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Abstract

The collisional energy transfer dynamics relevant to the unimolecular kinetics of linear, branched, and
cyclic hydrocarbons, including both radicals and saturated and unsaturated molecules, in atomic and
diatomic baths is studied via classical trajectories. A set of full-dimensional potential energy surfaces
(PESs) suitable for efficient trajectory simulations involving large hydrocarbons (C.H,) colliding with
any of seven baths (M = He, Ne, Ar, Kr, H,, N,, O,) is validated against direct dynamics calculations
for two small systems. The PESs are then used to calculate Lennard-Jones collision parameters, and a
general rule for calculating these parameters based only on the number of carbon atoms and the bath
gas is obtained. Next, the PESs are used to calculate low-order moments of the collisional energy transfer
function relevant to low-pressure-limit unimolecular kinetics for a total of 266 systems (38 unimolecular
reactants in 7 baths), with a focus on the average angular momentum and total energy transferred in
deactivating collisions. These moments are used to quantify the relative rotational and total collision
efficiencies of the 7 baths for the various hydrocarbon reactants. Trends in the collision efficiencies with
respect to the chemical structures of the hydrocarbon reactants are discussed.
© 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

In the low-pressure limit of a unimolecular
reaction, the reaction rate is proportional to the
rate of activating bath gas collisions and is
therefore proportional to the pressure of the
bath gas [1]. The relative collision efficiency .4y
with which different bath gases M promote a
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unimolecular reaction may be formally defined
as the ratio of low-pressure limit rate coefficients,
ko, 1.e. My = ko lko.ar, Where we have chosen Ar
as the reference bath.

Few systematic experimental studies of .4y
for unimolecular reactions in several baths have
appeared (for example [2-4]), and the dependence
of .#/\ on the temperature, bath gas, and chemi-
cal structure of the unimolecular reactants has
not been widely quantified, particularly for uni-
molecular reactants with more than a few heavy
atoms. Theoretical studies have also appeared
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(for example [5-8]), but the majority of these have
not been targeted at quantitative kinetics. We
have studied the pressure-dependent kinetics of
CHy4 + M in ten atomic, diatomic, and molecular
baths via a first-principles approach that includes
classical trajectories, transition state theory,
quantum chemistry, and master equation (ME)
calculations [9-11]. The theoretical rate coeffi-
cients were found to agree with available experi-
mental results within a factor of two, with the
principal sources of error assigned to the neglect
of vibrational anharmonicity and simplifications
in the ME model for energy transfer. The princi-
pal goal of the present work is to use these meth-
ods, along with a new set of computationally
efficient C,H, +M potential energy surfaces
(PESs), to characterize .#\y for hydrocarbons as
large as CgH;g and for seven typical atomic and
diatomic baths.

My can be calculated by solving the ME [12—
14] for ko or approximately by evaluating simple
functions of trajectory-based low-order moments
of the energy transferred in bath gas collisions.
In Ref. [11], .#\v was evaluated using a one-
dimensional (1D) and two different two-dimen-
sional (2D) ME models. One of the 2D models
(labeled 2D/@) makes use of a microcanonical sta-
tistical assumption for the distribution of post-
collision rotational states to simplify the solution
of the ME. The other model (labeled 2D) is explic-
itly 2D and includes the effect of “weak collisions
in J” that do not fully equilibrate rotations. For
CH, + He at 300 K, the weak-collider-in-J effect
was found to lower ky, by a factor of 2 (ie.,
ko(2D/@)/ko(2D) =2). At higher temperatures,
the results of the 2D/¢ model agreed well with
the 2D model, even when the trajectory results
showed that rotations were not fully collisionally
equilibrated microcanonically. Here, we quantify
the efficiency of rotational equilibration for sev-
eral baths and for hydrocarbons larger than
methane.

Also shown in Ref. [11], solutions to the 1D
ME were found to predict accurate relative colli-
sion efficiencies, .#\, particularly for atomic
and diatomic baths, even when the 1D and 2D
values of k& differed significantly. Troe’s weak col-
lider correction, fi., to the strong collider rate
coefficient was derived [1] by considering solutions
to the 1D ME, where f. = [o/(« + FekgT)F, Fg is
related to the thermal population of the states of
the unimolecular reactant above its reaction
threshold, and o is the range parameter of the
exponential energy transfer function P for deacti-
vating collisions. For this choice of P and under
conditions often satisfied for unimolecular kinet-
ics, a is equal to the average energy transferred
in deactivating collisions <AE4>. Within this
approximation,

%M(T) = ZMﬁc,M/ZArﬁcﬁAra (1)

where Zy; is the collision rate coefficient. At room
temperature, Fg ~ 1 and FgkgT evaluates to val-
ues similar in magnitude to o such that f3. is nearly
proportional to «. For large systems at high tem-
peratures, FgkgT > o such that f. is nearly pro-
portional to «’. We can then approximate Eq.

(1) as
My (T) = Zyoyy | Z sy, (2)

with n~ 1 at 300 K and n — 2 at high tempera-
ture, which is easier to evaluate than Eq. (1). Here
we tabulate the results of Egs. (1) and/or (2) for a
total of 37 hydrocarbons in seven atomic and dia-
tomic baths based on values of a= <AE>
obtained from ensembles of classical trajectories.
Trends in .#\ with respect to temperature, the
bath gas, and the chemical structure of the
unimolecular reactant are discussed. The present
tabulations of .#y; can aid in building bath gas
dependence into pressure-dependent rate coeffi-
cients appearing in detailed chemical kinetic
mechanisms of combustion.

The present work is organized as follows. First,
a set of “universal” C,H,, + M PESs suitable for
efficient classical trajectory calculations for large
systems is validated against direct dynamics
results. Next, Lennard-Jones collision rates Z
are obtained from calculated Lennard-Jones
parameters (¢ and &) for several C,H, + M sys-
tems. A simple rule for ¢ and ¢ based only on
the bath gas and the number of carbon atoms is
obtained. Low-order moments of the energy
transfer function are calculated using ensembles
of classical trajectories. These low-order moments
are used to quantify the rotational collision effi-
ciency and to evaluate Eqgs. (1) and (2) for several
unimolecular reactants and for seven atomic and
diatomic baths. Hydrocarbons as large as octane
are considered, including linear, branched, and
cyclic alkanes and linear alkenes and radicals.
The dependence of .#y (calculated using Egs.
(1) and (2)) on temperature and the structure of
the unimolecular reactant is quantified.

2. Theory

In Refs. [10] and [11], full-dimensional PESs
were developed for CH, interacting with atomic
and diatomic baths. The total PES may be written
V="Vr+ Vm+ Vi, where Vp is the intramolecu-
lar potential of the hydrocarbon “target” CHy,,
VM is the intramolecular potential of the bath,
and J7 is the intermolecular potential describing
the target-bath interaction. In the most efficient
PES previously considered by wus, Vt was
described via a tight binding (TB) model for
hydrocarbons parameterized by Wang and Mak
to reproduce molecular properties of a variety of
species [15]. The diatomic bath gas intramolecular
potentials, Vg, were obtained by fitting the results
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of high-level quantum chemistry calculations to
simple analytic functional forms. The results of
classical trajectory calculations for collisional
energy transfer relevant to unimolecular kinetics
are most sensitive to Vj, which is of the same
dimensionality as the full potential. A simplifying
assumption involves approximating V7 as a sum
of atom-atom (pairwise) Buckingham (exp/6)
interactions. Buckingham parameters for CHy4
interacting with He, Ne, Ar, Kr, H,, N», and O,
were previously obtained [10,11] by fitting them
to reproduce the results of high-level quantum
chemistry calculations along various CHy-bath
cuts through V7.

The resulting “separable pairwise” TB + exp/6
PESs for CH4 + M were tested against full-dimen-
sional, non-separable, and non-pairwise direct
dynamics calculations for CH4+ He, Ne, and
H, by comparing low-order moments of the
energy transferred in collisions [10]. The separable
pairwise TB + exp/6 approach was found to pre-
dict very accurate moments for the atomic baths
but was somewhat less accurate (with errors up
to ~50%) for M = H,. A parameterization for
M = H, was obtained that reproduced the direct
dynamics result.

In addition to greatly simplifying the parame-
terization of V7, the separable pairwise approxi-
mation allows for the development of
“universal” PESs for C.H, + M collisions, so long
as the pairwise exp/6 parameters are transferrable
from methane to the larger hydrocarbons. Here
we test this transferability. Specifically, we com-
pare the results of trajectory calculations using
the TB + exp/6 PES against direct dynamics using
the MP2/aug’-cc-pVDZ PES for C,Hg + He and
C,Hs + He. The MP2/aug’-cc-pVDZ PES was
used previously for CH4 + He [9], where it was
first validated by comparing the MP2 V| against
higher-level quantum chemistry calculations along
various CHy + He cuts through V7. Similar tests
were repeated here for C,Hs/ + He, and the
MP2/aug’-cc-pVDZ PES was found to have simi-
larly good accuracy for these systems.

The “one-dimensional minimization” method
[16] and the TB + exp/6 PES were used to calcu-
late Lennard-Jones collision parameters (¢ and
¢) that include the effect of local anisotropy in
V1 and to calculate Lennard-Jones collision rates
Z. This method was previously shown to predict
Z typically within 10% of collision rate coefficients
based on tabulated values. The values obtained
using the TB + exp/6 PES were also shown to
agree well with direct MP2 and QCISD(T) calcu-
lations for several small systems.

Our strategies for calculating low-order
moments of the energy transfer function from
ensembles of classical trajectories have been
described previously [9-11] and are used here
without significant modification. Several groups
have used similar classical trajectory methods in

earlier studies of energy transfer (e.g., 5-8,17—
20). These studies revealed many important
details of the energy transfer function, including:
increased energy transfer with increased initial
vibrational and rotational excitation, long “tails”
in AE corresponding to low-probability and very
energetic “supercollisions [19],” and the nonsepa-
rability of AE and AJ [8]. The present ensembles
typically consist of 12,800 trajectories for each
unimolecular reactant, bath gas, and temperature
with bootstrapped [21] 1o statistical uncertainties
of ~2%. In total, this study includes more than 3
million trajectories.

Low-order moments of the energy transfer
function are typically weak functions of the initial
total energy. To simplify the present study and to
enable systematic comparisons between species,
the initial total energies were selected close to typ-
ical threshold energies for unimolecular reactions
of different classes of compounds. Specifically,
the classical vibrational energies, E'\y,, were cho-
sen to be independent of rotational state J' and
equal to 95 kcal/mol for the alkanes and for the
cycloalkanes larger than cyclobutane, 80 kcal/
mol for the alkenes, 65 kcal/mol for cyclobutane,
and 35 kcal/mol for the radicals. This energy
includes the energy associated with the initial
rotational projection quantum number K'. The
initial total energy, E', is the sum of FE'y;, and
the instantaneous rotational energy for J' evalu-
ated with K’ = 0.

For the larger of the systems considered here,
care must be taken to sample the impact parame-
ter out to sufficiently long range. For test ensem-
bles at 300K and considering the normal
alkanes, the impact parameter, b*, at which the
average energy transfer was less than 1 cm™! was
determined. For colliders other than M = He,
b*=9-12A for CH4 to CgH;s, with b for
M = He ~1 A shorter. In the “production” trajec-
tory ensembles, b, Was set to b* + 1 A. The val-
ues of by,.x derived for the normal alkanes were
used for the other species considered here based
on the number of carbon atoms. As described pre-
viously, [9,17] the calculated moments were scaled
from the trajectory-based hard-sphere collision
frequency with the collision radius b, to the cal-
culated Lennard-Jones collision frequency. The
present moments may then be used alongside the
present calculated Lennard-Jones collision fre-
quencies in kinetics calculations.

Vibrationally averaged rotational constants,
<A> and <B>, were used when selecting the
initial values of J' and K' from classical thermal
distributions, whereas, previously, values evalu-
ated at the classical equilibrium geometry, A.
and B., were used. (A near-symmetric top is
assumed for all the species considered here, where
B is the average of the two most similar rotational
constants, and A is the remaining rotational
constant.) The vibrationally-averaged rotational
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constants were calculated by averaging 4 and B
evaluated at 1280 geometries sampled from a
microcanonical ensemble with a total energy E'
and with /= K =0. (No attempt was made to
calculate rotational-state-specific values of <A>
and <B>). For systems with three or fewer carbon
atoms,<4> =~ A. and <B>= B.. For larger
systems, the vibrationally averaged rotational
constants can be significantly different from A,
and B, (as the linear alkanes coil up, e.g.). For
n-octane, <B>/B. = 1.5 and <4>/4. = 0.5, where
the linear equilibrium conformer was used to eval-
uate 4. and B.. Because energy transfer is a sensi-
tive function of the initial rotational quantum
number, the different choices for the defining the
initial distribution of J' can have a non-negligible
effect on the calculated moments for the larger
species.

3. Results
3.1. Validation of the universal C.H,, + M potential

The transferability of the TB +exp/6 PES
parameterization to systems larger than methane
was tested for C,Hg+ He and C,Hs+ He.
Figure 1 compares calculated values of <AEs>
obtained using the analytic TB + exp/6 and direct
MP2 PESs. Agreement between the results for the
two PESs is typically within the error bars of the
direct dynamics result. There is some indication
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Fig. 1. The average energy transferred in deactivating
collisions, <AEgs>, for the MP2/aug-cc-pVDZ (blue
squares) and TB 4 exp/6 (black circles) PESs for (a)
C,Hg + He and (b) C,H;s + He. The error bars show 2c
statistical uncertainties. Simple expressions fit to the
TB + exp/6 results are shown as red dashed lines. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article.)

that the TB+exp/6 PES overpredicts <AEs>
for C,Hs+ He by ~20%, particularly at low
temperature. Similar studies for larger species
are underway. For now, the present comparisons,
along with previous tests of the TB + exp/6 PES
[10,16], support its use for larger systems.

3.2. Collision rates

Binary Lennard-Jones collision parameters
were calculated for several C.H,.+» and C,H,,
species interacting with four atomic and three
diatomic baths. These calculations include normal
(unbranched linear), iso- (2-methyl), and neo-
(2,2-dimethyl) C,H,,, species for x =1-8 and
unbranched cyclic and 1-ene C,H,, species for
x = 3-8. In total, 29 unimolecular reactants and
7 baths were considered. The predicted values of
both ¢ and ¢ systematically increase with the num-
ber of carbon atoms, x, but are relatively less sen-
sitive to branching, cyclization, and saturation.
For the present set of saturated, lightly branched,
and lightly unsaturated systems, we may propose
oc(M) =g (M)x and (M) = & (M)x=M),
where ¢;(M) and ¢;(M) are the calculated param-
eters for CHy; + M, and n, =0.15 and n (M) =
0.25-0.40 were fit to reproduce the results of the
n-alkanes. These parameterizations reproduce
the collision rates based on the explicitly calcu-
lated Lennard-Jones parameters within 5% for
all of the collision partners considered here,
including the branched, cyclic, and unsaturated
species. A more detailed presentation of these
results is included as supporting information.

(a) 1.05
1.00
A'u
g 0.95
7 -0-C2H6+He
3 0.90 -e-C2H6+H2
@ 0.85 = -C2H6+Ar
—&—C2H6+02

0.75 " L . " " L
35 50 65 80 95 110 125
E', kcal/mol

Fig. 2. The dependence of <AEs> on E' is shown for
C,Hg in four baths at (a) 300 K and (b) 2000 K. The
results for each bath gas and temperature are scaled to
<AEg> for E';, = 95 kcal/mol.
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3.3. Dependence on the initial energy of the
unimolecular reactant

Figure 2 shows the dependence of <AE4> on
the initial total energy E' for C,Hg in He, H,,
Ar, and O,. As expected, <AEs> generally
increases with E’ but the dependence is minor.
The results are bath gas and temperature depen-
dent, with less dependence on E' for the heavier
baths and at room temperature.

Quantifying the magnitude of the dependence of
<AE4> on E is relevant to the present study as we
compare collision efficiencies for species with differ-
ent threshold energies. Figure 2 may be used to jus-
tify the present assumption of using “standard”
threshold energies for different classes of unimolec-
ular reactants, as differences of a few kcal/mol in
the threshold energy result in negligible differences
in <AEg>. Likewise, results for the alkanes and
cycloalkanes (E'yi, = 95 kcal/mol) can be com-
pared with those for the alkenes (E'\;, = 80 kcal/
mol) with only a minor (~5%) reduction in
<AEg4> attributed to differences in £. When com-
paring results with the alkyl radicals (E';, = 35 -
kcal/mol), on the other hand, one may attribute a
reduction in <AE4> of ~20% for the lighter baths
at high temperature to differences in F'.

3.4. Rotational collision efficiency

Next we consider the rotational collision effi-
ciency of the seven baths for normal alkanes as
large as octane. As demonstrated previously for
CH4+ M [11], incomplete collisional equilibra-
tion of rotational states (i.e., weak collisions in
J) can lead to a factor of ~2 reduction in the rate
coeflicient at 300 K relative to the results of ME
models that assume complete rotational equilibra-
tion. The weak-collider-in-J effect can be esti-
mated by comparing trajectory-based values of
the average change in the rotational state in deac-
tivating collisions,<AJg>, with limiting (i.e.,
strong-collider-in-J) values of <AJg> obtained
by assuming thermal or microcanonical distribu-
tions of final rotational states. As discussed previ-
ously [11], the microcanonical limit is more
relevant to the 2D/¢@ model, whereas the thermal
limit may be more relevant to the trajectory
ensembles. Fortunately, both limits predict similar
values of <AJ4>, which simplifies our interpreta-
tion of the trajectory-based values of <AJz>. In
our earlier CH4 + M study [11], water was found
to be the strongest collider in J with low-order
moments of AJ close to their microcanonical lim-
its at low temperature (<1000 K). For M = H,O
above ~1000 K and for the atomic and diatomic
baths, <AJ4> was shown to be only 30-50% of
its microcanonical limit for CH, + M.

As shown in Fig. 3, the rotational collision
efficiencies of the two lightest baths, He and H,,
deviate significantly from their thermal limits

“He emthermal
Ne ——H2

Ar ® N2 £
Kr —&—02

—
Q
N
=
H
oo Q

0 500 1000 1500 2000 2500 3000
T,K

Fig. 3. The average rotational quanta transferred in
rotationally deactivating collisions, <AJyg>, for (a)
methane, (b) ethane and (c) propane in seven baths.
To avoid cluttering the graph, data for only three of the
baths are connected with lines. Results for the larger
normal alkanes are qualitatively similar to those for
propane.

(which, as mentioned above, are similar to the
microcanonical limiting values), even for the lar-
ger unimolecular reactants. These results suggest
that an explicitly 2D model that includes this
weak-collider-in-J effect may be required for
quantitative predictions of these baths, although
we note that the kinetic effect of weak collisions
in J was previously found to be negligible above
300 K for CH4 + M [11]. The rotational collision
efficiencies of the heavier baths, on the other
hand, deviate significantly from their limiting val-
ues only for the smaller alkanes (methane and eth-
ane). Results for the larger alkanes are similar to
those for propane and are given as supporting
information. These results suggest that the micro-
canonical equilibration assumption for J in the
2D/ ME model accurately treats rotational
energy transfer for the larger unimolecular reac-
tants and the heavier baths.

3.5. Trends with respect to the bath gas

Troe’s weak collider efficiencies f§. were evalu-
ated for several normal alkanes, with FgkgT =
218-265cm™! for methane—octane at 300 K
and FgkgT = 1970, 3050, 9990, 81,500, and
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2,830,000 cm ™! for methane, ethane, butane, hex-
ane, and octane at 2000 K, respectively. At 300 K,
FgkgT is similar in magnitude to that of «
(o = 140-630 cm™" for the various baths and uni-
molecular reactants, with an average value of
350 cm™Y), resulting in near linear dependence of
ko on o for a given unimolecular reactant. At
2000 K, o=470-1250 cm™' with an average of
900 cm~!, which is smaller than Fgkg7: this
results in a quadratic dependence of ko on o for
a given unimolecular reactant. In Fig. 4, the
results of Eqgs. (1) and (2) are compared for a ser-
ies of normal alkanes in the atomic and diatomic
baths, where Eq. (2) is shown to semiquantita-
tively predict Eq. (1) with n=1 at 300 K and
n=2 at 2000 K.

Results for branched, cyclic, unsaturated, and
radical hydrocarbons are also shown in Fig. 4.
At 300 K, .#\ (or its approximation via Eq. (2))
depends only weakly on the chemical structure
of the unimolecular reactant. The heavier atomic
and diatomic baths have similar efficiencies,
typically within 25% of ko .. Averaged over the
16 unimolecular reactants shown in Fig. 4,
M. = 0.76 £ 0.03, Mk, = 0.96 £+ 0.08, M~y =
1.10 +0.05,and .#o, =1.27+0.08 at 300K,
where the uncertainty given is the standard devia-

300 K, n=1 2000 K, n=2
—*—methane
ar —*—ethane (a) 1r
—*—butane
§ 2 —O—hexane
—¥~octane
1
0.5
—*—methane
=4 —+—ethane (c) 4
; —*—butane
B 2 —O—hexane
N —¥-octane
3
E‘ 1
0.5
—*—iso-butane
:t: 4 [ ——iso-hexane (e) T
= —*—iso-octane
3 2 | O c-butane
g ¥~ c-hexane
te]
S 1
0.5
—e—methyl
o4 | —+ethy (g) ir
; —=—propyl
L. —O—ethylene
§ B —*—butene
<
S 1
N
0.5

He Ne Ar Kr H, N, O, He Ne Ar Kr Hy Ny O,

Fig. 4. Relative collision efficiencies calculated via Eq.
(1) (a and b) and approximated via Eq. (2) (c-h) for
normal alkanes (a—d), branched and cyclic alkanes (e
and f), and alkyl radicals and alkenes (g and h), with the
room temperature results (n =1 in Eq. (2)) on the left
and 2000 K results (n =2 in Eq. (2)) on the right.

tion of the 16 results. For the lighter baths,
My = 1.17 +0.14, with values that peak at 1.4
for the C, species. M = H, is the most efficient
collider at 300 K, with .#y, = 2.49 + 0.44, with
maximum values near 3.3, again for the C,
species.

The relative collision efficiencies are functions
of temperature, and the simple trends identified
at 300 K do not apply at 2000 K. Aside from
My: = 0.90 £ 0.05, the other baths show a larger
variation in their collision efficiencies with respect
to the chemical structure of the unimolecular reac-
tant at 2000 K than at 300 K. The relative colli-
sion efficiencies at 2000 K are generally functions
of the number of carbon atoms for x <6, with
the lighter baths varying more than the heavier
baths. Specifically, #y.=0.66—3.12, #/n. =
0.81 —1.22, My =0.85—-5.17, 4, = 1.01 — 1.47,
and.Z o, = 0.98 — 1.54 for the various unimolecu-
lar reactants considered here. Full tables of .#y
are given as supporting information.

3.6. Trends with respect to the unimolecular
reactant

Next trends in the collisional energy transfer
with respect to the size and chemical structure of
the unimolecular reactant are identified. Attention
is restricted here to M = He, H», and O,. For sim-
plicity and to arrive at sensible units, we consider
trends in Znjo (see Fig. 5), where n; is the number
density of the bath gas at 1 Torr. (This choice of
pressure arbitrary; different choices would uni-
formly scale the results in Fig. 5). This quantity
includes the effects of both the collision rate and
the energy transferred per collision and has units
of energy transferred per time (cm~'/s). Trends
in Zn,o” which may be more relevant to high tem-
perature kinetics, are qualitatively similar to those
for Zno and are not discussed.

The calculated values of Znjo generally
increase with the number of carbon atoms x, with
the magnitude increasing a factor of 2-5 for the
different system types as x increases from 1 to 8
at the 300 K. There is less variation at 2000 K,
where Zn o typically increases by less than a fac-
tor of 2 for x = 1-8. Results for the different bath
gases are qualitatively similar to one another, but
do show some quantitative differences in the mag-
nitudes of the increases with x.

Results for the linear n-alkanes and n-alkenes
are similar to one another, while the calculated
values of Znjo for the branched alkanes appear
shifted by ~1 carbon atom for the iso-alkanes
and by ~2 carbons for the neo-alkanes, i.e., the
number of carbon atoms in the backbone corre-
lates better with Zn o than the total number of
carbon atoms. This result can be at least partially
explained by noting that the values of <B> for the
iso- and neo-alkanes are similar to those of the
normal alkanes with ~1 fewer carbon atom, and
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Fig. 5. Trends in Zn o as a function of the chemical structure of the unimolecular reactant in three baths and at two

temperatures.

that energy transfer is a sensitive function of the
distribution of J’ and therefore <B>.

Results for the cycloalkanes are not related to
the other results in as simple a way. These results
appear shifted by at least ~2 carbon atoms, but
even with this shift the values of Znja for the
cycloalkanes are lower than those for the linear
and branched molecular species.

Results for the n-alkyl radicals agree with
those of the molecular species for small values of
x (for the methyl and ethyl radicals) but are smal-
ler than the results for the molecular systems for
larger values of x. This is likely due to the lower
threshold energies for the radicals, which limits
the maximum amount of energy transferred in
deactivating collisions. The system size at which
Znja levels off with respect to x is likely related
to the tail of the energy transfer distribution get-
ting cut off by these maxima. At 300 K, this level-
ing off occurs at x = 6 for the molecular species
and at x = 3 for the radicals, while at 2000 K this
occurs at x =3 for the molecular species and
x =2 for the radicals. Higher temperatures and/
or lower threshold energies lead to an earlier lev-
eling off of Zn o with respect to x.

The qualitative trends identified above and
shown in Fig. 5 may be useful for scaling known

collision efficiencies for use in other, similar
reactions.

4. Conclusions

A new set of PESs suitable for efficient trajec-
tory simulations of large hydrocarbons colliding
with any of seven atomic and diatomic baths
was validated against direct dynamics calcula-
tions. The PESs were used to derive a simple
and general rule for calculating Lennard-Jones
parameters (and collision rates) based only on
the number of carbon atoms and the bath gas.
Low-order moments of the collisional energy
transfer were also calculated using the new PESs
for 38 unimolecular reactants in each of the 7
baths. The average angular momentum trans-
ferred in deactivating collisions was used to quan-
tify the expected good accuracy of the simplifying
assumption in the 2D/¢ model. Relative collision
efficiencies .#\; were calculated and/or approxi-
mated for several linear, branched, and cyclic
alkanes, alkenes, and alkyl radicals. Trends in
Ay with respect to the chemical structures of
the hydrocarbon reactants and temperature were
identified.
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