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Experimental literature data on the chemically and thermally activated decompositsae6fH, radical

were analyzed by weak collision master equation modeling. A reaction model with very little flexibility in its
properties was created on the basis of ab initio calculations and experimental kinetic and thermochemical
data. Rate constants and branching fractions for the chemically activated reaction were calculated using the
virtual componenformalism. The resultant model quantitatively describes (1) data on the stabilization-to-
decomposition ratios as functions of temperature and pressure obtained in experiments dsingtehe
reactions as the sources of chemical activation and (2) experimental data on the thermal decomposition of
secCyHg radicals. Values of AE[J,wr, the average energy transferred per deactivating collision, derived from
modeling of experimental data demonstrate strong positive temperature dependencies for a variety of bath
gases. Qualitative shapes of falloff curves for the chemically activated reaction were analyzed. Comparison
of the weak collision model with the results of the modified strong collision treatment demonstrates the
inadequacy of the latter.

I. Introduction transition state parameters to reproduce high-pressure-limit rate
constant temperature dependencies, if these are known from
experiment. Such a procedure, at a minimum, ensures that the
_energy dependence of the product of the density-of-states
Jpnction (e(E)) and the microscopic energy-dependent rate
constants K(E)) is determined accurately within the relevant
range of energies, as there is a unique correspondence between
the p(E) k(E) function on one hand, and temperature-dependent

Modeling of elementary unimolecular reactions has become
a powerful tool of chemical kinetics. Such modeling presents
the only way to extrapolate experimental pressure and temper
ature dependent data on reaction rate constants and chann
branching fractions to conditions outside of the experimental
ranges. Currently, statistical theories of unimolecular reactions
are routinely used to fit experimental data and to predict kinetic i )
parameters under experimentally inaccessible conditions. In suchf&t€ constant&(T), on the otherK(T) is obtained by a Laplace
fitting exercises, typically one or several parameters of a model transform ofp(E) k(E)).*~
are adjusted to reproduce experimental data. Usually, models If the number of model properties that need to be determined
of unimolecular reactions have substantial flexibility due to from fitting experimental pressure-dependent data is thus
having a number of parameters that are unknown or known with reduced to just a few parameters, then a quantitative comparison
insufficient accuracy and thus need to be determined from fitting of model predictions with extensive sets of pressure-dependent
of experimental data. Such parameters necessarily include propexperimental data provides an opportunity to test the adequacy
erties of collisional energy transfer (such@a€ldown, the aver- of the underlying theory. In particular, it is interesting to test
age energy transferred per deactivating collision, and its tem-the adequacy of the description of a competition between
perature dependence), the entropy of the transition state (oftenunimolecular reaction and collisional energy transfer, which
expressed via the preexponential factor), and the reaction barrierdetermines experimentally observed pressure dependencies.

height. If a chemically activated unimolecular reaction is con- In general, testing collisional energy transfer models for
sidered, model flexibility increases since two or more transition reaction rate simulation purposes is difficult since rate constant
states are involved. Such ﬂelel“ty makes unimolecular reaction pressure dependencies (fa”off) are, ’[yp|ca||y’ spread over wide
modeling vulnerable to criticism because it obscures the bor- pressure ranges. Very few sets of experimental data that cover
derline between a simulation based on rigorous understandingihe entire pressure range between the low-pressure and the high-
of physical reality and a simple multiparameter fitting exercise. pressure limits are available in the literature. Attempts at eval-

One way of improving the reliability of simulation is to reduce uating the performance of theory by matching the calculated
the flexibility of the model by determining critical transition gnq experimental falloff shapes are, therefore, hindered by lim-
state properties with a higher degree of accuracy via methodsiiaq avajlability of experimental data. Even those few experi-
other than fitting pressure-dependent experimental data. Thisenta) falloff shapes that are available are, typically, restricted
can be done, for example, by applying quantum chemistry 4 o\ and intermediate temperature measurements where the
techniques to determine those properties that can be accuratelséhape of the rate constant pressure dependence is determined
obta.ined.in such calcula}ions (e.g., geomgtrical parameters, mosby an interplay of energy-dependent reaction and collisional
of vibrational frequencies) and then fitting the most critical energy transfer within a relatively narrow interval of energies
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A different, more stringent test can be applied to statistical with the bath gas (1c). Three different isomers of butem® (
theories of unimolecular reactions and collisional energy transfer C4Hs, trans-C4Hg, and 1-GHg) were used by Rabinovitch and
models by attempting to reproduce experimental rate dataco-workers to form excite@decC4Hy radicals in reaction la.
obtained experimentally for the same reaction but with quali- All of them are considered in the current work. Out of all three
tatively different shapes of energy distributions. Reactions that possible H+ butene reactions, the Ht cis-C4Hg system was
are activated chemically through channels with different energy studied by Rabinovitch and co-workers most extensively and,
barriers or activated chemically in one case and thermally in therefore, it is paid most attention here.
the other case provide such an opportunity. A full reaction scheme should also include other possible

In the current work, we perform a simulation of two reactive decomposition channels of excited butyl radicals in addition to
systems involving the same elementary unimolecular reaction, channel 1b, such as those forming H atoms and other butene
the decomposition of secondary butyl radical, but characterized isomers. However, the contributions of these other channels were
by different methods of activation. In the case of chemical negligible under all experimental conditions (due to higher
activation, highly vibrationally excitedecC4Hy radicals are barriers) and thus they are not shown in (1).
formed in thermal reactions by addition of hydrogen atoms to ~ The experiments of Rabinovitch et al. were conducted at four
double bonds of three different isomers of butene. In the thermal temperatures: 170, 195, 298, and 373 K, and at pressures from
activation case, thermalized radicals are excited to energies0.52 to 1307 Pa (3.% 103 — 9.8 Torr). Data obtained at the
required for reaction by activating collisions with the bath gas. high end of the pressure rangei3 Pa or 0.1 Torr) appear to
The reaction model created in this work has very little flexibility be most reliable since the low-pressure results were affeéfed
in its parameters, which allows us to concentrate on propertiesby the “low-pressure artifact” or the appearance of stabilization
of collisional energy transfer. Simulation successfully reproduces products that could not be explained within the kinetic mech-
experimental data on both chemically and thermally activated anism assumed by the authors in their data analysis. The authors
processes. Experimental data on the chemically activatedcorrected some of their low-pressure data to account for this
reactions are those of Rabinovitch and co-worketsand rate artifact. However, since the effect has an unknown origin, the
constants of thermally activatezbcC4sHg decomposition are  correction was phenomenological in nature (estimated by
taken from Knyazev et df extrapolation: amounts of-butane formed in the limit of low

The article is organized as follows. Section | is an introduc- pressures were subtracted from the experimental yields of
tion. Section Il describes the model of secondary butyl radical n-butane obtained at higher pressures) and thus can be consid-
decomposition, which includes four different product channels, ered only as approximate.
three of those being also used (in the reverse direction) as The experiments of Rabinovitch et al. included studies of
chemical activation sources. First, experimental data are re-reactions of H with deuterated butenes and of deuterium atoms
viewed (subsection 11.1). Second, critical properties of transition with butenes and deuterated butenes. Results of these experi-
states are determined by ab initio calculations and by fitting ments with deuterated species are not considered in the current
experimental data on the high-pressure-limit rate constantswork since the presence of D atoms significantly changes the
obtained from the literature (subsection 11.2). Third, solution effective potential energy surface (via changes in the zero-point
of the master equation describing the interplay of collisional vibrational energy, ZPVE) and the tunneling probabilities. Such
activation/deactivation (weak collision model) and unimolecular changes in the reaction model due to substitution of D for H

reaction is used within theirtual componentsormalisnt? to are not easily accounted for because of the limited accuracy of

reproduce the experimental data (subsection 11.3). A discussionknowledge of vibrational frequencies and associated force

is presented in section Ill. constants. For example, a quite plausible error in a transition
state ZPVE by 100 cnt (1.2 kJ mof 1) will result in a change

Il. Model in a room-temperature rate constant by as much as 62%. Thus,

treatment of reactions of deuterated species is not attempted

here in order to avoid additional sources of errors in the model.
Many of the experiments of Rabinovitch et al. were conducted

using the corresponding butene as bath gas. However, the work

I1.1. Reaction Systems and Experimental DataChemically
Activated ReactionsAll experimental data on the chemically
activated decomposition of secondary butyl radical come from

the work of Rabinovitch and co-workets!! To a large extent, X RS . ;
these pioneering studies (the experimental part and equaIIyOf Kohlr_naler qnd Rab_lnowtd:hl included expt_enm_ental studies
of reaction 1 in a variety of bath gases, which included noble

important theoretical work, also see refs 14, 15, and references

therein) conducted in late 1950s and early 1960s formed the (He, Ar, Ne, Kr), diatomic (N, H, D) and polyatomic (GHS_'
foundation of modern understanding of chemically activated €Oz SFe. CHs, CHCl, CDsF) gases. Most of the detailed

processes. In the experiments, H atoms produced in a discharg&*Perimental data of Rabinovitch agd co-workers were published
were allowed to effuse through an injector into the center of a In Q|ssertat|ons of HarringtohiKubin,® and Kohimaier: Jqurnal .
reactor containing butene gas or its mixtures with other bath articles 5, 7, 9, and 11 presented most of the data in plots in
gases. Final products were analyzed by gas chromatography andh@thematically transformed form with only selected examples
experimental ratios of stabilization to decomposition rates were ©f 0riginal experimental results given in tables. o

thus obtained. The sequence of processes occurring in such a Thermally Actiated ReactionThe thermal decomposition

system can be represented by the following scheme: of secondary butyl radicals

secC,Hy,— CH; + C;H 2
H + C;Hy - secC,Hy*—CH, + CH, o "M T e @)
1c was studied experimentally by Knyazev et@Experiments
oy S€ECaHs (1) were conducted in a heatable flow reactor by the Laser

Photolysis/Photoionization Mass Spectrometry method. Second-
Reaction 1la forms highly vibrationally excited secondary butyl ary butyl radicals were obtained by laser photolysis of a
radicals that can undergo back decomposition to reactais)( molecular precursor, thermalized by collisions with the bath gas,
further reactions via channel 1b, or stabilization by collisions and their unimolecular decomposition was monitored in real
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time at temperatures between 598 and 680 K and at bath gaswith each other after correction for an erroneously reported

densities (3-18) x 10 molecules cm?. Three bath gases: He,
Ar, and N, were used in the experiments. Low initial radical
concentrations< 10! molecules cmd) used allowed the authors

to isolate the reaction under study and avoid potential influence

from side reactions (such as radieahdical processes). The
authors applied master equation/RRKM modeling with

analysis of literature data on the high-pressure-limit rates of

preexponential factor in ref 31, see refs 33 and 12) as the basis
for analysis of reaction 1b transition state properties. These two
studies together give

k*,, = 1.81x 10 exp(—4239 K/T) cm® moleculée™* s_(l)
|

the direct and the reverse reactions to reproduce and extrapolatéor the high-pressure-limit rate constant temperature dependence
their experimental data to experimentally inaccessible conditions. at T = 353-453 K.

Literature Data on High-Pressure-Limit Reaction Rate Con-
stants of Indiidual Channels of Decomposition and Formation
of Secondary Butyl RadicaReactions 1 and 2 (including all
isomeric versions of reaction 1) involve four transition states:
those for H atom addition to three isomers of butene,

H + cis-C,Hg <> secC,H, (laci—1ac)
H + transC,Hg <> secC,H, (lat—1at)
H + 1-C,Hg < secC,H,q (lao,—len)

and the transition state for the decompositiosegbutyl radical
to CHz and GHe:
secCyHy<> CH; + CiHq (1b,—1b)

Here, symbols “c”, “t”, and &” in reaction numbers stand for
cis-, trans-, andr-butene (1-butene), respectively.

Thermochemistry of bolved Species.The most direct
determination of the heat of formation of secondary butyl radical
is that of Seakins et & These authors used experimental data
on thesecCsHg + HBr < Br + n-C4Hj reaction kinetics to
obtain AfH%gg(secC4Ho) = 67.54 2.3 kJ mof?! from a third
law analysis and\iH%gg(secCyHg) = 67.64 3.0 kJ mot™ from
a second law treatment. Their results agree within experimental
uncertainties with the value obtained by Knyazev é£#65.0
+ 3.4 kJ mot?) in their analysis of the unimolecular decom-
position ofsecbutyl radical, reaction 1b. We select for further
use the third-law value of Seakins et al. The influence of the
enthalpy of formation osecCsHg on the results of modeling
and the final recommended (slightly adjusted) value are
discussed in subsection 11.3.

Standard enthalpies of formation of other species are taken
from ref 24 (H, 217.994 kJ mot), 38 (GHs, 20.0+ 0.8 kJ
mol™1), 39 (Cis-C4Hg, —7.1 % 1.0 kJ mot?; trans-C4Hg, —11.4
+ 1.0 kJ mott; 1-C4Hg, 0.14 1.0 kJ mot?), 40, and 41 (Ch

Temperature dependencies of the high-pressure-limit rate 146.0+ 1.0 kJ motf).

constants of reactions lac, lat, and teve been determined
experimentally by Harris and Pitfsand Kyogoku et al? Harris

Experimental values of vibrational frequencies and rotational
constants of secondary butyl radical are not available. The results

and Pitts used flash photolysis to produce and resonanceof Chen et af! on the frequencies, geometry, and torsional
fluorescence to detect H atoms. These authors worked in thebarriers ofsecC4Hg obtained in ab initio calculations were used

298-445 K temperature range at pressures-8.3.3 kPa (56

for the model. Properties of GHand GHes were taken from

100 Torr). Kyogoku et al. applied the pulsed electron radiolysis/ refs 24 and 25, respectively. Vibrational frequencies, geometries,

Lyman-o. absorption technique to study the same reactioiis at

and torsional barriers of the three butene isomers involved were

= 200-500 K and 80 kPa (600 Torr). The rate constant values taken from Zakharieva-Pencheva aridster?> Durig,*® Engeln

of Kyogoku et al. are somewhat higher that those of Harris and and Reuss? Durig and Comptor#? Kondo et al 3° and Murcko
Pitts, the disagreement being more pronounced at lower tem-€t al2” All molecular properties of the involved species are listed
peratures (e.g., a factor of 1.37 at 298 K for reaction 1ac). A in Table 1.

similar disagreement between the results of refs 16 and 17 is

observed for the reaction of H atoms with the fourth isomer of
butene,iso-C4Hg:

H + iso-C,Hg — t-C,H, (1ai)

I1.2. Properties of Transition States.Properties of transition
states are of critical importance to the model. Methods of
guantum chemistry that can be applied to the current reactive
system cannot be expected to produce sufficiently accurate
values of energy barriers and low value vibrational frequencies.
Therefore, in the current work, an approach based on a

For reaction lai, good agreement exists between the resultscombination of ab initio computations and fitting of high-
of Harris and Pitt¥ and the earlier measurements of Canosa et pressure-limit rate data was used. First, those properties of

al'® (See ref 19 for a brief discussion.) Also, recent measure-

ments of Bryukov et a° (discharge flow/resonance fluorescence
method, T = 299-505 K) agreed with the data of Harris and
Pitts on the H+ iso-C4Hg reaction. Considering the high

transition states for which quantum chemical methods can be
expected to yield accuracy sufficient for chemical modeling were
obtained in ab initio calculations. These properties include
geometries, barriers for internal rotations (torsions), and “widths”

sensitivity of the resonance fluorescence method to H atom of the barriers (the “width” parameter to be used in calculation
detection and the agreement between the results of ref 16 withof tunneling probabilities, vide infra). Second, vibrational
other literature data on reaction lai, we adopt the results of frequencies of the transition states were calculated and scaled
Harris and Pitts (Table 1) as the most accurate measure of theby 0.8929% Finally, the temperature dependenci&®(T)) of

high-pressure-limit rate constants of reactions lac, lat, and la
Experimental information on the high-pressure-limit rate
constants of reaction (1b;lb) include data on both the direct
(Lin and Laidler3* Gruver and Calver$y and reverse (Miyoshi
and Brinton3! Cvetanovic and Irwi2 Tedder et al3® and
Baldwin et al.§ reactions. Detailed discussion of these works
can be found in ref 12. We follow the analysis of Knyazev et
al’? and take the combined results of Miyoshi and Brifton
and Cvetanovic and Irwi (which are in perfect agreement

the high-pressure-limit rate constants were calculated for reac-
tions lac, lat, I and —1b and the values of the reaction
barrier heights and the lowest vibrational frequencies of the
transition states were adjusted to reproduce the experimental
k*(T) dependencies. The resultant final properties of the tran-
sition states are listed in Table 1.

Geometry optimization and frequency calculations were
performed at the UHF/6-31G(d) level and energies of torsional
barriers were calculated at both UHF/6-31G(d,p) and UMP2/
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TABLE 1: Properties of Molecules and Elementary Reactions Used in the Model.

Vibrational Frequencies (cm, Scaled Unadjusted ab Initio Values in Brackets if Different):

CHa++*CH,CHCH*
He+-Cis-C4Hg"
H---trans C,Hs*

H- "1-C4H3*
secCyHy?!
cis-C4Hg??
trans-C4Hg??
1-CyHg?3

CHg?

123 [126], 180 [247], 392, 496, 524, 617, 777, 846, 876, 934, 936, 1008, 1142, 1190, 1369, 1401,
1405, 1406, 1452, 1462, 1488, 2840, 2881, 2909, 2912, 2963, 2970, 3036, 3039, 3044

365 [253], 400 [271], 406, 437, 542, 683, 800, 909, 939, 994, 1017, 1026, 1123, 1203, 1361, 1401,
1412, 1440, 1455, 1463, 1467, 1495, 2848, 2855, 2887, 2912, 2932, 2945, 2967, 2989

401 [199], 400 [264], 400 [384], 437, 472, 713, 822, 922, 956, 1017, 1018,1033, 1125, 1223, 1291,
1398, 1399, 1451, 1456, 1456, 1466, 1514, 2847, 2854, 2887, 2906, 2918, 2929, 2964, 2975

283 [210], 331, 387, 417, 652, 759, 813, 900, 912, 956, 976, 1054, 1160, 1206, 1259, 1313,
1394, 1407, 1455, 1467, 1474, 1507, 2842, 2859, 2883, 2915, 2920, 2964, 2974, 3050

2985, 2939, 2935, 2934, 2898, 2881, 2875, 2836, 2817, 1485, 1479, 1472, 1466, 1464, 1412,
1408, 1389, 1296, 1259, 1154, 1081, 1062, 991, 965, 954, 813, 753, 428, 401, 248

3038, 2935, 2870, 1660, 1445 (3), 1406, 1260, 986, 870, 291, 2953, 1447, 1043, 871,
396, 2975, 1016, 675, 3023, 2949, 2876, 1462, 1383, 1135, 976, 570

3009, 2973, 2869, 1682, 1444, 1385, 1306, 1142, 863, 500, 2950(2), 1442, 1043, 745,
1448, 1042, 963, 290, 3027, 2974, 2874, 1468, 1382, 1303, 1061, 978, 260

283, 331, 387, 417, 652, 759, 813, 900, 912, 956, 976, 1054, 1160, 1206, 1259, 1313,
1394, 1407, 1455, 1467, 1474, 1507, 2842, 2859, 2883, 2915, 2920, 2964, 2974, 3050

3184 (2), 3002, 1383(2), 580

3091, 3022, 2991, 2973, 2932, 1653, 1459, 1414, 1378, 1298, 1178, 935, 919, 428, 2953,
1443, 1045, 990, 912, 575

Moments of Inertia (amu A, Symmetry Numbers, and Rotational Barriers (én

CHa++*CH,CHCH*
He+-Cis-C4Hs*
H---trans C;Hs*

H- "l-C4H8*
secCyHy?*
Ccis-C4Hs??
trans-C,Hg??
1_C4H826,27

CHg

CHg++*CH,CHCHs*
H"’CiS—C4H8t
H:--trans-C4Hg*
H-++1-C4Hg*
secCyH2t
Cis-CyHg:22:28
trans-CyHg:222°
1-C,Hg:26:27

C3H 6:25

M(CHas+-CH,CHCHy*) = 2

molecule secCyHg
olA 4.687
elK 531.4
ref a
molecule H (D2)
olA 2.827
e/lK 59.7

ref 30

Overall Rotations

la=38.9433 o=1 (active)
(Iplg)¥2 = 144513 o=1 (inactive)
a= 36.3996 o=1 (active)
(Ipl)¥2 = 114.637 o=1 (inactive)
l,= 19.3464 o=1 (active)
(Ipl)¥? = 143.553 o=1 (inactive)
la=23.8442 o=1 (active)
(Iplg)¥? = 134.956 o=1 (inactive)
la=18.963 o=1 (active)
(Ipl)¥2 = 143.553 o=1 (inactive)
la=31.6993 o=1
(Iple)¥?2 = 109.77 o=2
la=15.284 o=1
(Iplg)¥2 = 139.57 o=2
la=22.4111 o=1
(Iple)¥? = 123.119 o=1
(lalplg)*® = 2.21703 0=6
(lalple)¥® = 33.2762 o=1

Internal Rotations (line of Rotation Shown by")
I(CHze-sCH,CHCH*) = 3.1445 o=3 Vo= 275.8
I(CHs+-CH,CH—CHz") = 2.9561 o=3 Vo=511.5
I,(CH;CH,CH—CHs%) = 2.9401 o=3 Vo= 167.1
I(CH;—CH,CHCH;*) = 2.93431 c=3 Vo =631.5
I(CHsCH,CH—CHs*) = 2.65087 o=3 Vo =552.5
I,(CHs—CH,CHCH;¥) = 2.65552 o=3 Vo= 758.7
I(CH;—CH,CHCH*) = 2.81452 o=3 Vo= 1240.4
I(CHsCH,—CHCH;s*) = 9.20605 o=1 Vo = 693 (3 minima)
I(CH;—CH,CHCHs) = 3.0309 o=3 Vo= 1151
I{(CH;CH,CH—CHjs) = 3.0321 c=3 Vo =178
I(CH3;CH,—CHCHs) = 9.68198 o=1 Vo= 755
Ir1,{CH;—CHCHCH;) = 3.127 c=3 Vo = 250
Ir1,{CHs—CHCHCH;) = 2.63912 o=3 Vo = 861
I{(CH;—CH,CHCH,) = 2.8821 o=3 Vo= 1104
I(CH;CH,—CHCH,) = 7.6834 o=1 Vo = 666 (3 minima)
I(CH;—CH,CH,) = 2.3765 o=3 Vo = 700

Numbers of Optical Isomers;, (if More Than One)

m(H---cis-CsHg") = 2

m(H-+trans-C4Hg*) = 2

Lennard-Jones Parameters

cis-C4Hg He
4.687 2.551
531.4 10.22
a 30
CO, CH,4
3.941 3.758
195.2 148.6
30 30

Ar Kr
3.542 3.655
93.3 178.9

30 30

Sk CDsF
5.128 3.981
222.1 235.7

30 b

m(H+++1-CiHg") = 2

Ne N,
2.820 3.798
32.8 71.4
30 30
CHsCI
4,182
350
30
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Reaction Barriers (kJ mot), Tunneling Barrier “Width” {, amu2A), and Corresponding Imaginary Frequencies (§m

Egac= 9.7 Egatz 9.9
E .= 152.8 B’ .= 148.4
Il_ac: 1.83 ll.at: 1.78
Vo= 642 V)= 662

Egm =73 E§b= 32.3
E’ . =157.8 B, =129.7
|1_a1: 1.83

Vig =574

Experimental High-Pressure-Limit Rate Expressions Used in Determination of Transition State Propeftiaslémule s™1):

K®pc= 2.89x 10711
exp(—1083 K/T)6

K® 1= 3.46x 10711
exp(=1043 KT)t6

K® 1o = 3.77x 10711
exp(—942 K/T)16

K*,=1.81x 1012
exp(—4239 Km)®

aTaken as equal to that @FC,4H0.3° P Calculated from boiling point and additive volume increméfits.References 12, 3133; see text.

6-31G(d,p) levels. Values of torsional barriers obtained at
UHF and UMP2 levels agree within 2.5 kJ mblUMP2 values
were used in the model. Detailed results of ab initio calculations

even by relatively low-level ab initio methods. Thus, UMP2
values ofl were used in the model for reactions lac and 1lat.
Since the values df for reactions lac and lat are close, one

of transition states are presented in the Supplement. Thecan expect that thé parameter for reaction tawill have a

GAUSSIAN 94 system of prograrfis**was used in all ab initio
calculations. The results of ab initio calculations on the lowest-
energy conformation of the transition state for reaction 1b nearly
coincide with those reported by Gang et*alThese authors,
however, did not obtain data for conformations with methyl
groups turned, which warranted our own present study of this
transition state.

Tunneling can be expected to play a significant role in
reactions lac, lat, anddaince each involves a transfer of an
H atom. The treatment of tunneling in the current work follows
the approach used by Knyazev and Sl&yknd Knyazev et
al#” in their modeling of the gHz < H 4+ C,H, and GH3 +
H, < H + C,H4 reactions. Computation of under-barrier
tunneling and above-barrier reflection probabilities is based on
the knowledge of the barrier “width”. To determine the “width”

parameters of these reactions, the shapes of the barriers of

reactions 1c and 1t were determined using the method of
reaction path following (intrinsic reaction coordinate, IRE'?

in mass-weighted internal coordinatészor each point on the
reaction path, optimization was done at the UHF/6-31G(d) level
and energy was computed at the UMP2/6-31G(d,p) level. The
potential energy profile along the reaction path was fitted with
the Eckart function

A
V=a+9

wherex is a coordinate along the reaction pdltls the “width”
parameter, and parameteksand B are related to the barriers
for the direct and reverse reactiofs and E—_1:

B=(/E,+VE)* ()

The transition probability for such a barrier can be described
analytically, as shown by Ecka®.In the fitting process,
parameterA was fixed at the value obtained from ab initio
calculations, an@ andl were determined from the fitting. Only
points with energy above that of H C;Hg were used. Potential
energy profiles obtained in the calculations and details of the

BE E=ex @()

+(1+§)2

(1

A=AE, ,=E,—E,

similar value. Thus, no IRC calculations were performed for

reaction 1la and the width parametéflan) = 1.83 amd’2 A

was taken to be equal to that of reaction lac.
High-pressure-limit rate constants were computed using the

transition state theory formufia

ksTk(MQ Eo)
h QuQs '\ keT

whereQ™, Qa, andQg are partition functions of the transition
state and reactants A and B, respectivély,is the reaction
energy barrier, and(T) is the temperature-dependent tunneling
factor:

Kasa(T) = (V)

kT V)

Here, P'(E) is the first derivative of the energy-dependent
tunneling transition probabiliti?(E), which was calculated using
the analytical formula of EckaPf.

I1.3. Solution of the Master Equation and Modeling of
Pressure-Dependent Rate Constants and Channel Branching
Fractions. Solution of the Master EquatioiModeling of both
the chemically activated and the thermally activated decomposi-
tion reaction of secondary butyl radical requires a solution of
the corresponding master equatitimat explicitly describes the
interplay of energy-dependent reactions, activation, and colli-
sional energy transfer. For the chemically activated reaction
corresponding to the conditions of the experiments of Rabino-
vitch and co-workers, the temporal evolution of the energy- and
time-dependent population s€cC4Hg g(E,t) is determined by
the following form of the master equation:

ag(E,t)
ot

x(T) = ff’EOP'(E) eXp(—E) dE

o ["[P(E.,E) 9(E't) — P(E'E) 9(E. )] dE' —
K(E) 9(E.) + X(B)KZ10fHIIC Hg] (V1)

Here,w is the frequency of collisions with the bath g&E,E)

calculations are presented in the Supplement. The values of thes the probability of energy transfer upon collision (from energy

“width” parametell obtained in UHF and MP2 level calculations
are close to each other for both reactions 1ac andl{ad)=
2.22 (UHF) or 1.83 (UMP2) ani? A; I(1at)= 2.12 (UHF) or
1.78 (UMP2) am¥? A). The authors of refs 46 and 47 found
that further improvement of the level of ab initio theory (to
UMP4 and spin-projected PMP4methods) did not results in
significant changes of the “width” parametefior the GH3z <

H + C,H; and GH3 + Hz <= H + CyH4 reactions. This is not
surprising sinceé is, essentially, a geometrical parameter, and,

level E' to energy leveE), k(E) is the overall energy-dependent
reaction rate constant for decomposition via all possible
channels,

K(E) = Kio(E) + Kiof E) + KiodE) + Ki(B) (V)
X(E) is the chemical activation distribution function, [H] and
[C4Hg] are the concentrations of H and butene, respectively,
and kK, (n = t, ¢, or o) is the high-pressure-limit rate

as such, can be expected to be determined with good accuracyonstant of the addition of H atom to butene, the activating
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reaction. The functional form of(E) has been derived from  rate of evolution (decay or decomposition) is associated with
detailed balance considerations by Rabinovitch and Dfessh the stabilized molecules. The energy distribution of stabilized
can be expressed s molecules is that of this “first” virtual component. Because of

the very fast evolution of the rest of the virtual components,

X(E) = Ko E) f(E) ViIl) their kinetics do not need to be considered explicitly and their
K® contribution can be described jointly as pseudo-bimolecular
lan reaction(s) leading directly from reactants to products of
wheref(E) is the normalized Boltzmann distribution e&c decomposition as if “bypassing” the active intermediate.
CaHo. The chemically activated reaction of (1) can thus be repre-
By dividing the energy axis into an array of small energy Sented by the following combination of reactions:
“bins” of the sizedE and replacing continuous functions with
vectors, one can represent eq VI in a matrix form (see, for H + C,Hg— seeCyHy (S)
example, ref 2) H+ C4H8_> CH3 + C3H6 (D)
dg(t > —
B0~ 390) + xOKLHICHS (%) 5eeCyHy— Chy + CiHg @
where Reactions S, D, and 2 can be described as “pseudo-reactions”
in a sense that they do not exactly represent elementary
wP(E,E) 0E i processes but rather, taken together, present a simple way of
3 = ' accurately describing a more complex process. Reaction S
il 7] —k(E) — 0Ew ZP(E|,Ei), i=| describes the formation stabilized(or thermalizedsecondary
= butyl radicals, reaction 2 describes the thermal (or thermally

activated) decomposition of stabilized radicals, and reaction D
accounts for the formation and immediate decomposition of
those vibrationally excited (chemically activatedgcbutyl
radicals that were not stabilized by collisions with the bath gas.
In terms of thevirtual componentgormalism, reaction S is the
formation of the first virtual component and reaction 2 is the
thermal decomposition of the first virtual component. Reaction
D is the pseudo-direct reaction leading from reactants to products
(as if bypassing the active molecusecCyHy) that appears due

. R to joint contribution of all virtual components except for the
state_reglmé53~54where the sha_lpe of the energy dlstrlbun_on of first one. Here, the reaction numbering is purposefully different
reacting seeCqHy molecules (in the case of the chemically from that used in (1) in order to distinguish between elementary

activated system, the shape of the distribution above the lowest A
. ’ o energy-dependent processes appearing in (1), on one hand, and
barrier) does not change with time. In the case of the thermally reactions of thermalized species (S, 2, D), which are the results

activated reaction, the steady-state decomposition rate constanfc interpretation through theirtual componentsormalism, on
(ko(T, [MD)) i.S equal to the lowest (in absolute value) eigenvalue the other. The exact isomer of butene is not specified in r,eactions
of the matrlxq of th_e master equation X (_see,_ for_ example,_ref S and D since it can be any of the three isomers that produce
2 for a deta_uled discussion of _the solut|_on, Its Interpretation, secCyHg as a result of addition of H atom. In fact, all three
and properties of thermally agtlvated unlmolec_ular reac.tlons). isomers (cis, trans, and 1-butene) were used in the experiments
Solution of the master equation for the chemically activated of Rabinovit;:h and co-workers

system requires a more detailed description which is presented Reactions S. 2. and D are.the most important processes

below. o - . i
. occurring in the chemically activated system. However, if a
To solve the master equation VI (IX) and express the results complete description is desired, channels involving decomposi-

'}2 terms of r?jt(?rcor%tants, tlivfrtlyag c_(l)_rr?pofnenml(.)rmarl:sm gf tion of secondary butyl radical to H atoms and isomers of butene
dnyalzev g‘rt‘ Sabl v;/r?s _aFt)P 1€ t i IS c;rtmha ISm asl een fmust be included. The complete reaction scheme, thus, also
eveloped to enable the interpretation of the general case of;\ |\ qes the reactions

unimolecular kinetics (including non-steady-state behav-

The general behavior of the solution of master equation of
the type given by eqs VI and IX under the assumption of weak
collisiong has been described by Schranz and Nordhband
later by Smith et a$*

The case of the thermally activated decomposition of second-
ary butyl radical is described by the same master equation VI
(or 1X) but with the last term X(E)k®,,JH][C 4Hg]) removed.
The conditions of the experiments of Rabinovitch and co-
workerg~1! and of Knyazev et af? correspond to the steady-

io_r,13~53~5559_vvhen the_ rates of reac_tio_ns qhang_e in time together seeC,Hy— H + cis-C,H, 2)
with the rapidly evolving energy distributions) in terms of time-

independent rate constants. Such interpretation enables incor- secC,Hy— H + transC,Hg @1
poration of non-steady-state kinetics into large reaction schemes, -
such as those used to model the chemistry of combustion. The secCyHg— H + 1-C,Hy ")
virtual componentgormalism provides, as a limiting, specific . ,
case of the general solution, the steady-state rate constants of H =+ CHg— H + CisCyHg )
chemically or photochemically activated unimolecular reactions. H 4+ C,H.,— H -+ trans—C,H (D)

. . . 4" '8 4" '8
The method is based on representing the overall population
of the active moleculesgecC4Hg) as a combination of “virtual H+ CH;—H + 1-CHq (D)

components” due to eigenvectors of the master equation matrix.

In the steady-state case, the spectrum of characteristic rates oOf course, one of the “D” reactions (DD, or D) is the
evolution of virtual components (given by the absolute values reverse of the H- C4Hg activating reaction, depending on the
of the corresponding eigenvalugl| of J) contains one value  particular isomer of butene used. All of the above channels were
that is significantly (by orders of magnitude) lower than the included in the model. However, as the results of calculations
rest of the rate$1353.54This virtual component with the lowest indicated, the contributions of channels 2’, 2", D', D", and
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D" are negligible (less than 1% of reactions 2 and D, (adiabatic) moments of inertia of the transition states involved
respectively) under the experimental conditions of Rabinovitch in the reactive system are close to those of the active molecule,
and co-workers and Knyazev et al. secCyHo (Table 1). In particular, thé™/I factor for the most

The rate constants of reactions S, 2, and D, within the important transition state, that for the decomposition ta @H
formalism of virtual componentsare given by the following CsHg, differs from 1 by less than one percent.

equationg? The exponential-dowi"® model of collisional energy transfer
&(E) PEE)=Cexd—-E—E) E<E (XIV
=K, ®, Y ——X(E) OF (%) EBE)=Cen— T V)
kS 1lan 1IZ f(Ei) i ( )

was used. The probability of “downward” collisional energy

k, = (Dl_lzklb(Ei) e,(E) oE (X1 transfer is given by expression XIV and that of “upward”
T transfer is obtained from detailed balance (see, for example,

ref 2). Here,C is a normalization constant and the parameter

. X(E) o(T,E) coincides withlAEdown, the average energy transferred
kp = klanz_blb(Ei) oE (X1) per “downward” collisior? at all energiesE’ > o(T,E). In
~f(E) general, theAE[down parameter is both temperature and energy

) i 3 dependent. The temperature dependence will be discussed
whereby(E) is acorrelation functiod® for channel 1b further below. The energy dependenceEldonn is a subject
1 of current research (see, for example, refs-7% for reviews
bi(E) = ZQ(E)MJ" Zklb(Ei) 8(E) oE (Xl of literature). The existence of this dependence is, however, well
I= ' established. Effects of such energy dependence on calculated
Here,g(E) is ajth eigenvector of matrid corresponding to an  thermal reaction rates are nonnegligibi€senerally, [AEMown
eigenvaluel;, indexi numbers energy levels, adg = ¥:g(E;) increases with energy, the functional form of this increase being

SE. Eigenvectors and eigenvaluesladre numbered in the same ~ dependent on the particular system of excited molecule and bath
way asvirtual componentsi.e., the “first” eigenvalue is the ~ 9as collider. In the absence of exact knowledge of the functional

lowest one in absolute value. form for the secondary butyl radical, we use an approximation

Eigenvalues and eigenvectors of matliwere obtained via ~ t0 account for thelAEldown Vs energy dependence. In this
the method based on Householder's tridiagonalization algo- @Pproximationp(T,E) increases linearly with energy, changing
rithm8® which was used earlier by Bedanov efhand Tsang by a factor of 2 in the energy range-&, (EY, is the barrier
et al®8 Calculations were performed using the computer program for channel 1b):

ChemRat® with 50 cnT® energy bin size. A 10 times smaller

(5 cmmY) energy bin size was used to compute sums and o(T,E) =1aO(T,E')[1+
densities of states and energy dependent microscopic reaction 2

rate constantk(E)). Sums and densities of states of secondary

butyl radical and transition states were calculated using the Thus,a(T,E) = Y200(T,E) atE' = 0 anda(T,E) = ao(T,E)
modified Beyer-Swinehart algorithn§® Contributions of hin- at B = Egb. This a vs E' dependence is in approximate
dered rotors were included via the method of Knya%ev. agreement with the recommendations of Hold ef“alvhich
Reduced moments of inertia of internal hindered rotors were were based on these authors’ experimental study of collisional
calculated via the method of Pitzer and Gwfrt has been deactivation of highly vibrationally excited toluene and azulene.
demonstrateit that rotational densities of states thus computed The termlAEQown Will be used henceforth to designate(T,E).
provide an excellent approximation to those obtained via exact Modeling of Pressure-Dependent Rate Constants and Channel
treatmertt>66 of external-internal rotational coupling. Micro-  Branching Fractions. First Approximatiofrhe thermodynamic
scopic energy-dependent rate constadfis) were computed data on the chemical species involved in the chemical system
using the RRKM method-3 Tunneling was included ik(E) described by eq 1 (subsection I1.1) and the properties of all the
RRKM calculations via the method developed by Mitfesind, transition states obtained from ab initio calculations and adjusted
at the same time, by Kato and Morokuf¥&Energy dependent  to reproduce experimental data on the high-pressure rates of
tunneling probabilitieP(E) were obtained using the Eckait addition reactions (subsection 11.2) determine all the features
formula, as described in subsection Il.2. Reaction path degen-of the model required to calculate the rate constants and
eracies were calculated from rotational symmetry numbers andbranching fractions with the exception [@E[d.wn, the average
numbers of optical isomers (Table 1) using the formula of energy transferred per deactivating collision. However, all
Gilbert and co-worker35° Conservation of angular momentum  experimental data upon which the model is built are determined
was approximately taken into account by multiplying ¥{E) with a finite degree of accuracy and thus have nonzero
values obtained in RRKM calculations by the fadtolt, where uncertainty limits. The most uncertain parameter in the model
I and | are the moments of inertia of the 2-dimensional is the standard enthalpy of formation of secondary butyl radical.
adiabatié 2 rotational degrees of freedom of the transition state The value used in the model constructidgH®,9g(secCsHo)

and active molecule, respectively. Such correction of micro- = 67.5 kJ mof1,3” has a reported uncertainty #2.3 kJ mof ™.
scopic rates ensures that the high-pressure-limit rate constant&Vhile it is desirable to investigate the influence of variations
of individual reaction channels computed by averaging of in all parameters on the results of modeling, the large number
microscopic rates over the Boltzmann distribution coincide with of reaction channels and transition states involved in the reaction
those calculated via the transition state theory formula. Although system under study makes such comprehensive uncertainty
this correction ofk(E) by the 17/l factor does not provide an  evaluation impractical. However, the influence of théd°,9s
exact description of the angular momentum conservation effects(secC4Hg) value on the modeling results is quite substantial
in the falloff, the inaccuracies thus introduced are expected to and will be a subject of separate discussion later in this
be minor since the values of the two-dimensional inactive subsection. First, the results of modeling experimental data using

(XV)

E
0
Eun
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Pressure / Pa
10

the “first approximation” model (i.e., the model witkH® 95
(seeC4Ho) = 67.5 kJ mol?, as reported in ref 37) will be
reported. Second, the influence of small variation&g°,9g
(secC4Hy) on the results will be discussed and a “final” adjusted
version of the model will be presented. More on model
uncertainties is presented in Discussion, section III.

The “first approximation” model was used to reproduce the
experimental values &(S+ D) ratios (i.e., branching fractions
of formation of stabilizedsecbutyl radicals) in the chemical
activation experiments of Rabinovitch and co-workers, as well
as experimentally obtained thermal rate constants reported by
Knyazev et al2 Most data in both the chemically activated and
thermally activated experimental systems were obtained in
helium bath gas. Therefore, in our modeling effort, attention
was focused on reproducing experimental results obtained in
helium.

In all experiments of Rabinovitch and co-workers, noticeable
fractions of butene (in the majority of experimentss-C4Hs,
2.1-10%) were present in the bath gas. Since butene is, MOStrigyre 1. Main plot: experimental (symbols) and calculated (lines)
likely, a stronger collider than most of the other bath gases used,pressure dependencies (falloffs) of stabilization branching fractions in
one needs to account for its influence on the branching fractions.the reaction of H atoms witkis-C4Hs in cis-CsHs bath gas. Experi-
For this purposeAEdowr(CsHs) values must be obtained. Thus, Mental data are from Rabinovitch and Dies¢open symbols) and
the first modeling attempt was directed at reproducing stabiliza- Kohlmaier and Rabinovité° (filled symbols). Calculated curves are

. - . - - : obtained with the first approximation (dashed lines) and the final models
tion branching fractionsY(S + D) ratios) obtained using pure (solid lines; see subsection 11.3). Differences between the lines obtained

cisCsHg as bath gas in the experiments on the chemically ,ging the first approximation and the final model are negligible at
activated decomposition seebutyl in the reaction of H atoms  pressures above 2.7 Pa (0.02 Torr). Symbols: triangles up (170 K),
with cis-butene by Diesen and Rabinovitdnd Kohimaier and squares (195 K), circles (298 K), and triangles down (373 K).
Rabinovitch?10 At each experimental temperature (170, 195, Experimental uncertainties shown are estimated in the current work
298, and 373 K)[AEQow(Cis-CsHg) was adjusted to achieve from corrections for “low-pressure artifact®° see text (subsection

100
T
170K

0.1 1

¢is-C,Hg bath gas

S/(S+D)

0.01

0.001 200

100
0.1

Pressure / Torr

I
0.001 0.01

the best agreement between the calculated and experimental”‘l)' Inset. temperature dependencieSBEldou(Cis-CaHg) obtained
values of theS/(S+ D) ratio. The sum of squares of deviations
was minimized to achieve the best fit. Each data point was
assigned a weight equal to the reciprocalssS + D). Such

in modeling the experimental falloffs with the first approximation model
(open symbols) and final model (filled symbols).

TABLE 2: Values of [AE[d,w, Obtained in Fitting

weighting represents an intermediate case between an unExperimental Chemical Activation Data (cm ™)

weighted fit (which would give unfairly large weights to high- temperature/K
pressure-end results) and fitting “on a logarithmic scale” bath gas 170 195 208 373
(minimizing the sum of squares of deviations of logarithms), First Abproximation Model
which would treat relative deviations at low and high pressures cis-CaHa 142 PP 191 432 515
equally. Considering the fact that low-pressure-end data are less  pe 127 196 236
reliable due to the “low-pressure artifact” (see subsection 11.1), Final Model
we choose the reciprocal weighting method of data fitting, which cis-CaHg 112 149 327 304
gives some preference to higher pressure data but takes low- He - 102 158 192
pressure results into account as well. Ar - 102 174 230
The results of fitting the data obtained dis-C;Hg as bath Kr - 95 194 219
gas are presented in Figure 1. The main plot shows the me ; 111125 2117;3 2233
experimentaly(S+ D) values (symbols) and calculated curves Hi ] 84 143 169
(lines) while the inset (hollow circles) presents the temperature  p, - 77 153 198
dependence of the fitted values @Edown [AEQown Obtained CO; - - 239 -
in the fitting displays a strong positive temperature dependence  CHa - - 269 -
with values changing from 142 crhat 170 K to 515 cm* at Sk - - 301 -
373 K (Table 2). ooF : - 327 -
HsCl - - 273 -

These [AEdown Vvalues were then used in modeling the
experiments performed with helium as bath gas. Since minor
but noticeable fractions of butene were present in helium, the
overall collisional energy transfer probability functiBri(E,E’)
was constructed from the corresponding functions of individual
colliders:

circles). The three calculated lines obtained at room temperature
for experimental conditions with different content of butene in
bath gas (10%, 5.9%, and 2.1%) demonstrate nonnegligible
differences between them.

The [AElowr(He) vs temperature dependence shown by the
open circles in Figure 3 is best represented with a directly
proportional dependencéAEljow(He) = 0.6437 cmt (T
Here,wai, wne andwc,, are collision frequencies with all bath ~ €xPressed in K). Such proportional dependence is not surprising.
gas molecules, with helium, and with butene, respectively. A Similar dependence{AEldow(He) = 0.255T cm™*, was
Fitting results are presented in Figures 2 and 3: calculated vs0Ptained®?’in a study of the reaction
experimental pressure dependencies curves (Figure 2) and
[AEdow{He) as a function of temperature (Figure 3, hollow CHs=>H+ CH,

0 aPa(E.E) = 0uPudE.E) + wcp Pop (EE) (XVI)

all

(3.-3)
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Figure 2. Experimental (symbols) and calculated (lines) pressure
dependencies (falloffs) of stabilization branching fractions in the
reaction of H atoms witleis-C,Hsg in He bath gas (with a small fraction

of cis-C4Hs). Experimental data are from Kohlmaier and Rabinowitth.
Calculated curves are obtained with the first approximation (dashed
lines) and the final models (solid lines; see subsection 11.3). Symbols: modeling were different from direct proportionality. A more
squares (195 K), circles (298 K), and triangles (373 K). Three types of detailed discussion of the temperature dependen€ABHown
circles and three solid lines at 298 K correspond to three different s presented in the Discussion (section I11).

fractions ofcis-C4Hsg in the bath gas: 2.1% (open circles), 5.9% (filled _— . . .
circles), and 10% (crossed open circles). Only one line calculated using Fitting of the thermal decomposition data in helium as bath

the first approximation model (obtained with 5.9% of butene) is shown 9as was performed in an _analogous manner,_by minimizing the
at 298 K to avoid plot congestion. Differences between the lines sum of squares of deviations between experimental and calcu-

obtained using the first approximation and the final model are negligible lated first-order rate constants. Each data point was assigned a
at 195 and 373 K Experimental uncertainties shown are estimated in weight equal to the reciprocal of the experimental rate constant

of thermal decomposition adecCsHy in He bath gas. Experimental
data are from Knyazev et &.Calculated lines are obtained by master
equation modeling (current work, final model). Circles, [He]3 x
10' molecules cm?; squares, [Hel= 6 x 10% molecules cm?
triangles, [He]= 12 x 10% molecules cm?; diamonds, [Hel= 18 x
10 molecules cm?.

the current work from corrections for “low-pressure artifat¥%’see
text (subsection 111.1).

7
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Figure 3. [AElo.w((He) vs temperature dependencies obtained in fitting
experimental falloff data. SymbolSAEd.w(He) values obtained from
fitting date®? on chemically activated reaction. Wide lines: results of
modeling of the dat& on thermal decomposition secC,H, radical.
Open symbols and hollow wide line are obtained with the first
approximation model, filled symbols and filled wide line with the final
model. Thin lines: linear proportional fits (dashed lines, first ap-
proximation model; solid line, final model). Arrows indicate the
directions of change resulting from lowering the heat of formation of
secCyHo.

value. In fitting the thermal decomposition data, the proportional
[AEldown VS temperature dependence was imposed and the
proportionality coefficient was used as an adjustable parameter.
This functional form of thelAEdown VS T dependence was
selected on the basis of the results of modeling of the chemical
activation data, see above. The results of the fitting (calculated
vs experimental rate constants and the obtaiddeldown VS T
dependencelAE[ouw(He) = 0.291T cm™Y) are displayed in
Figures 4 and 3 (wide hollow line).

Modeling of Pressure-Dependent Rate Constants and Channel
Branching Fractions. Final (Adjusted) ModeAs can be seen
from Figure 3, theAEdown VS T dependencies obtained from
fitting experimental data on chemical and thermal activation
diverge (hollow circles and wide hollow line). Both display
proportional dependencies (resulting from data fitting in the
chemical activation case and imposed artificially in the thermal
activation case) but the proportionality coefficients differ by a
factor of 2.2. However, it was observed that these proportionality
coefficients display a strong dependence on the value of the
secondary butyl radical heat of formation. Furthermore, the
effects of variation of the value of theecCsHg heat of
formation have opposite signs for chemical and thermal activa-
tion data sets. For example, increasifg®298(secCyHo) (thus
reducing thesecbutyl potential well depth and the barrier to
decomposition to Ckl+ C3Hg) has the effect of increasing the
thermal decomposition rate&y(T,[M]), but decreasing the
efficiency of stabilization in the chemical activation case. This,

where experimental data on falloff in both direct and reverse in turn, would result in lower fitted values oME[down in the
reactions were reproduced by weak collision RRKM/master thermal decomposition case and in high&Eld.wn obtained
equation modeling at temperatures ranging from 298 to 1100 from the chemical activation data. A decrease\il°,0g(S€C

K. Modeling of two other radical decomposition reactions (
CsH; < H + C3H5,78 CH; < H + Csz%) indicated a
preference for a positive temperature dependendéBfdown,

C4Ho) would have an opposite effect. The directions of change
in the fitted [AE[down VS T dependencies due #yH°,qg(Sec
C4Hg) variation are indicated in Figure 3 by arrows. The

although the functional forms of these dependencies used insensitivity of the fitted AE[Jown Values toAH29g(secCqHo) is
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such that a relatively minor change &fH®,g¢(secCyHg) by 0 200 400 600
—3.4 kJ mof? results in an agreement between fREJoun 500 1 ' ' ' |
vs T linear dependencies obtained from fitting the chemical | Arbathgas |
activation data, on one hand, and thermal activation data, on < 400 r 4
the other. Filled symbols and the wide solid line in Figure 3 g -
indicate thelAEldown VS T dependence obtained with the thus ‘g i
modified model. This dependence can be best represented with S0 L |
the expression (shown by the thin solid line in Figure 3) L\’/é

[AE[,,(He)=0.520rcm™* (T expressed in K) 100 | 0 i
(XVII) - ]

Pressure dependencieslafT,[M]) and S(S + D) calculated 500 [ .
using the adjusted model and formula XVII are demonstrated - Npbathgas / .
in Figures 2 and 4. The adjusted valueAgH®,9g(secC4Hg) = g 400 7
64.1 kJ mof! is adopted for further use in the final optimized 3:
version of the model. Figure 1 shows the results of fitting the Aé
L
<1
\%

chemical activation data obtained d@s-butene bath gas with
the final model.

The difference of 3.4 kJ mol between the adjusted value
of AfH29g(secCyHg) = 64.1 kJ mot! and the experimental
value of Seakins et &l (67.5 kJ mot?), although being
comparable with the report&duncertainty of the experimental 0 200 400 600
value @&2.3 kJ motd), still exceeds the latter. The reported T/K
uncertainty of Seakins et al. originates, mainly, not in experi-
mental measurements but in the estimated uncertainties in th

calculatgd entropy of thseebutyl radical. The addition. of the Symbols: [AEown values obtained from fitting dat& on chemically

uncertainty ¢£0.7 kJ mof)” in the heat of formation of  activated reaction. Wide lines: results of modeling of the data

n-C4H10 (used by the authors of ref 37) increases the uncertainty thermal decomposition afeeC4Hs radical. Thin lines: linear propor-

of AfH,0g(secCyHo) to 3.0 kJ mot?. This serves to demonstrate tional fits (expressions XVIII and XIX).

that the amount of adjustment in teecbutyl radical heat of

formation is not unreasonable. More discussion on this subjectgases. However, qualitatively, the results of fitting exercises

is presented in subsection I11.3. for Kr, Ne, Hp, and B are very similar to those obtained with
The final version of the model was used to reproduce the He, Ar, and N. [AEldown VS T dependencies are best represented

experimental data (both thermal and chemical activation cases)With linear proportional functions

obtained in argon and nitrogen bath gases. Data fitting proce-

dures were the same as those used for helium bath gas. The[AE[],,(Kr) =0.594Tcm * (T expressed in K) (XX)

contribution of small fractions of the butene component of the

bath gas was included via formula XVI. A proportiofAEdown i 1 .

vs T dependence was imposed in fitting the thermal decomposi- [AEowr(NE) = 0.570T cm (T expressed in K) (XXI)

tion data. The results of the fitting are illustrated in Figures

eFigure 5. [AEl.wn VS temperature dependencies obtained in fitting
experimental falloff data in Ar and Noath gases with the final model.

5—7. Figure 5 displays the fitteBAEJowr(Ar) and [AEowir [AEL,.(H, and D) = 0.4821 cm* (T expressed in K)
(N2) values as functions of temperature. As can be seen from (XXII)
the plots, both dependencies can be represented with linear
proportional relationships Values of[AE[down at individual temperatures and comparison
of experimental(S+ D) vs pressure dependencies with those
[AE[L],,(Ar) = 0.674T cm ' (T expressed in K) calculated using formulas XX, XXI, and XXII are presented in
(XVII) Table 2 and Figures-810. Here, one function (expression XXII)

was chosen to represent ti®ElJown VS T dependence for H
[AE[,,(N,) =0.70ZTcm™* (T expressed in K) (XIX) and D». Results obtained with open symbols in the inset in

Figure 10) suggest a somewhat steeper than proportional
Figures 6 and 7 compare the experimental pressure-dependerntemperature dependence. However, considering the limited
data with the results of calculations obtained with the final amount of experimental data available and the fact that fitted
optimized model and using expressions XVIII and XIX for [AE[own values for H and D, nearly coincide at two of the

[(AEldown VS T dependencies. three temperatures (195 and 298 K), we choose to use a simpler
Experimental data obtained in chemical activation experi- proportional functional form.
ments with Kr, Ne, H, D,, CO,, CH,4, SFK;, CDsF, and CHCI Modeling of experimental data obtained in &@H,, Sk,

as bath gases were also modeled using the final version of theCDsF, and CHCI bath gases resulted in fitted valueSAEdown
reaction model. The experiments of Kohlmaier and Rabino- at room temperature: 239 for G269 for CH,, 301 for Sk,
vitch®10where these bath gases had been used were conducte827 for CDyF, and 273 for CHCI. No temperature dependencies
at room temperature for all of these colliders and also at 195 could be obtained since only room-temperature experimental
and 373 K for Kr, Ne, H, and . Thermal decomposition data  data are available. Experimental data are compared with fits in
are not available for these bath gases. Theref?&[dow,vs T Figure 11.

dependencies obtained from fitting the data carry more limited  As can be seen from Figures 1, 2, 4, andl@, experimental
information compared with the data on He, Ar, and iath data are well reproduced by the model. Significant deviations
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Pressure / Torr Figure 7. Experimental (symbols) and calculated (lines) rate constants
Figure 6. Experimental (symbols) and calculated (lines) pressure of thermal decomposition ofecCsHy in Ar and N, bath gas.
dependencies (falloffs) of stabilization branching fractions in the Experimental data are from Knyazev et!&lCalculated lines are
reaction of H atoms witttis-C,Hg in Ar and N, bath gases (with a obtained by master equation modeling (current work, final model,
small fraction ofcis-C4Hg, 2.0-4.8%). Experimental data are from  [AElownVs T dependencies given by formulas XVIIl and XIX). Circles,
Kohlmaier and Rabinovitch!? Calculated curves are obtained with the  [M] = 3 x 10' molecules cm?; squares, [M}= 6 x 10 molecules
final reaction model (see subsection I1.3) ad@Eown vs T depend- cm3; triangles, [M]= 12 x 10'6 molecules cm®.
encies given by expressions XVIII and XIX. Symbols: triangles (195
K), circles and squares (298 K), and diamonds (373 K). Two types of 10 Pressure / Pa 100
symbols and two lines at 298 K in the upper plot correspond to two L I

different fractions otis-C4;Hg in the bath gas: 4.8% (circles) and 2.0% 1k J
Kr bath gas

(squares). Experimental uncertainties shown are estimated in the current
work from reporte®'° corrections for “low-pressure artifact”; see text
(subsection I11.1).

can be observed only in tf#S+ D) vs pressure dependencies

at low pressures where experimental data are affected by the 0.1
“low-pressure artifact” (see subsection 1.1 and refsl® for

the description of this experimental problem). The magnitudes

of deviations between the experimental and calculated depend-
encies are comparable with the uncertainties of experimental
data where the latter could be estimated.

An attempt was made to reproduce the experimental data of
Rabinovitch and co-workefst® on H+ C4Hg reactions obtained
with isomers of butene other thams-C4Hs: transCsHg and
1-butene. The final model of the reactive system was used
without any further modificationSIAE[own Values fortrans

S/(S+D)

0 I I
0 100 200 300 400

Pressure / Torr

CsHsg and 1-butene were taken as equal to those obtained forF!9ure 8. Main plot: experimental (symbols) and calculated (lines)
pressure dependencies (falloffs) of stabilization branching fractions in

cis-CqHg and thelAELown VS T dependence given by EXPression  ine reaction of H atoms witkis-C4Hs in Kr bath gas (with a small
XVIl was used for He as bath gas. The results of modeling are fraction ofcis-CsHs, 5.4%). Experimental data are from Kohlmaier and
shown in Figures 12 and 13 which demonstrate calculated andRabinovitch®° Calculated curves are obtained with the final model
experimental values of the stabilization branching fracti&n ( (see subsection 11.3) an@dEldwn vs T dependence given by expres-
(S+ D)) as functions of pressure for corresponding butenes asSion XX. Symbols: triangles (195 K), circles (298 K), and diamonds
bath gases (in the main plots) and for He as bath gas (inset in(373 K). Experimental uncertainties shown are estimated in the cur-

. . rent work from reportetfl® corrections for “low-pressure artifact”;
Figure 12). As can be seen from the plots, while the calculated see text (subsection IIl.1). Inset: temperature dependence of

data fortransCsHg display a reasonable agreement with the g, (Kr) obtained in modeling the experimental falloffs with the
experiment (except for the low-pressure part of the main plot final model.

in Figure 12, see the “low-pressure artifact” comment above),

the results of modeling obtained for 1-butene display a  The final model of reaction 1 was used to calculate stabiliza-
significant deviation from the reported experimental data. A tion branching fractionsS/(S + D), over wide ranges of
potential reason for this disagreement is that addition of an H temperatures and pressures for helium, argon, and nitrogen bath
atom to 1-butene can occur at both terminal and nonterminal gases. The results are presented in the Supporting Information.
positions (also see Discussion, subsection 111.1). The highest temperature of these calculations, 800 K, was
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Figure 9. Main plot: experimental (symbols) and calculated (lines)
pressure dependencies (falloffs) of stabilization branching fractions in 03 — 3 o5
. 1 . .

the reaction of H atoms witlis-C,Hs in Ne bath gas (with a small
fraction ofcis-CsHg, 4.4%). Experimental data are from Kohlmaier and
Rabinovitch?1? Calculated curves are obtained with the final model
(see subsection 11.3) andEldown vs T dependence given by expression  temperature pressure dependencies of stabilization branching fractions
XXI. Symbols: triangles (195 K), circles (298 K), and diamonds (373  in the reaction of H atoms witbis-C4Hg in polyatomic bath gases (with

K). Experimental uncertainties shown are estimated in the current work a small fraction ofcis-C4Hs, 3.3—4.8%). Experimental data are from
from reporte&?® corrections for “low-pressure artifact”, see text Kohlmaier and Rabinovitchi® Calculated curves are obtained with the
(subsection Ill.1). Inset: temperature dependenceAdldowi(Ne) final model (see subsection 11.3).

obtained in modeling the experimental falloffs with the final model.

Pressure / Torr

Figure 11. Experimental (symbols) and calculated (lines) room-
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Figure 10. Main plot: experimental (symbols) and calculated (lines) dependencies (falloffs) of stabilization branching fractions in the
pressure dependencies (falloffs) of stabilization branching fractions in "€@ction of H atoms witlrans-C4Hg in tr_ansC4H03 bath gas (main plot)
the reaction of H atoms witbis-C4Hg in H; (filled symbols, solid lines) and in He bath gas with a small fraction (6.0%)tzns-C4Hs (inset).

and D; (open symbols, dashed lines) bath gases (with a small fraction ExPerimental data are from Kubin et’el(squares and triangles) and
of cis-CsHs, 6.1-6.9%). Experimental data are from Kohlmaier and <ohimaier and Rabinovitci° (circles). Symbols: triangles (195 K),
Rabinovitch®1° Calculated curves are obtained with the final model ~Circles and squares (298 K). Solid lines are obtained with the final

(see subsection I1.3) afiAEoumvs T dependence given by expression Medel (see subsection 11.3), values [Elowr(trans CsHs) taken as
XXII. Symbols: triangles (195 K), circles (298 K), and diamonds (373 €qual to those ofAEdowr(Cis-CsHg), andlAEldowr(He) vsT dependence

K). Experimental uncertainties shown are estimated in the current work 9iVen by expression XVII. Dashed lines are ?btained with the heat of
from reporte@° corrections for “low-pressure artifact’; see text formation oftransCsHs varied by+1.0 k mof* (see text, subsection

(subsection Ill.1). Inset: temperature dependenciéABfd.w(H2) and I11.2).
[AEowi(D2) obtained in modeling the experimental falloffs with the

final model. experimental data for the same unimolecular reaction: data

obtained in both the chemically and the thermally activated
decomposition of secondary butyl radical. The two different
ways used to excite the species undergoing decomposition to
high vibrational energies sufficient for reaction result in very
different activation energy-distribution functions (Figure 14).
The current study is the first theoretical modeling work that The fact that one model reproduces pressure dependent data
successfully reproduces two qualitatively different sets of for both methods of activation serves as an indication of the

determined by the onset of non-steady-state efféet$>59 at
higher temperatures.

I1l. Discussion
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Figure 13. Main plot: experimental (symbols) and calculated (lines)
pressure dependencies (falloffs) of stabilization branching fractions in
the reaction of H atoms with 148s in 1-C4Hg bath gas. Experimental
data are from Kubin et dlI® (open squares, 195 K) and Harrington
(filled circles, 298 K). Lines are obtained with the final model (see
subsection 11.3) and values 6AE[dowr(1-CsHs) taken as equal to those

of [AEowr(Cis-CsHg). Inset demonstrates relative (experimental) ef-
ficiency of stabilization in the reactions of H atoms witlans-C,Hg
(circles)!® cis-C4Hg (triangles):*°and 1-GHs (squares)? at 195 K

in butene bath gases. It can be seen that the ordering of relative

stabilization efficiencies expected from the reaction energetics is
violated: the H+ 1-C4Hg reaction results in the same stabilization as
the H+ cis-C4Hg reaction, while the Ht trans-C,4Hsg yields the highest
stabilization, as expected.

T T R T

H o+ cié-C,,Hg H + cis-C,H,
: s (no tunneling)

H + trans-C,H, H+1-CH,

Chemical
activation

Thermal
activation

distribution functions / arb. units

10000

5000
Energy / om™

Figure 14. Activation energy-distribution functions corresponding to
the conditions of experiments on the thermally activated decomposi-
tion'? of secCs;Hy at 640 K and chemically activated H C4Hs
reactions at 298 K10 Three different solid lines for the chemical
activation distribution correspond to three isomeric versions of the H
+ CsHg reaction. The influence of tunneling can be seen by comparing
the dashed line (obtained for the # cis-C4Hg reaction without
accounting for tunneling) with the corresponding solid line (obtained
with tunneling included). Dotted lines indicate the positions of barriers
for reactions 1b, lat, l1ac, andd.awhile accurately describing the
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modeling of unimolecular reactions given by a combination of
RRKM?!=3 theory for microscopic rates and master equa-
tion?13:53.5450|ution for weak-collision pressure effects. In this
section, first, the agreement between the experimental and
calculated data is discussed in light of the uncertainties of both
the experiments and the modeling efforts. Second, qualitative
shapes of pressure-dependent falloff curves are considered and
a comparison with the frequently used (due to its simplicity)
modified strong-collision approximation is reviewed. Third,
values and temperature dependencidA&fdown Obtained from
modeling are discussed.

II1.1. Comparison of Experimental and Calculated Pres-
sure DependenciesAs can be seen from plots in Figures 1, 2,
4, 6-12, the agreement between the experimental and the
calculated values of stabilization branching ratios and thermal
decomposition rate constants is good. Calcul348 + D)
values deviate systematically from the reported experimental
data only in the following cases: (1) at low pressures (below
2.7 Pa (0.02 Torr)) in room-temperature experiments on the H
+ cis-C4Hg reaction whereis-C4Hg, He, and H (D) bath gases
were used (Figures 1, 2, and 10, respectively); (2) at low
pressures (below 13 Pa (0.1 Torr)) in 195 K experiments on
the H + transC4Hg reaction intransC4Hg bath gas (Figure
12); (3) at pressures below 133 Pa (1 Torr) in the experiments
on the H+ 1-C4Hs reaction (1-butene bath gas, Figure 13).
Potential reasons for these disagreements are analyzed below.

At the lowest experimental pressures of Rabinovitch and co-
workers, their results were affected by the “low-pressure
artifact”” 10 that manifested itself by producing more stabiliza-
tion products than can be explained by the kinetic model used
by the authors to interpret the product analysis results. Phe-
nomenological correction was used by the authors in some of
the experiments to approximately correct low-pressure data for
this artifact. We take the values of this correction (where
reported) as a measure of experimental uncertainty in individual
experiments. These (very approximate) uncertainty values are
indicated by error bars in Figures 1, 2, 6, and1®. At the
lowest pressures in Figures 2 and 10 these uncertainties are so
large that they exceed even the corrected values themselves.
As can be seen from the plots in Figures 1, 2, and 10, the values
of these uncertainties are comparable with the deviations
between the experimental and calcula($ + D) branching
ratio values. Therefore, the observed low-pressure differences
between the theory and the experiment can be explained by
experimental uncertainties and do not serve as an indication of
failure of theory.

An additional factor potentially contributing to the low-
pressure deviations between the calculated and the experimental
pressure dependencies is due to the fact that at the lowest
pressures of the experiments of Rabinovitch and co-workers the
frequency of collisions with the reactor wall becomes a
noticeable fraction of the overall collision frequency. For
example, at 0.52 Pa (0.0039 Torr) of He in the experiments of
Kohlmaier and Rabinovitch1° collisions with the wall consti-
tute 3.5% of the collisions with the bath gas (the wall collision
frequency is estimated d4,vS[M], where 7 is the average

activation functions, the plot, perhaps, serves to somewhat exaggeratehermal molecular velocity and is the reactor surface).
the “distance” between the thermal and the chemical activation casesConsidering their potentially higher energy transfer efficiency,

on the energy scale: the range of energies where collisional energy

transfer determines the rate constant in the thermal activation case i
located not at the maximum of the thermal activation distribution but
in the area around the barrier for channel 1b.

S

wall collisions (unaccounted for in the current modeling efforts)
can thus result in an increase of the stabilization branching
fraction compared to the purely homogeneous system.

The deviation between the experimental and the calculated

adequacy of the collisional energy transfer description used in §(S + D) vs pressure dependencies for thetHtrans-C4Hg

modeling and provides further support to the method of

reaction intransC4Hg bath gas at 195 K is larger (Figure 12)
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than that observed in the case of thetHcis-C4Hg reaction
(Figure 1) and has its origin at higher pressures. The experi-
mental data presented in Figure 12, however, are of lower
precision than those in Figure 1. The 298 K data, although
reported in the Ph.D. thesis of Kubirare not presented in the
journal articlé based on the thesis (only the high-pressure
limiting result is presented in Table 6 of ref 7). Also, the authors
of the article explicitly assert that the data are affected by the
“low-pressure artifact” and that, specifically, the 195 K-H
transC4Hg results can be of doubtful validity even at high
pressures.

Computational simulation of the Ht trans-C4Hg system can
be affected by an additional uncertainty of the model. The final
model described in subsection 1.3 was tuned (by adjusting
[AEdown and AsH®205(secCyHg) values) to reproduce the H
cis-C4Hg experimental data. The heat of formation todins
C4Hs, however, is known with an uncertainty af1.0 kJ
mol~1.38.3% This uncertainty propagates into the uncertainty in
the energy difference between thetHcis-C4Hg and the H+
trans-C4Hg “entrance” channels of chemical activation. Thus,
although the model should describe thetHcis-C4Hg results
exactly, the calculated H trans-C,4Hg stabilization branching
factions are influenced by thtH°,9¢(trans-C4Hg) uncertainty.
This effect is illustrated in Figure 12 where dashed lines indicate
the §(S + D) pressure dependencies obtained using the final
model but with thérans-C4Hg heat of formation varied by-1.0
kJ molL. An additional, not easily estimated, uncertainty derives
from the fact thatAE[down for transCyHg as bath gas, taken
here as equal to those ois-C4Hg, can in reality be different.

The largest disagreement between theory and experiment is

observed in the case of the H 1-C4Hg reaction (Figure 13).
Here, both the experimental data and the critical model

parameters are of questionable reliability because they were
obtained under the assumption that only secondary butyl radicals

are formed in the addition step of the overall reaction. However,
only the terminal addition will form secondary butyl radical,
while the nonterminal process will result in the formation of
normal butyl radical. Rabinovitch and co-workers assumed that
only the terminal process is important in their experiments and,
consequently, analyzed the products within the resultant kinetic
model. In the current work, the model of the reactive system
given by (1) was created under the same assumption, following
Rabinovitch and co-workers. In fact, as data tables in refs 6
and 8 indicate, in the experiments on thetH -butene reaction
substantial amounts of8, were formed, exceeding the yields
of ethylene observed in reactions of H atoms with other butene
isomers under similar conditions. This production eHg can
serve as an indication of the importance of the formation of
chemically activatech-C4Hg radical which decomposes into
C.Hs and GH4. No independent direct experimental assessments
of terminal vs nonterminal addition processes in thetH
1-butene reaction are available in the literature.

The experimental data on the H 1-butene reaction at 298
K presented in Figure 13 are taken from the Ph.D. thesis of
Harringtorf (these data, cited in ref 11, were not published in
any journal article). The 195 K data are taken from the Ph.D.
thesis of Kubir® In the journal article based on this thesis work,
Kubin, Rabinovitch, and Harringtéipresent only the three data
points corresponding to the high-pressure end of the experi-

Knyazev and Tsang

activated secCyHy radicals (Figure 14). Therefore, when
comparing theS(S + D) vs pressure curves obtained in the
reactions of H atoms with the three butene isomers, one can
expect to see the highest fraction of stabilization in the case of
trans-C4Hsg (lowest heat of formation), intermediate stabilization

in the case otis-C4Hg (intermediate heat of formation), and
the lowest stabilization fraction in the H- 1-C4Hg case.
However, as can be seen from the plot in the inset of Figure
13, this ordering of relative stabilization efficiencies is violated

at 195 K: H+ 1-C4Hg reaction results in the same stabilization

as the H+ cis-C4Hg reaction, while the Ht- trans-C4Hg yields
highest stabilization, as expected. The above discussion serves
to demonstrate that deviations between theory and experiment
are only observed in cases where experimental data are suspect.

Ill.2. Shapes of Pressure Dependent (Falloff) Curves in
Chemically Activated Reactions.Comparison with Modified
Strong Collision ApproximationThe qualitative behavior of
pressure dependencies of chemically activated reactions in the
case of weak collisions with the bath gas has been described
by Rabinovitch and co-workef< In the current subsection we
expand this description and compare the falloff shapes obtained
under the weak collision assumption with those calculated using
the popular modified strong collision approximation.

In the most simplified, Lindemann-type model of pressure
effects, where the molecule is considered to be in one of two
possible states (activated or deactivated) and each collision with
the bath gas deactivates an activated molecule, the ratio of
decomposition to stabilization rates will be equal to

D_k
ST (X1
Here,k is the rate of decomposition of an activated molecule
andw is the frequency of collisions with the bath gas. For the
more complex (and more realistic) case of energy-dependent
microscopic rate constants Rabinovitch and Diésgoposed

to use an effective, or “intuitive” decomposition rate constant
obtained via expression XXIII from the collision frequency and
D/S ratio for the purpose of analyzing shapes of pressure
dependencies:

k= w% (XXIV)

ks does, indeed, present a convenient means of analysis since it
removes from the pressure dependence its dominating Linde-
mann-type component. While the scales of changd3/#or
S(S+ D) are comparable with the scale of changing pressure,
kais less dependent on pressure. In fact, all pressure dependence
of ka occurs due to deviation from the Lindemann behavior.

Figure 15 presents shapes of falloff curves and corresponding
ka vs pressure dependencies for chemically activated decomposi-
tion of secondary butyl radical (H cis-C4Hg is the activating
reaction) in He bath gas at 650 K obtained using the final model
developed in the current work. The weak collision case with
[AELown given by formula XVII is represented by the solid line
and the madified strong collision approximation by the dashed
line. Formulas forS(S + D) vs pressure dependence for the
modified strong collision case can be found, for example, in
refs 3 and 9. The collision efficieng§. = 0.0775 and factor

mental range since they consider the lower-pressure dataFg = 1.940 for the modified strong collision case were computed

unreliable due to the “low-pressure artifact.”

Because 1-¢Hg has the highest heat of formation compared
to thecis- andtransbutenes, the H- 1-C4Hg “entrance” channel
is characterized by the highest energy of the initially formed

via formulas 2.31 and 4.8 of ref 80, respectively. As can be
seen from the plots, the modified strong collision approximation
yields a very poor representation of the weak collision falloff,
with differences being as large as several orders of magnitude.
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log[P / Torr] a second steady state appears due to the thermal decomposition
8765432101234

H o
q o

of the stabilized addué® Under such conditions, the correct
- identification of the first and the second steady states is
7 imperative for the “straightforward” method; fluxes must be
computed at a reaction time corresponding to the first steady
state. If the correct time is not selected, the “straightforward”
- method fails to describe the thermal reactivation of the stabilized
T molecules as a separate phenomenon and yields incorrect values
of reaction branching fractions andg (dotted lines in Figure
i 15 indicate incorrect pressure dependencies obtained via the
“straightforward” method by setting a fixed time of 10s for
all pressures).
) Other methods of the master equation solution and its
log[P / Pa] interpretation for chemically activated reactions have been
: published in the literature (see for example, refs 54;-93).
All of these works are based on the same fundamental
understanding of the physics of processes occurring in reactive
. systems characterized by chemical activation. At the same time,
the numerical methods used by these authors differ. A discussion
of different approaches to the master equation solution can be
found in ref 95. Earlier work by Smith et &t provided a
solution for the steady-state case. Later studies concentrated on
solving the time-dependent master equation and providing
solutions in the form of complex concentration vs time
dependencies, including cases of non-steady-state behavior.
dependencies (lower plot) calculated for He bath gas at 650 K using Derl\_/at_lon of rat(?‘ cor_lstant valuej’s from such sqlutlons Wou_ld
the final reaction model and (1) exponential-down weak collision model be similar to the stralg_htfory\{ard_ method d_escr_lbed above in
with zirtual componentormalism?? solid lines, (2) modified strong the sense that careful identification of the time interval corre-
collision model, dashed lines, and (3) exponential-down weak collision sponding to the appropriate steady state is required for the results
model with stabilization and decomposition channel fractions obtained to be meaningful. Theirtual componentsormalisni® used in
via “straightf(_)rward” integratiqn of fluxes (atf!xe_d time of 10s; see this study provides formulas both for the steady-state rate
text, subsection I11.2), dotted lines. Large deviations between the weak constants (without need for explicit consideration of time

collision and the modified strong collision models demonstrate the ) h lution f Kinetics th
inapplicability of the modified strong collision model to chemically dePendencies) and the solution for non-steady-state kinetics that

activated systems. Deviations between the solid and the dotted lines@llows its incorporation into large-scale kinetic schemes.
illustrate the fact that, at higher temperatures, caution must be exercised The qualitative behavior of thk, vs pressure dependence
to seﬂlect time corresPondlng to the_ correct steady state when 'applylnghas been discussed earlier by Diesen and Rabinditeti by
Lﬁzncﬁ%gprz&ri‘gﬁf flux-integration approach to computation of - onimajer and Rabinovitch0 The increase dfa with pressure
at the high-pressure end of the dependence (present in both cases

of weak and strong collision) is due to the nonzero width of
the results obtained with weak collision and modified strong the activation distribution (energy distribution of the molecules
collision models in their master equation calculations of the HO formed in the activating reaCtloﬁ')‘i_In_the strong collision case,
+ CzHa channel fractions in the reaction ofid; with O,. When ka = (K(E)Uin the high-pressure limit ankh = ((K(E)1)™ in
considering these results, one should bear in mind that formulasth® low-pressure limit, where averaging is done over the
used forB; andFe were developed by the authors of ref 80 for activation distributiorf:“*1% Therefore, one can expect an
thermally activated reactions only and were not intended for increase with temperature of the relative difference between the
use in chemical activation cases. These formulas, however, ardntermediate-pressure and the high-preskwvalues due to the
frequently used for this purpose by other workers in practical Widening of the activation distribution.
calculations. The increase of, with decreasing pressure observed only in

At 650 K the thermal decomposition sécC4Hg is important the weak collision case is due to the fact that, effectively, several
(This temperature was chosen to accentuate the effects of thecollisions are required to deactivate an excited molecule to a
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Figure 15. Stabilization falloff curves (upper plot) and vs pressure

Recently, Venkatesh et &l.observed large deviations between

thermal reaction.). Theirtual componenformalisni® used in level below the barrier to decomposition. At low pressures, such
the current work takes thermal decomposition into account since multistep deactivation decreases at a rate faster than proportional
this method distinguishes between the decompositiosecf to pressure, stabilization shows a steeper than proportional

butyl radicals that are activated chemically from the decomposi- pressure dependence, aadncreases with pressufé?In the

tion of those radicals that were stabilized by collisions and then low-pressure limitk, becomes pressure independent and the
thermally reactivated. An alternative, “straightforward” way of stabilization rate becomes proportional to pressure. This regime
computing rates of decomposition and stabilization can be basedoccurs when the pressure is too low for multistep deactivation
on averaging (by integration) of microscopic rat€g) over and all stabilization is due to an extremely inefficient one-step
the steady-state population distribution (to determihethe deactivation on the “tail” of the collision energy transfer
decomposition flux) and by computing the overall flux of probability function. Thus, the low-pressure limiting value of
activated molecules “downward” along the energy axis (to ksis most sensitive to the energy difference between the critical
determineS). The results of theirtual componentapproach energies of the “entrance” and the “exit” channels of a
and of the alternative, “straightforward” method coincide if chemically activated reaction and to the long-range part of the
steady stafé->*is achieved. However, at higher temperatures, collisional energy transfer probability functioR(E,E). In
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curves reported by Kohimaier and Rabinovitéhor He as bath
gas. Second, this simple functional fortAEldown proportional

to T) was assumed to extend to higher temperatures correspond-
ing to the experimental conditions of the thermal decomposition
experiments of Knyazev et &.Thus, a linear proportional
temperature dependence @E,w, was artificially imposed

in the process of modeling the thermal decomposition data.
Third, the model was adjusted (correction -68.4 kJ mot?!

was applied toAfHxgseeCsHo)) so that [AELown VS T
dependencies obtained via fitting chemical activation data and
thermal decomposition data in He coincide (subsection II.3).
This exercise yielde@\Elown = 0.5207 cm (expression X VI,

T expressed in K) for He as bath gas. Finally, the adjusted model
was used to simulate experimental data on both the chem-
ically346-10 and thermally? activated decomposition of second-
ary butyl radical in other bath gases.

Fitting of falloff data for other bath gases performed without
any further modifications of model yielded similar linear
proportional temperature dependencieSXE o, for all small
(monatomic and diatomic) colliders for which temperature-
dependent data are available. These temperature dependencies
are given by expressions X\HXXII and illustrated in Figures
3, 5, 8-10. For two of the bath gases, Ar and,Nhese
temperature dependencies were derived from thermal decom-

position data as well as from the results of experiments on the

Figure 16. Selected experimental and calculated pressure dependenciechemically activated reaction (Figure 5). The only polyatomic
of ke Upper plot: He bath gas (with small fractionsaié-CsHs). Lower bath gas for which temperature-dependent data are available,
plot: CO,, CHs, and Sk bath gases. Sources of experimental data and ¢js-C,Hs, demonstrates an even stronger than proportional
symbols are the same as in Figures 2 and 11. temperature dependence [E[Jow, (inset in Figure 1).

Since the proportionality coefficients of the fittédA Eldown
vs T dependencies are very sensitive to some of the critical
parameters of the model (for example, AgH®29¢(secCyHg),
as demonstrated in subsection I1.3), it is important to know
whether that functional (proportional) form BREldown VS T is
preserved when model parameters are varied within reasonable
hmcertainties. It is impractical to investigate the influence of
all model parameter uncertainties on the fitting results due to
their large number. However, we performed an uncertainty

particular, effects of “supercollisions” (collisions that transfer
large amounts of vibrational energy) can be expected to play a
role in this low-pressure regime. Although a recent direct
experimental study of collisional energy transfer puts the fraction
of “supercollisions” at less than 1%, considering the several
orders of magnitude of difference between kh@alues at low
and intermediate pressures, one can expect that even this smal
fraction can affect the low-pressukg values. In the current
example, the low-pressure proportional regirke= constant) . .
is reached only at physically impractical pressured@* Pa analysrs for the most important of thes',e parameters.
(<1078 Torr)), where collisions with reactor walls will dominate ~ The influence of the heat of formation of secondary butyl
over COI“S'OnS Wlth the bath gas) For Other reactions W|th a rad|CaI on the f|tt|ng reSU|tS IS deSCl'Ibed In Subsect|0n 1.3 Where
lower energy gap between the “entrance” and “exit” channels it is demonstrated that, although variationoH°o(secCsHo)
this regime may become practically achievable. results in significant changes of the fittd@Edown vs T
Kohlmaier and Rabinovitéi® used the experimentd, vs dependence, the proportional functional form is preserved. One
pressure dependencies and, in particular, the “turnugk; at should note here that although the valuegfi®2o5(secCsHo)
low pressures to evaluate parameters of weak collisions with = 64.1 kJ mof* selected for use in the model was obtained by
the bath gas. However, at these low pressures the accuracy ofdjusting the value reported by Seakins €y 3.4 kJ mot*,
experimental data was the lowest (see subsections II.1 and I11.1).this new value should not be understood as a more accurate
Intermediate and high experimental pressures corresponded t¢ietermination ofAiH20g(secCsHo). In principle, the values of
the regime Wherka does not Significant|y Change with pressure, mE@own obtained from data flttlng are very sensitive to the heat
with the exception of data obtained in po|yatomic bath gases, of formation OfseC'bUtyl radical and the requirement that the
which show an increase ik, with pressure. Therefore, in the ~[AELow(He) vsT dependencies obtained from modeling of the
current Work’ we prefer to use the overall agreement between chemical activation and the thermal activation data coincide pUtS

the experimental and calculat&{S + D) vs pressure curves  Strict boundaries on the value AfH209secCsHg). However,
to derive information onMAERQ..n rather than accentuate the Many additional sources of uncertainties in the model parameters
low-pressure experimenti| behavior. For illustrative purposes, ~ (vide infra) influence theAELdown temperature dependencies
Figure 16 demonstrates the (rather uncertain at low pressuresfnd, therefore, these parameter uncertainties propagate into the
experimental and calculatégvs pressure dependencies for He, uncertainty of the optimum value @H°20g(se¢CsHo).
CO,, CHy, and Sk bath gases. Another most important parameter to which the modeling
111.3. Values and Temperature Dependencies ofAE [down. results are very sensitive is the energy gap between the barriers
The values of AE[Jown Obtained in the fitting of the experimental  for the “entrance” and “exit” channels of the chemically
data demonstrate strong positive temperature dependencies. lactivated reaction. Varying this energy gap in the model has
the modeling process, first, a linear proportional dependencethe effect of “shifting” thek;,(E) dependence along the energy
was obtained by fitting the experiment&(S + D) vs pressure scale relative to the energy distribution of chemically activated
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sechutyl radicals and thus modifying the relative efficiency of weak negative temperature dependend@&f down Or alAEldown
decomposition vs stabilization. approximately independent of temperature.

Several model parameters can contribute to uncertainty in  The values offAE[Jown Obtained in the current work differ
the value of this energy gap. These are the heats of formationsignificantly from those derived by Kohlmaier and Rabino-
of C4Hg and GHg and the activation energies of the high- vitch®10 from the analysis of their experimental data. These

pressure-limit rate constants of thetHC4Hg and CH + C3Hg authors reported significantly larger average energies transferred
addition reactions. The first three of these parameters haveper collision, on the order of 4661200 cnt? for small collider
uncertainties oft1.0,40.8, and+0.7 kJ mot?, respectively. molecules and-3000 cnt? for polyatomic bath gases. Several

The uncertainty in the CH+ C3Hg — secC4Hg reaction factors contributed to the differences, including methods of
activation energy is not easily evaluated since expression | for master equation solution, properties of molecules and transition
the temperature dependence kit was obtaine® in an states involved, methods of data interpretation, etc. One of the
analysis of relative rate measurements of two different sources of disagreement is in the different values of the energy
groups31-32 Considering the fact that these two relative rate gap between the entrance and the exit channels of the chemically
measurements agree very well despite using different referenceactivated reaction. The values of-283 kJ mof* were used in
reactions and that they agree with the results of Baldwin étal., refs 9 and 10 while in the current work the lower value of 23
we estimate an upper limit to the uncertainty in the reaction 1b kJ mol ! was used, which was, in addition, somewhat lowered
activation energy to bet2.0 kJ mot? If all the above by the tunneling effects (see Figure 14). Most of thermochemical
uncertainties are combined by simple addition, one obtains thedata used in the current work were not available in 1963 when

maximum possible deviation of:4.5 kJ mot?! from the refs 9 and 10 were published.
optimum value of the energy gap between the “entrance” and |t is interesting to note that the values GAE[Jown for
the “exit” channels. relaxation of secondary butyl radical in He, Ar, and Qgath

Modeling and fitting of experimente®(S + D) vs pressure  gases obtained in the current work from modeling of kinetic
data of Kohlmaier and Rabinovitef obtained in He bath gas  data are reasonably close to those reported in a recent study of
was repeated twice with the final model described in subsection Hold et al’* These authors applied the most direct of the cur-
1.3 modified by increasing or decreasing the above four rently existing experimental techniques, kinetically controlled
parameters (heats of formation and energy barriers) in such aselective ionization method (KCS%#,to monitor the temporal
way as to provide 4.5 kJ mol change in the “entrance-exit”  evolution of energy distribution functions in toluene and azulene
energy gap in both “plus” and “minus” directions. To perform molecules excited to high vibrational energies. The values of
data fitting in He bath gas, firstAE[ldown values forcis-C4Hs [AELdown reported by Hold et al. for He, Ar, and GQ@liffer
bath gas had to be obtained with the modified reaction models. from those derived in the current work by factors ranging from
The results of this modeling exercise demonstrated that althougho.8 to 1.4: (values are given in cthin the following order:
the individual fitted values ofAE[down changed drastically with  this work/ref 74 for toluene/ref 74 for azulene) 158/126/123
the variation of the energy gap between the “entrance” and the (He), 174/173/177 (Ar), 239/272/333 (GOA larger difference
‘exit” channels (reactions-1a and 1b), the proportional s observed focis-C4Hg as bath gas: 327/559/642. AINE[down
[AELdowr(He) vs T dependence was preserved. In particular, values are for the energy of the reaction 1b barrier (see
[AEown(He, plus)= 1.01IT cm* and [AELow(He, minus)= subsection 11.3).

O._274I' crr_rl (T expressed in K) dependencies were obtair_1ed When comparing the above values @E[down and their
with the increased and decreased energy gaps, respectivelyigmperature dependencies with the results of spectroscopic
Individual LAELown values obtained for He antis-C,Hg bath experiments on collisional relaxation of highly vibrationally

gases are listed in the Supplement. These results serve Q. jteq molecules or with the predictions of trajectory calcula-
der_nonstrat_e that reasonable mod|f|cat|ons of the reaction mOdel'tions, one should bear in mind that the numerical values of
while resulting in changes to the fittéAEldown values, donot  aApp - derived here or elsewhere are obtained through a prism
change the fact of linear direct proportionality in t2Eldown of theory applied to interpret concrete experimental or compu-
vs T dependence observed for small bath gas colliders. tational results. Details of the model used translate into the
The observed proportionality of tHAE(down VS temperature  [AE,,, values. This dependence on the theory used is expected
dependence is not surprising. A similar dependedeldowr to be more pronounced when collisional energy transfer
(He) = 0255 cm™ was derived®’” from RRKM/master — properties are derived from modeling reaction rate data com-
equation modeling of experimental falloff data on reactions 3 pared to more direct experimental techniques, such as, for
and -3 example, the KCSI methof.In particular, even considering
the large amount of experimental data of different types that
CHs—=H+CH, (3-3) were quantitatively described in the current modeling effort,
we still cannot discern such details B{E,E') as the energy
obtained at temperatures ranging from 298 to 1100 K. Modeling dependence ofAEld.wn (assumed here to be linear, formula
of two other radical decomposition reactionsCgH7 < H + XV) or the functional form of P(E,E’) (assumed to be
C3He,"® CoHz < H + CoHo)*8 resulted in a positive temperature  exponential-down, formula XIV). The re&(E,E’) functional
dependence ofAEld,w, although with different functional  form may be different. For example, a noticeable long-range

forms. A positive temperature dependence [E[own iS “supercollision” contribution toP(E,E") has been predicted
supported by the results of experimeftaand trajector§? theoreticall§’—8° and observed experimentall§° although
studies of collisional energy transfer in large polyatomic assessments of the relative importance of such collisions that
molecules. Dashevskaya etfépredict an increase aiELdown transfer a large amount of energy differ. Trajectory calcu-

with temperature (although less steep than a proportional lation$7-8 predict a substantially more pronounced “supercol-
dependence) within the framework of the sequential direct lision” fraction than do KCSI experimerftsand state-to-state
encounter model. On the other hand, theoretical results of statistical-dynamical theo. The linear proportional temper-
Borjesson and Nordhoffhand Ming et aP® support an opposite,  ature dependence GhEld,wn 0bserved in the current work may
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acquire a different functional form if other models of collisional

energy transfer (such as, for example, a biexponential mode

incorporating a “supercollision” contribution) are used.

In addition, the current model is based on the assumption

that the proportionallAEldown VS temperature dependence

observed at low temperatures will be sustained above 373 K,
up to the temperatures of the experiments of ref 12. It is possible,

however, that, with the increase of temperatlfe:[down Will

Knyazev and Tsang
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mental literature data are best reproduced by using values ofsubmitted.

[AE[own that increase with temperature at low and moderate o,

temperatures but stabilize to a 600 ¢nplateau under combus-
tion conditions.

The success of the current modeling of a very diverse set of
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by distinctly different shapes of energy distribution functions

(chemical and thermal activation) demonstrates the capabilities
of statistical theories of unimolecular reactions and the adequacylo((ﬂ6
of the applied master equation description of pressure effects.

To further the reliability and predictive abilities of theory, more

certain knowledge of collisional energy transfer properties is

required and the effects of different features R{E,E) on
chemical kinetics need to be investigated.
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