assuming that the iso-C,H, radicals were 
consumed only by the two elementary reactions 1 and 3. At low 
temperatures only the heterogeneous loss (reaction 3) is observed. 
Above 700 K the sum of the two loss processes is observed with 
the C3H7 exponential decay constant equal to kl + k3 and, 
therefore, dependent only on temperature and the concentration 
of bath gas. 

Before the sets of experiments designed to measure the C3H7 
thermal decomposition rate were begun, a series of tests was 
performed to ensure that k' depended only on temperature and 
[MI. Theisopropyl decay constants were found to be independent 
of precursor concentration (changed a factor of 9) and laser 
intensity (varied by a factor of 2 ) .  These results indicated that 
radical-radical reactions (such as C3H7 + C3H7) and radical- 
precursor reactions had negligible rates compared to that of the 
decomposition reaction. In addition, a small number of exper- 
iments were performed to measure the isopropyl decomposition 
using a different precursor and laser wavelength, the 248-nm 
photolysis of 2-bromopropane. The results were essentially 
identical to those obtained using the 2,4-dimethyl-3-pentanone 
although the heterogeneous loss rates were a factor of 2-3 higher 
and less reproducible. The results all support the conclusion that 
the mechanism (reactions 1 and 3) used to interpret the data is 
correct. 

Sets of experiments were performed to determine kl as a 
function of temperature using different fixed gas densities. The 
C3H7 exponential decay constant, k', was measured as a function 
of temperature (typically from 575 to 870 K) keeping the 
concentrations of all gases constant. Calculations of kl from 
measurements of k'require knowledge of k3 above 650 K. While 
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k3 (at the fixed total gas density) was directly determined below 
650 K, it could not be measured above this temperature because 
of the additional loss of isopropyl by unimolecular decomposition. 
Below 650 K, k3 was directly determined (because k’ = k3) and 
was found to be essentially temperature independent. Values of 
k3 above 650 K needed for the data analysis were obtained by 
extrapolation assuming that k3 retains this temperature inde- 
pendence up to the highest temperature of this investigation, 910 
K. The determination of kl  from one such set of experiments is 
shown in Figure 1. 

To minimize possible errors in the determinations of kl caused 
by the assumed continued temperature independence of k3 above 
650 K, experiments to obtain kl were conducted at temperatures 
sufficiently high to assure that k’> 3k3. It was this criterion that 
established the lowest temperature used to determine k1 in each 
set of experiments. The highest temperature used at each total 
gas density was determined by the fact that decay constants above 
about 600 s-I cannot be measured a c c ~ r a t e l y . ~ ~  

Sets of experiments conducted at seven different helium 
densities ((3-30) X loi6 atoms ~ m - ~ ) ,  four argon densities ((3-9) 
X 10’6 atoms cm-3) and three nitrogen densities ((6-12) X 10l6 
molecules cm-3) provided sections of the unimolecular falloff 
curves (kl vs M) at different temperatures. Estimated uncer- 
tainties in the kl  determinations range from f15% in the middle 
of the temperature range to f25% at the extreme temperatures 
used. 

Photoionization in the mass spectrometer is provided by 
resonance lamps. A hydrogen lamp (10.2 eV) was used to 
photoionize C7H140, CjH,Br, and C3Hs and a chlorine lamp 
(8.9-9.1 eV) to ionize iso-C3H7. 
2,4-Dimethyl-3-pentanone (Aldrich, 98%) and 2-bromopropane 

(Aldrich, 99%) were purified by freeze-pumpthaw cycles before 
use. Helium (Matheson, 99.995%), argon (Matheson, 99.998%), 
and nitrogen (Matheson, 99.998%) were used as provided. 

(B) Experimental Results. The iso-C3H7 thermal decompo- 
sition rate constant, k l ,  was determined as a function of inert gas 
density and temperature. Seventeen temperatures in the range 
720-880 K were used in the experiments with helium. A 10-fold 
range of helium concentrations was covered ((3-30) X 1016 atoms 
cm-3). Smaller ranges of temperatures and densities were 
encompassed in the experiments with argon ( T  = 770-910 K; 
[Ar] = (3-9) X 10l6 atoms cm-j) and nitrogen ( T  = 750-870 K; 
[N2] = (6-12) X 1016 molecules ~ m - ~ ) .  The rate constant is in 
the falloff region under these experimental conditions. 

The results of experiments used in the data analyses described 
below are plotted in Figures 2 and 3. In these plots, a reduced 
data set is shown, one which includes rate constants obtained at 
14 of the 17 temperatures used, where the density dependence 
of reaction could be characterized. Typically, at the temperature 
extremes, only one or two densities could be employed. 

Propene, the known product of the isopropyl thermal decom- 
position, was also detected and recorded. (Hydrogen atoms, the 
other product of the decomposition, cannot be detected using our 
photoionization system.) A small set of experiments was 
conducted to observe the temporal behavior of the propene. Its 
exponential growth constant was within f10% of the isopropyl 
decay constant. (See the inset in Figure 1 for a typical example.) 
These experiments confirm the known radical decomposition 
mechanism and indicate that the products of the decomposition 
did not subsequently react in a manner that interfered with the 
essential isolation of the isopropyl decomposition process. 
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111. Data Analysis 

The unimolecular rate constants obtained in the current 
investigation, k l (  T,M), were analyzed using three procedures to 
model fall-off behavior. First, a MSC/RRKM analysis was used. 
Second, fits were made to the semiempirical analytical expression 
for the falloff in unimolecular rate constants introduced by Troe 
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Figure 2. Plot of kl vs [He]. Lines through the experimental data are 
the MSC/RRKM fits. 

700 t 

600 

500 

400 n .- 
ul 
v 

J 300 

200 

100 

5 10 5 10 15 

[Ar ] /10 l6  “I /1  o16 
-3 molecules c m  - 3  molecules c m  

Figure 3. Plots of kl vs [Ar] and [Nz]. Lines through the experimental 
data are the MSC/RRKM fits. 

and co-workers. Finally, a master equation formulation was 
applied using an exponential-down model for the energy-dependent 
collision probabilities and k(E)  values obtained using inverse 
Laplace transformation of the high-pressure limit rate constant 
of the association reaction. All procedures provided some measure 
of (&)down, the average energy lost in deactivation collisions 
between the iso-C3H7 radical and the bath gases used. While 
values of this energy transfer parameter vary depending on the 
theoretical framework used to model weak collision effects, each 
provides a quantitative characterization of the energy transfer 
characteristics of reactions 1, -1 using a particular theoretical 
approach. 

(A) Transition-State Model for Reactions 1, -1. In both the 
MSC/RRKM and the modified Lindemann-Hinshelwood anal- 
yses of the data a model for the transition state of reactions 1, 
-1 is required. One was created beginning with what is known 
about the transition state of the H + C2H4 a CzHs reaction as 
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TABLE I: Thermodynamic Properties of the iso-CJ-I, 
Radical Used in Present Analysis' 

temp, K Go S O  -(GT' - Hoo) /T 
200 13.94 62.83 5 1.36 
298.16 16.84 68.89 56.18 
300 16.90 69.00 56.26 
400 20.71 74.38 60.12 
500 24.47 79.41 63.48 
600 27.84 84.18 66.53 
700 30.80 88.69 69.37 
800 33.39 92.98 72.06 
900 35.66 97.05 74.61 

1000 37.65 100.91 77.04 

temp,K H - H O  A H r O  AGfO log KP 
200 2.294 22.8 12 30.665 -33.51 
298.16 3.791 21.511b 34.791 -25.50 
300 3.822 2 1.486 34.873 -25.41 
400 5.703 20.202 39.532 -21.60 
500 7.963 19.067 44.498 -19.45 
600 10.585 18.107 49.68 1 -18.10 
700 13.522 17.315 55.012 -17.18 
800 16.736 16.682 60.444 -16.51 
900 20.195 16.194 65.947 -16.01 

1000 23.864 15.828 7 1.498 -15.63 

Standard pressure 1 bar. Units: for temperatures, K, for energies, 
cal mol-'; for entropy, cal mol-' K-I. Molecular properties from Table 
11. Hindered rotor contributions to thermodynamic functions were 
calculated from: Pitzer, K. S.; Gwinn, W. D. J .  Chem. Phys. 1942, 10, 
428. Based on heat of formation at 298 K recommended in ref 21. 

described in the experimental study of this reaction by Lightfoot 
and PillingI2 and the theoretical study of Hase and Schlegel.26 
The properites of the transition state of reactions 1, -1, which 
bears a closer resemblance to C3H6 than to iso-C3H7, were initially 
obtained by modifying the molecular parameters for propene 
frequencies as follows: 

(1) The frequencies assigned to the methyl group in propene 
were retained. 
(2) Identical values were used for the low frequency C-H 

motions, 
(3) The remaining frequencies were adjusted in the same ratio 

as the corresponding ethene/ethyl transition-state frequencies in 
the C2H5 + C2H4 + H reaction. 
(4) A similar procedure was used to calculate the rotational 

constants for the transition state. Bond lengths and angles for 
the unchanged portion of the transition state were taken as the 
propene values. The remaining bond lengths and angles were 
based on the calculated geometry of the ethyl transition state.26 
The rotational constants were calculated to be 1.1 11,0.276, and 
0.254 cm-I. 

Treating the threshold energy of reaction 1 ( E O )  as the only 
adjustable parameter of the transition state, a value was sought 
which provided the best agreement between calculated values of 
k;" (obtained using RRKM Theory) and experiment-based 
values of k;" which span the temperature range 177-673 K. The 
most accurate and direct determinations of k;" are those derived 
from reported values of k_", and the known thermochemistry of 
reactions 1, -1 . 1 6 9 2 1 , 2 7 , 2 8  The thermodynamic properties of iso- 
C3H7 used in the current study are given in Table I. The heat 
of formation at 298 K comes from a recent determination and 
data assessment of Seakins et al.2' The thermodynamic functions 
derived from partition functions (i.e., So, Cpo, H - H o )  agree 
closely (within 0.8% between 300 and 1000 K, the temperature 
range of importance in this investigation) with those recently 
reported by Chen etal.29 basedonanabinitiostudyofthestructure 
and internal motions of the iso-C3H7 radical. Priority was given 
to fitting k; values obtained from the k-' determinations at and 
below room temperature of Harris and Pitts,l3 Watanabe et al.,30 
and Kurylo et a1.I4 since those measurements represent the high- 
pressure limit of reaction -1 and the agreement between these 

TABLE Ik Molecular and Transition-State Properties Used 
in the Analyses of the Data 

Vibrational Frequencies (v, cm-I) 
C3H63' 3091,3022,2991,2973,2952,2932, 1653, 1458, 

1443,1414, 1378, 1298, 1178,1044,990,935,919, 
912,575,428 

1440,1378, 1338,1292,1200,1165, 1053,922,879, 
748,369,364 

1416,1378, 1178, 1144, 1044,934,913,895(2), 
549,425,399,369 

C3H732-34 3052, 2968(3), 2920, 2887, 2850, 1468, 1464, 1462, 

C3H7' 3010,2973(2), 2943,2931,2913, 1527, 1458, 1443, 

Rotational Constants (A, B, C, cm-I) 

C3H7 1.528,0.274,0.255 sym no. 2 
C3H7* 1.111,0.276,0.254 sym no. 1 
C3& 1.543,0.290,0.290 Symmetry number: 1 

Methyl Torsional Rotational Constants" (cm-I), 
and Barrier Height (kcal m01-1)27.29 

C3H.5 7.09 Sym no. 3 vo 1.997 
C3H7 = C3H7# = 6.66 sym no. 3 VO 0.73 

Critical Energy ( E O ) :  35.85 kcal mol-' 

Lennard-Jones Parameters35 
c 3 H 3 H 8 u = 4.94 A t lkb = 275 K 
He u = 2.55 A tlkb 10 K 
Ar u = 3.47 A tlkb 114 K 
N2 u 3.74 A Clkb  82 K 

In the MSCJRRKM calculation one external rotation (with the 
largest rotational constant) was treated as active degrees of freedom; the 
methyl torsion was treated as free motion. 

studies is excellent. The value of Eo returned from this data 
fitting exercise was 35.9 kcal mol-'. 

All the transition-state properties used in the RRKM model 
are given in Table I1 along with the properties of C3Hs and iso- 
C3H7 used in the calculations described in section 111. 

The RRKM model and indicated thermochemistry for iso- 
C3H7 provide values of k;" and k_", in the temperature range 177- 
910 K which, when fitted to modified Arrhenius expression (k 
= AT, exp(-E/T), yield the following: 

k;" = 6.51 X 107T1.83 exp(-l7793/T) s-' (1) 

exp(-440/ T )  cm3 molecule-' s-' (11) 
The agreement between the experiment-based determinations 

of k_", and calculated values obtained using the transition-state 
model described above is excellent (see Figure 4). (IC_", values 
obtained directly or indirectly (by conversion) from these studies 
are plotted instead of the corresponding k; values in order to use 
a more expanded ordinate scale, one which can display small 
differences in rate constants). On Figure 4 we plotted k-I instead 
of k:, in order to include k-1 determinations above room 
temperature which are close to the high-pressure limit. The 
deviation from the high pressure limit is estimated to be less than 
40% at 473 K. Reported k-' values are actually total addition 
rate constants and were corrected using Wagner and Zellner's 
expression for nonterminal H addition.I5 This correction, which 
is negligible below room temperature, increases with increasing 
temperatureand is 14% at the highest temperature (473 K) where 
total addition rate constants are available. Although the 
agreement between k_", obtained from the transition state model 
described above the k:l values obtained from the reported k;" is 
not very good one should keep in mind that these rate constants 
are functions of the equilibrium constant and, consequently, the 
heat of formation of the isopropyl radical. The agreement can 
be made perfect by lowering the heat of formation of the isopropyl 
radical by its reported error limit (0.4 kcal 

krl = 9.47 X 10-'5T1.'6 X 
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constants for reactions 1, -1 from those used in section IIID in 
the analysis of weak collision effects. This difference is more 
apparent than real. The treatments in sections IIIB and IIIC 
rely heavily on the "known" reaction thermochemistry to obtain 
k; values from reported determinations of KI. A small change 
in the iso-C3H, heat of foramtion (even within the reported 
uncertainty limits, f0.4 kcal mol-l)zl would affect the conversion 
process and result in somewhat different recommended expressions 
for k; and k_",, from those given in eqs I and 11. 

It was considered of value to explore the analysis of weak 
collision effects in reactions 1, -1 using these very different 
approaches, ones which rely on different properties of this reaction. 
None is clearly preferable since each must accept the same 
uncertainty of the high-pressure-limiting behavior of reactions 1, 
-1 in the temperature range of our investigation. 
(B) MSC/RRKM Analysis. The unimolecular rate constants 

of reaction 1 obtained in thecurrent investigation were reproduced 
by computation using the unimolecular rate consant integral: 

4(T,[MI) = 

J$E) W )  dE/(1 + W)/BCZ,,,*[MI) (111) 

wherek(E) is the microcanonical rate constant at energy E, P(E) 
is the Boltzmann distribution function for active degrees of 
freedom, ZWll is the Lennard-Jones collision frequency. The 
collision, efficiency, A, was used as an adjustable parameter to 
account for fall-off behavior of kl from the strong collision limit 
at each temperature used in our investigation. Each experimental 
falloff curve displayed in Figures 2 and 3 was fitted by using eq 
111, the transition-state model described in section IIIA, and by 
varying 8,. The calculated MSC/RRKM rate constants are 
superimposed as lines in the falloff plots shown in Figures 2 and 
3. Priority was given to fitting the results obtained at the lower 
pressures where energy transfer effects are most manifest. 

Each value of & thus obtained was converted to the more 
fundamental property, (hE)down, using the expression provided 
by Troe3' which is appropriate for a double exponential model 
for the energy-transfer transition probabilities: 
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Figure 4. Plot of reported k:, vs 1000/T. 0, Watanabe et A, 
Harris and Pitts;" 0, Kurylo et aI.;l4 V, Papic and Laidler;4 0, Back and 
Takamuku.lo The values of Papic and Laidler, Back and Takamuku 
were corrected for current values of the reference reaction and were 
taken from ref 36. Lines through data are from Harris and Pitts Arrhenius 
expression (dotted line). and from the RRKM model (solid line) described 
in section IIIA. 

Included in Figure 4 with the corrected k1 values are the 
RRKM rate constants k_", between 177 and 910 K and the 
Arrhenius expression for total H atom addition reported by Harris 
and Pitts for the temperature range 298445 K, k:, = 2.21 X 
lo-" exp(-1.56 kcal mol-I/RT) cm3 molecule-I s-I.l3 This 
Arrhenius expression was adopted by Tsang16 as the recommended 
expression for k_",. There is very good agreement between the 
RRKM rate constants for krl and the corrected determinations 
of Harris and Pitts,I3 Watanabe et and Kurylo et al.I4 
Agreement between RRKM rate constants and those obtained 
from the Arrhenius expression of Harris and Pitts is good 
throughout the temperature range of prior studies but obviously 
becomes poorer when extrapolations to higher and lower tem- 
peratures are considered. This increasing disagreement beyond 
the temperature extremes considered in the fitting exercise is 
expected and is caused by the temperature dependence of the 
Arrhenius parameters produced by the RRKM model (producing 
a small upward curvature of k; and k_", on Arrhenius plots). 
Deviations between the values of k_", from the RRKM model and 
extrapolated values using the Arrhenius expression of Harris and 
Pitts in the temperature range of the current study, 720-910 K 
(indicated by the shaded rectangle and by the insert in Figure 
4), are as large as 65%. In sections IIIB and IIIC, we rely on 
extrapolations of k_", into the temperature range of our study 
provided by the RRKM model to interpret falloff behavior of 
reactions 1, -1. 

In section IIID, an entirely different approach is used to 
interpret falloff behavior, one in which no transition-state model 
is required and the reaction threshold energy Eo does not even 
appear explicitly. In this section, in which the ILT/ME technique 
is used, the reaction thermochemistry ( M o o  of reaction 1, which 
of course, is itself uncertain to a degree) is floated instead of Eo 
to help reproduce values of kl. In all the data treatments used 
below, ( m ) d o w n  (or BC) is an additional parameter used to 
reproduce the falloff behavior of k l .  Since the reaction ther- 
mochemistry is treated as an adjustable parameter when the ILT/ 
ME technique is used, the reported values of k; and krl cannot 
arbitrarily be converted back and forth for convenience as is done 
is sections IIIB and IIIC where the reaction thermochemistry is 
presumed known. 

In section IIID, the recommended Arrhenius expression for 
k_",, that reported by Harris and Pitts, is considered the basis of 
knowledge of the high-pressure-limit kinetic behavior of reactions 
1, -1 at all temperatures, including the temperature range of our 
study, 72&910 K. At first glance, it appears that thedata analyses 
in sections IIIB and IIIC use different high-pressure limit rate 

where FE is the energy dependence of the density of states and 
kb is the Boltzmann constant. For the three bath gases used, the 
optimized values of the average step sizes down obtained from 
these collision efficiencies (eq IV) averaged over the temperature 
range of our study are as follows: 136 cm-1 (He), 130 cm-l (Ar), 
and 129 cm-I (Nz). An increase with temperature of (hE)down 

over the temperature range of our study was evidenced, but a 
detailed analysis of this trend is beyond the scope of the current 
study and will be dealt with later. We estimate the precision in 
the step sizes down to be f50 cm-1. 

Kurylo et aLl4 report a small pressure dependence of the rate 
constant for addition of H atoms to propene, k-,, at 298 K at 
pressures between 5-500 Torr Qf helium. We have carried out 
calculations of similar to those discussed above for k l .  A very 
small stepsize down, of the order of 20-40 cm-I, is needed to 
account for any observable falloff behavior under these exper- 
imental conditions. This can be seen in Figure 5 where the 
experimental values of k-, as well as calculated values using the 
three step sizes 20, 30, and 40 cm-1 are displayed. Kurylo et al. 
also obtained one value of k-, at an elevated temperature, 473 
K (in 50 Torr of He). Our calculations for this temperature 
require a step size in the range of =40 cm-1. 

Wagner and Zellnerls obtained k-1 values near 7 TOIT of helium 
at temperatures between 195 and 390 K. When these values 
were fitted with the RRKM/MSC model at two temperatures, 
298 K (the same temperature as Kurylo et al.) and 390 K (the 
highest temperature of Wagner and Zellner study) (hE)down 

values of 13 cm-I (298 K) and 34 cm-l (390 K) were obtained. 



Unimolecular Decomposition of iso-C3H7 The Journal of Physical Chemistry, Vol. 97, No. 17, 1993 4455 

1 .o 

0.9 

' I  
I I 

17 1 8  19 
log ([He]/molecule cm-') 

Figure 5. Plot of k-,/krl vs log [He] from data of Kurylo et aI.l4 Lines 
arecalculatedvalues using the MSC/RRKM model with different values 
of (AE)down. Comparison indicates a value near 30 cm-I is the most 
appropriate. 

These values agree fairly well with the result derived from the 
experimetns of Kurylo et al. 

(C) Modified LimdemaneHmbelwood Analysis. Troe and 
co-workers3* have developed a semiempirical analytical expression 
for the falloff in the rate coefficient of a unimolecular reaction 
with pressure: 

k , / k ;  = FLHpcFwc 

k"I[Mllk;  
1 + k " , [ M ] / k ;  F L H  = 

where kO1 and k; are the limiting low- and high-pressure rate 
coefficients and [MI is thediluent density. FLH is the Lindemann- 
Hinshelwood expression for k , /k ; ,  FC is a strong-collision term 
which corrects for the energy dependence of the microcanonical 
rate coefficients for dissociation, and Pc corrects for the effects 
of weak collisions. FC depends primarily on ST, the effective 
number of oscillators, and Pc on ST and on (AJ?)down. Once k" 1 

and kf have been defined, ST is the most critical of these 
parameters. 

The model of the transition state needed to calculate ST is 
given in section IIIA. ST values in the range 6.83-7.60 were 
obtained as the temperature was increased from 750 to 830 K. 

Fits of falloff behavior of kl in helium were initially made 
using a nonlinear least-squares procedure with ko1 and k; as 
variable parameters. Values of (AJ?)down between 100 and 250 
cm-I gave fits of comparable quality. Although the fits were 
good, the values of k;" returned from the analysis gave an 
activation energy which is incompatible with the known ther- 
mochemistry. It is clear that the present data are so far from the 
high pressure limit that the unconstrained fits cannot give good 
estimated of kf. Accordingly, fits were performed with k;" 
determined by the transition state model described in IIIA and 
only ko was floated. The optimum fits are shown in Figure 6. 

Table I11 shows the optimum fitted values for k" I determined 
with ( m ) d o w n  200 cm-I for helium which are compared with 
values of ko calculated using the Troe factorization technique39 
with the same value of ( h E ) d o w n .  The fitted data are within 50% 
of the calculated values over the temperature range 750-830 K. 
The fitted values of ko are comparatively insensitive to the value 
of ( u ) d o w n  used in the fits, but are dependent on the value of 
k; used to constrain the fit. Decreasing k;" by 50% at 790 K 
(corresponding to a simple Arrhenius extrapolation of kl from 
the experimental data on k-1) increases the fitted values of kO1 
from 5.6 X 10-15 to 1.11 X 10-14 cm3 molecule-I s-I. 

The calculated value of ko I is dependent on Pc and hence 
( m ) d o w n .  Unfortunately uncertainties in the correction factors 
used to calculate ko I in the Troe factorization technique, and in 
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Figure 6. Plot of kl vs [He]. Lines through experimental data are fits 
from the modified Lindemann-Hinshelwood analysis. 

TABLE III: Comparison of Experimental and Calculated 
Limiting Low-Pressure Rate Coefficients 

_ _ _ _ _ _ ~  

1015k10 (calculated)," 1015k10 (fitted)! 
T, K cm3 molecule-' s-I cm3 molecule-I SKI 

750 
760 
770 
780 
790 
800 
810 
820 
830 

3.7 
4.5 
5.6 
6.8 
8.1 
9.7 

11.9 
13.9 
16.6 

2.2 f 0.3 
2.7 f 0.2 
3.4 f 0.2 
4.3 f 0.2 
5.6 f 0.4 
7.1 f 0.6 
8.9 0.3 

10.6 f 0.7 
13.1 f 0.8 

Based on the Troe factorization method.39 From fits to the 
experimental data using the Troe modified Lindemann-Hinshelwd 
method with Kl"(7') from section IIIA. 

kf prevent the excellent agreement between the fitted and 
calculated values of kO1 being used to provide a quantitative 
estimate of (&!?)down. 

(D) Inverse Laplace Transform/Master Equation Analysis. A 
more complete description of energy transfer and reaction in a 
unimolecular system is afforded by a discretized energy grained 
master equation formulation in which the energy of the isopropyl 
radical is divided into a contiguous set of grains, of width 6, each 
of which contains bundles of states to which a common averaged 
energy Ei is ascribed. For the present system the master equation 
takes the form:4M2 

dn,(t)/dt  = w x P i , n , ( t )  - ( w  + k,)ni(t) (VII) 
where ni(r) is the time-dependent population density of grain f ,  
w is the collision frequency, Pi, is the probability transition for 
the transfer from grain j to grain f on collision, and ki is the 
microcanonical (energy dependent) rate coefficient for unimo- 
lecular loss from grain i .  

In the present case the decay at all but the shortest times is 
exponential and the rate coefficient for the decay, the unimolecular 
rate coefficient, can be determined by a standard eigenvalue 
analy~is.~2 

As has been discussed,43 there is as yet no satisfactory universal 
expression for Pij and so for the present the exponential down 
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model is used. For downward (deactivating)  collision^:^^ 

Pij = Ai exp[-a(Ej - E,)] j 1 i (VIII) 

where 

CY-' = (hE)down (IX) 
Ai is an energy dependent normalization factor. Pi, must obey 
detailed balance allowing the calculation of the upward transition 
probabilities and hence the determination of Aj. The master 
equation is solved numerically. Standard techniques are described 
in ref 42. Our own approach, including the back-substitution 
procedure required to determine A,, is given in ref 45. 

Microcanonical rate coefficients can be obtained from tem- 
perature dependent data via the inverse Laplace transform (ILT) 

TABLE I V  Gridpoint Values for 10-4xzls-2 Close to the 
Surface Minimum 

( m ) d o w n  

AHoo/cm-' (AHilkcal mol-') 200 210 220 

12 260 (35.05) 3.62 1.65 2.16 
12 250 (35.02) 2.96 1.62 2.83 
12 240 (35.00) 2.46 1.78 3.71 

TABLE V Values of x2 and Best-Fit (AE)donn for AH; 
Varied by f1.2 kcal mol-' from the Optional Value 

A&/cm-' (AHi/kcal mol-') ( h E ) d o w n / c m - '  1O-4xZ/s-Z 

12 668 (36.22) 
11 832 (33.83) 

380 7.50 
130 10.78 

The most facile approach to fitting the experimental data using 

variable parameter. Such an approach would incorporate the 
data in Table 11, together with M o ,  as fixed parameters, 

iechnique and its application to the recombination reaction of H 

to transformation of kf in the Present context, because the 
experimental addition rate coefficients are close to the high- 

atomsand propene (reaction-1)* Such an approach is preferable the master equation model is to employ ( U)down as the single 

pressure limit, are available Over a reasonably wide range Of 
temperatures and have only a weak dependence On temperature* 

However it is of interest to investigate whether the temperature 
dependent falloff data allow a determination of Mom 

A precise determination would be straightforward near the 
hiah Dressure limit. since the dissociation rate constant is 

The details of the techniques are given in ref 46; for the present 
case the pertinent equation is 

E 1 AHo, + E, 

for kf = A exp(-E,/RT). A H O O  is the zero-point energy 
difference between reactants and products, PA is the rovibrational 
density of states of the reactant (iso-C3H7), and p ~ c  is the 
rovibrational density of states of the products (propene and H). 
C' is given by 

~ T M ~ M ~ , ~ ,  312  

C ' = [  ] (XI) 
h2MC,H7 

Equation X is written in terms of a continuous energy 
distribution. The microcanonical rate constants, ki, incorporated 
in the master equation are the grain averages; their calculation 
from the continuous function k(E) is discussed in ref 18. 

Before eq X can be employed to determine k(E) ,  it is necessary 
to determine PA and PBC. The standard approach to such 
calculations is to invoke the rigid-rotor-harmonic oscillator 
(RRHO) approximation and to employ direct count t echn iq~es .~~  
However, both C3Hs and ~ s o - C ~ H ~  have hindered internal rotors, 
with barrier heights, VO, which are comparable with kT (Table 
11). The large-amplitude motion is significantly coupled to the 
overall external rotation, so that the RRHO approximation is 
rather poor. This problem was examined in a recent analysis and 
satisfactory techniques developed to calculate PA and based 
on inverse Laplace transformation of the classical partition 
function for total rotation (internal and external). All densities 
of states calculations were performed using cell widths of 1 cm-1, 
with a maximum energy of 20 000 cm-I. The cells were combined 
into 50 cm-I grains for the master equation calculations. 

The microcanonical rate constants, ki, were calculated using 
eq X incorporating the Arrhenius parameters of Harris and Pittsl3 
(section IIIA). A number of checks was performed on the ILT 
procedure. The rovibrational partition functions for C3Hs and 
iso-C3H7 were calculated from the densities of states and compared 
with those calculated from standard analytic formulae.48 For 
the temperature range 300-1000 K. the agreement was better 

1 .  

comparatively insensitive to ( h E ) d o w n .  Under the present 
experimental conditions, however, which are well into the falloff 
region, the calculated values of kl are sensitive to both MO and 
( A E ) d o w n  and there is a strong correlation between the best fit 
values of these two variable parameters. Nevertheless fits were 
investigated varying both parameters using minimum xz: 

as the criterion of best fit. 
kcxp,l and k,l,lare respectively the experimental and calculated 

rate constants at the conditions of temperature and pressure 
specified by the index 1. The summation was taken over the 
whole data set for helium as the diluent gas. A simple grid search 
was employed to determine the position of the minimum; such 
an approach is preferred over a more sophisticated and computer- 
intensive gradient search approach because the region in which 
the minimum is likely to be located is defined through independent 
determinations of M o o .  

Table IV presents values of x2 for grid points in the vicinity 
of the well-defined minimum found at ( h E ) d o w n  = 210 cm-1 and 
Mo = 12 250 cm-I (35.02 kcal mol-'). Strong correlation 
between the two fitting parameters could lead to a flat valley on 
the x2 surface. The degree of correlation was investigated by 
varying Moo by f 1.2 kcal mol-' and finding the surface minimum 
at thesetwoextremes by varying ( h E ) d o w n .  Theresults areshown 
in Table V, which demonstrates that these x2 minima are an 
order of magnitude larger than that given in Table IV. Clearly 
the surface minimum is well-defined and the experimental data 
can be used to obtain independent estimates of both ( h E ) d o w n  

and Moo. The calculated rate coefficients using the best fit 
values are compared with experiment in Figure 7. 

The value of ( h E ) d o w n  is close to that determined by Hanning- 
Lee et al.18 for the similar CzHs + H + CZH) system at 800 K; 
Feng et al.17 obtained values of 229-282 cm-I in the temperature 
range 8761094 K for the same system. 

The best fit value for A H 0 o  corresponds to M f , Z g s  (iso-C3H7) 
= 21 .O kcal mol-'. The error limits are not well-defined, because 
of the limited analysis of the x2 surface but are likely to be less 
than *1 kcal mol-'. This value agrees well with the recent 
recommendation of Seakins et aL2I of 21.5 f 0.4 kcal mol-'. 

than 98%. k_',(T) was calculated and combined with the 
equilibrium constant to determine k;"( T), which agreed to better 
than 99% with those calculated from the Arrhenius parameters 
employed in the transformation. 

Iv, D i s c ~ i o o  
The current investigation provides the first direct determina- 

tions of kl. Rate constants were obtained at 17 temperatures and 
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Figure 7. Plot of kl vs [He]. Lines through data are fits from the master 
equation analysis using the best-fit results of the grid search; M o o  = 
12 250 cm-I and (hE)down = 210 cm-I. 

falloff behavior in kl  was observed at 14 of these. The most 
significant problem in analyzing the data is that neither the high 
nor the low-pressure limit is approached under the experimental 
conditions, so that it is difficult to draw quantitative conclusions 
without additional information and/or a priori assumptions. Three 
approaches were employed. 

The MSC/RRKM analysis requires the construction of a 
transition state model, based on literature values of k;"( T )  and 
k_",( T )  and prior knowledge of the thermodynamic properties of 
iso-C3H,. The procedure allows a simple integral representation 
of kl  ([MI, T )  but is based on a modified strong collision approach. 

The reaction rate distribution function for reaction 1, k ( E ~ ) p -  
( E R )  exp(-ER/kT), peaks approximately 3500 cm-1 above the 
threshold energy at 800 K (Figure 8), indicating that the master 
equation model, which explicitly recognizes the multistep nature 
of energy transfer, is more appropriate. Nevertheless, the 
estimatesof ( h E ) d o w n  derived from the two approaches are broadly 
comparable. 

The Troe modified Lindemann-Hinshelwd formulation is 
widely employed to fit experimental data and to provide an 
economical representation of the pressure and temperature 
dependence of the rate coefficient for incorporation in numerical 
simulations of complex reactions. The shape of the falloff curve 
depends primarily on k;, kol, and ST; in the present analysis, 
k;" and S, were fixed and ko 1 was the major variable parameter. 
(&!?)down was varied, but its effects are of only secondary 
importance. ko implicitly contains information on ( h E ) d o w n  

but this information can be revealed only if the strong collision 
limiting rate coefficient is calculated from first principles; such 
a procedure is not a satisfactory means of determining ( h E ) d o w n  

precisely. 
Inverse Laplace transformation of the addition rate coefficient, 

coupled with the master equation approach permits the analysis 
of the data with a minimum of assumptions. In effect the process 
of constructing a transition state model, which is adjusted by 
reference to k:, (T), is bypassed and the microcanonical rate 
constants for dissociation are related directly to the canonical 
rate coefficient via the molecular properties of the reactants and 
products. The energy dependence of ~ ( E R )  is a sensitive function 
of the temperature dependence of krl. A wide range of 
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Figure8. Plot of energy in iso-CsHT activedegreesof freedomvs. reaction 
rate function, ( ~ ( E R )  ~ ( E R )  exp(-E,/kr)). The function hasa maximum 
at iso-C3H, energies approximately 3500 cm-I above the reaction 
threshold. 

experimental temperatures, strictly an infinite range, should be 
employed for precise definition of ~ ( E R ) .  We have demonstrated, 
however, through model calculations, that a satisfactory form for 
~ ( E R )  can be generated even if k_", has been measured over only 
a modest range of  temperature^.^^ The use of association rate 
coefficients has considerable advantages over the transformation 
of dissociation coefficients because the temperature dependencies 
of the former are weak and are not swamped by the contribution 
of the dissociation energy. 

The major problem with the inverse Laplace transformation 
approach is that, while rotational energy is included in the state 
counting procedures, rotational energy states cannot be treated 
explicitly, Le., k(E,J) cannot be calculated. To some extent this 
problem is ameliorated, because differential relaxation of vi- 
brational and rotational energies is difficult to incorporate into 
a master equation model and no generally satisfactory method 
of solution exists. Nevertheless the interplay between these two 
types of energy transfer may be significant in determining the 
average values of ( h E ) d o w n  determined by the technique. A 
related aspect of this problem, namely the effect of changing the 
number of active rotors, has been discussed previously for the H 
+ C2H4 system." 

All three methods of data analysis provide similar estimates 
of ( h E ) d o w n  for He, in the range 136-210 cm-' at temperatures 
near 800 K. The MSC/RRKM analysis gives values close to 
those found, using a similar approach, for the neopentyl radical 
at slightly lower temperatures (560-650 K) and the general trend 
in collision efficiencies is similar for the two radi~als.2~ The ILT/ 
ME approach gives a ( h E ) d o w n  value very close to those 
determined for C2H5 (190-200 cm-1 at 800 K).l* 

The analysis of the C2H5 s H + CzH4 system demonstrated 
a strong dependence of ( h E ) d o w n  on T, increasing from 30-40 
cm-1 at 300 K to 280 cm-1 at 1 100 K. The MSC/RRKM analysis 
of the room-temperature data of Kurylo et a1.14 and Wagner and 
Zellner15 for H + C3Hs ( ( h E ) d o w n  = 20-30 cm-I) suggests that 
( h E ) d o w n  also depends on temperature for this system. It should 
be recognized, however, that k-l is close to its high-pressure limit 
under the conditions of this study as well as in all prior 
investigations of reaction -1.13-15930 Hence only a small uncer- 
tainty in the limiting high pressure rate coefficient leads to a very 
large error in the step-size down parameter when fitting published 
falloff behavior. Therefore it is difficult to extract accurate 
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information on the temperature dependence of ( h E ) d o w n  by 
combining information from the current study with that obtained 
from prior investigations. There is clearly a need for measure- 
ments of k-l deeper in the falloff region either at higher 
temperatures or at lower pressures (below 0.5 Torr) than have 
been used beforeinorder toestablish the temperaturedependence 
of ( m ) d o w n  more predsely. 

Although the reaction is well into the falloff region under the 
experimental conditions, the ILT/ME analysis demonstrates that 
a reliable estimate of W O  can be obtained. In effect, the 
experimental k, (  [M],T) values have been combined with the 
literature values of k_", and the molecular parameters of reac- 
tants and products to determine AP0. Even though there is 
some correlation between ( h E ) d o w n  and M o o ,  the minimum is 
sufficiently well-defined for an estimate of W O  to be obtained 
from the analysis. 
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