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Direct dynamics simulations at the MP2/6-311++G** level of theory were performed to study C2H5F f HF
+ C2H4 product energy partitioning. The simulation results are compared with experiment and a previous
MP2/6-31G* simulation. The current simulation with the larger basis set releases more energy to HF vibration
and less to HF+ C2H4 relative translation as compared to the previous simulation with the 6-31G* basis set.
The HF rotation and vibration energy distributions determined from the current simulation are in overall very
good agreement with previous experimental studies of C2H5F dissociation by chemical activation and IRMPA.
A comparison of the simulations with experiments suggests there may be important mass effects for energy
partitioning in HX elimination from haloalkanes. The transition state (TS) structures and energies calculated
with MP2 and the 6-31G* and 6-311++G** basis sets are compared with those calculated using CCD,
CCSD, CCSD(T), and the 6-311++G** basis set.

I. Introduction

In a recent study,1 an ab initio direct dynamics trajectory
simulation, at the MP2/6-31G* level of theory, was used to
determine product energy partitioning for the four-centered
elimination of HF from vibrationally excited C2H5F. This is a
particularly interesting system to study, since the vibrational
and rotational energies of the HF product have been measured.2-4

In addition, analyses of the experiments have been used to
correlate product energy partitionings for hydrogen halide, i.e.,
HX, eliminations from different halo-carbon molecules.3 The
vibrational and rotational energies of the HF product determined
from the simulations1 are in very good agreement with experi-
ment. The populations of the HF vibration states decrease
monotonically, as determined from experiments,3 with the
populations for the low- and high-energy vibration states
somewhat larger and smaller, respectively, than the experimental
results. The HF rotational temperature is in excellent agreement
with experiment.2

To analyze product energy partitioning for unimolecular
dissociation reactions, the total energy available to the reaction
products is often divided into two parts,3 i.e., the excess energy
at the dissociation TS and the potential energy released in the
exit channel (the exit-channel potential energy barrier). With
such an analysis, very poor agreement was found with proposed
values3 for partitioning of the C2H5F f HF + C2H4 exit-channel
potential energy barrier to the individual product energies,1 in
contrast to the quite good agreement with experiment for
partitioning of the total energy available to the HF rotation and
vibration. From the simulations, the release of the potential
energy barrier is 81%,<0.05%, 5%, 11%, and 3% to relative
translation, C2H4 vibration, C2H4 rotation, HF vibration, and

HF rotation, respectively. This result is substantially different
than the deduction from experiment,3 which summarizes the
potential energy release as 20%, 45%, 24%, and<12% to
relative translation, C2H4 vibration and rotation, HF vibration,
and HF rotation. The striking difference between these two
energy partitionings is that the simulations predict that the vast
majority of the exit-channel potential is released to product
translation with negligible partitioning to C2H4 vibration, while
analysis of the experiments suggests that C2H4 vibration and
rotation is the principal recipient of the potential release, with
a much smaller partitioning to relative translation.

It is important to determine the origin(s) of the difference in
the partitioning of the C2H5F f HF + C2H4 exit-channel
potential energy release found from the trajectory simulations
as compared to that given by the model deduced from
experiments.1 One issue which should be investigated is the
accuracy of the MP2/6-31G* theory used for the direct dynamics
simulations. This level of theory gives an accurate potential
energy barrier, i.e., only 2 kcal/mol lower than the experimental
value. However, the larger 6-311++G** basis set gives some
differences in the intrinsic reaction coordinate (IRC) potential,
and the [C2H4- - -HF]‡ transition state’s structure and vibrational
frequencies as compared to what is found with the smaller
6-31G* basis.1 It is of interest to determine if these differences
affect the calculated product energy partitioning.

In the work presented here, the product energy partitioning
for [C2H4- - -HF]‡ f HF + C2H4 dissociation is determined
with direct dynamics and the MP2/6-311++G** theory, and
compared with the previous MP2/6-31G* results. In addition,
the [C2H4- - -HF]‡ transition state structure and potential energy
are calculated with the CCD, CCSD, and CCSD(T) theories
and the 6-311++G** basis set and compared with the previous
results determined using MP2/6-31G* and MP2/6-311++G**.
These comparisons provide insight into the sensitivity of the
reaction’s potential energy surface to the level of electronic
structure theory and the size of the basis set.
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II. Computational Procedure

The calculations were performed at the Korea National
University of Education using the same procedures as described
in the previous article which reports the MP2/6-31G* direct
dynamics simulations of [C2H4- - -HF]‡ f HF + C2H4 product
energy partitioning.1 The electronic structure calculations were
performed with theGaussian 03computer program.5 The direct
dynamics simulations were carried out with the VENUS6/
Gaussian5 package of computer programs. To calculate the
product energy partitioning, the trajectories were initiated at the
[C2H4- - -HF]‡ transition state, with initial energies selected from
a microcanonical ensemble of states, and directed toward
products. The role of the direct dynamics trajectories is to
determine how the microcanonical ensemble of states at the TS
is transformed into the nonstatistical energy distributions of the
HF + C2H4 products.7 A quasiclassical normal-mode model was
used to select initial conditions for the TS microcanonical
ensemble of states.8,9 Standard algorithms in VENUS6 were used
to calculate the vibrational and rotational energies of the C2H4

product. The rotational quantum numberJ of the HF product
was determined by equating its angular momentumj to

xJ(J+1)p. The HF vibrational quantum number was deter-
mined by applying Einstein-Brillouin-Keller (EBK)10 quan-
tization to the HF internal energy

The binning procedure was used to determine integer values
for the J and n quantum numbers; e.g., all EBK values ofn
between-0.5 and 0.5 are identified with then ) 0 quantum
level.

To directly compare with experiment, a simulation was
performed with a TS vibration and reaction coordinate trans-
lational energyEvt

‡ of 42 kcal/mol above the zero-point level,
i.e., the sameEvt

‡ as for the experiments by Setser and
co-workers.3 To further analyze the product energy partitioning,
additional simulations were performed forEvt

‡ of 32 and 3.45
kcal/mol. The HF rotational and vibrational energy distributions
calculated forEvt

‡ of 32 kcal/mol may be compared with those
measured by Quick and Wittig2 in infrared multiphoton dis-
sociation of C2H5F. This experiment technique is thought to
dissociate C2H5F molecules with modest excess energies.2 For
each of the simulation studies,RT/2 (300 K) of rotational energy
was added to each of the TS’s rotation axes. Each trajectory
contains zero-point energy (ZPE) in the vibrational modes
orthogonal to the reaction coordinate, and theEvt

‡ of 42 and 32
kcal/mol are distributed randomly between the TS’s vibrational
and reaction coordinate degrees of freedom using microcanonical
sampling.8,9 For the calculations withEvt

‡ ) 3.45 kcal/mol, all
of this energy was added to reaction coordinate translation. A
total of 223, 148, and 100 trajectories were calculated forEvt

‡

of 42, 32, and 3.45 kcal/mol, respectively.

III. Computational Results

A. Electronic Structure Calculations. Geometries of the
[C2H4- - -HF]‡ TS calculated at different levels of electronic
structure theory are compared in Table 1. The MP2, CCD, and
CCSD theories, with the 6-311++G** basis set, all give similar
geometries for the [C2H4- - -HF]‡ TS. Their lengths for the
rupturing C-H bond and forming H-F bond are shorter and
longer, respectively, than the MP2/6-31G* values, indicative
of an earlier TS11,12 than that of MP2/6-31G* theory. Interest-
ingly, these differences in the early/late TS characteristics are
not present in the C-C bond length, which is nearly the same
for all the levels of theory. Models of product energy partition-
ing3,4,11,12suggest that the shorter C-H and longer H-F bond
lengths of the MP2/6-311++G** TS should result in more
energy release to product HF vibration, and as shown below,
this is indeed found from the direct dynamics simulations.
Product energy partitioning may also be affected by the degree
to which the C2H4 moiety of the TS is nonplanar. This property
is considered in Table 2 whereR, the angle between the CH2

plane and the C-C bond, is listed for both ends of the TS.
Similar extents of nonplanarity are found for both basis sets
and all three levels of theory. For the F-side of the TS,R is
only ∼10° from planarity. For the H-side,R is substantially
different, i.e.,∼25° less than 180°. Overall, the MP2 and CCSD
calculations, with the 6-311++G** basis set, give TS structures
in good agreement. The most substantial difference in the TS
structures is the 0.04 Å longer C-F bond for CCSD.

Energies for the [C2H4- - -HF]‡ f HF + C2H4 reaction at
the different levels of electronic structure theory are listed in
Table 3. The MP2 and CCSD(T) theories, with the 6-311++G**
basis set, give similar electronic energies for the TS and the
products, resulting in similar values for the exit-channel potential
energy barrier release. The MP2 and CCSD(T) values for this
potential energy release are 50.00 and 51.00 kcal/mol, respec-
tively. These are classical barriers, without a zero-point energy
correction, and including this correction with the MP2/6-
311++G** vibrational frequencies raises the barrier by 0.62
kcal/mol.1 The MP2 and CCSD(T) values for the barrier, with
the 6-311++G** basis set, are in excellent agreement with the
experimental value of 49.0( 2 kcal/mol.3 The classical MP2/
6-31G* barrier is 44.88 kcal/mol and approximately 5 kcal/
mol lower than the MP2 and CCSD(T) barriers with the
6-311++G** basis set.

TABLE 1: C 2H4-HF‡ Transition State Structure at Different Levels of Electronic Structure Theorya

geometryb

theory R(C-H) R(C-C) R(C-F) R(H-F) ∠H-C-C ∠F-H-C

MP2/6-31G* 1.367 1.398 1.865 1.242 73.6 132.8
MP2/6-311++G** 1.321 1.404 1.883 1.290 73.2 135.3
CCD/6-311++G** 1.313 1.406 1.903 1.289 73.9 135.9
CCSD/6-311++G** 1.308 1.409 1.921 1.297 74.6 135.9

a The calculations were performed with frozen-core basis sets.b Distances are in angstroms and angles in degrees.

TABLE 2: Angle between the CH2 Plane and C-C Bond at
the TS

angles (degrees)

theory R, H-sidea R, F-sideb

MP2/6-31G* 156.5 167.2
MP2/6-311++G** 157.8 168.4
CCD/6-311++G** 156.1 170.5
CCSD/6-311++G** 155.3 171.3

a This is the angle between the CH2 plane and the C-C bond for
the end of the molecule the H-atom is departing.b Same as a, but the
end of the molecule the F-atom is departing.

EHF ) pr
2/2µ + V(r) + j2/2µr2 (1)
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B. Direct Dynamics Simulations.1. Product Energy Dis-
tributions.The average product energy partitionings determined
from the MP2 simulations with the 6-31G* and 6-311++G**
basis sets are compared in Table 4. Uncertainties are listed for
the 6-311++G** basis set results, and they are quite small.
The uncertainties are even smaller for the 6-31G* results, since
more trajectories were calculated. The total energy available to
the reaction products is

whereEr° is the classical potential energy difference between
the TS and products, with the TS and products ZPE difference
included,Evt

‡ is TS’s vibration and reaction coordinate transla-
tional energy, andEr

‡ ) 3RT/2 is the TS’s rotational energy.
The patterns for product energy partitioning given by the two
basis sets are similar. Of particular interest are the partitionings
to HF rotation and vibration, since these are the two product
energies which have been measured experimentally. The major
difference between the two sets of results is that the 6-311++G**
basis partitions less energy to relative translation and more to
HF vibration. The partitionings to the other degrees of freedom
are nearly the same for the two simulations. Relative translation
is the principal recipient of the available energy at each of the
Evt

‡ , with C2H4 vibration also becoming an important recipient
at highEvt

‡ .
Distributions of the different product energies, for the

6-311++G** basis set simulations, have the same overall forms
and shapes as reported previously1 for the 6-31G* basis set
simulations. The distributionsP(n) of the populations of the
HF vibrational states for the 6-311++G** simulations are
shown in Figure 1. TheP(n) for Evt

‡ of 3.45 and 42 kcal/mol
are compared with those previously reported for the 6-31G*
simulations. The simulations with the 6-311++G** basis set

gives lower population of then ) 1 state and higher populations
of then > 2 states as compared to the 6-31G* simulations. As
shown in Table 4, the simulation with the larger basis set
partitions 6% more of the available energy to the HF vibration.

Rotational temperatures of 940, 1806, and 2023 K are found
when the average HF rotational energy, for the MP2/6-
311++G** simulations atEvt

‡ of 3.45, 32, and 42 kcal/mol, is
equated toRT. Similar rotational temperatures of 856, 1610,
and 2164 K are found from the average HF rotational energies
for the previous MP2/6-31G* simulations atEvt

‡ of 3.45, 27,
and 42 kcal/mol. The MP2/6-311++G** simulated probability
of the HF rotational quantum numberJ is approximated by the
Boltzmann probability distribution

The fits to the simulatedP(J) distributions are shown in Figure
2, where the fitted temperatures are 1134, 1782, and 1643 K
for Evt

‡ of 3.45, 32, and 42 kcal/mol, respectively. Given the
uncertainties in the simulated distributions, the fits may only
be identified as approximate. This is exemplified by the different
temperatures found from these fits as compared to those given

TABLE 3: C 2H5F( f HF + C2H4 Energiesa

molecular energies (au)

theory C2H5F( HF C2H4 Er (kcal/mol)b

MP2/6-31G* -178.4069299 -100.1841614 -78.2942851 44.88 (45.33)
MP2/6-311++G** -178.6022099 -100.2979372 -78.3839526 50.00 (50.62)
CCD/6-311++G** -178.5618557 -100.2791231 -78.3816939 55.82 (56.44)
CCSD/6-311++G** -178.569464 -100.2807864 -78.3742919 53.72 (54.34)
CCSD(T)/6-311++G** -178.5898871 -100.2850638 -78.3860909 51.00 (51.62)

a The calculations were performed with frozen-core basis sets.b Er is the exit channel classical reverse potential energy barrier without zero-
point energy corrections. The barriers with zero-point energy corrections are given in parentheses. The experimental barrier is 49.0( 2.0 kcal/mol.

TABLE 4: Average Product Energy Partitioning for
MP2/6-31G* and MP2/6- 311++G** Direct Dynamicsa

MP2/6-31G*b MP2/6-311++G** c
product
energy Evt

‡ ) 3.45 27 42 3.45 32 42

rel trans 75.4 56.8 49.7 67.8(1.2)d 48.2(1.0) 46.2(1.0)
C2H4 vib 6.1 24.2 31.5 6.8(0.7) 26.2(0.8) 29.3(0.6)
C2H4 rot 4.6 5.9 6.0 5.1(0.3) 5.5(0.3) 6.2(0.3)
HF vib 10.5 8.7 7.9 16.9(1.3) 15.8(1.1) 14.0(1.0)
HF rot 3.4 4.4 4.9 3.4(0.3) 4.3(0.4) 4.3(0.3)

a The average energy partitioning is given in percent. In addition to
the TS’s vibration/reaction coordinate translation energyEvt

(, the TS
also contains 3RT/2 rotation energy (T ) 300 K). Energies are given
in kcal/mol. Zero-point energy is not included in the C2H4 and HF
vibration energies.b For the MP2/6-31G* simulations, 1000, 300, and
400 trajectories were calculated atEvt

‡ of 42, 27, and 3.45 kcal/mol,
respectively; see ref 1.c For the MP2/6-311++G** calculations, 223,
148, and 100 trajectories were calculated atEvt

‡ of 42, 32, and 3.45
kcal/mol, respectively.d The uncertainty, in parentheses, is the standard
deviation of the mean.

Eav ) Er° + Evt
‡ + Er

‡ (2)

Figure 1. Populations of the HF vibrational states for C2H5F f HF
+ C2H4 dissociation, with different amounts of vibration/reaction
coordinate energyEvt

‡ in the C2H5F‡ transition state.0, results of the
MP2/6-311++G** simulations;b, results of the MP2/6-31G* simula-
tions from ref 1; and2, experimental results. The experimental results
for Evt

‡ of 32 and 42 kcal/mol are from refs 2 and 3, respectively.

P(J) ) (2J + 1) e-EJ/kT (3)
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above for the average HF rotational energy. It is possible that
a Boltzmann P(J) would emerge if the statistics of the
simulations were refined by calculating more trajectories.
However, for the MP2/6-31G* simulations,1 for which up to
1000 trajectories were calculated for a specificEvt

‡ , small,
distinct non-Boltzmann components are seen in the simulated
P(J).1 The temperatures determined from fits to theP(J)
distributions, for the MP2/6-31G* simulations atEvt

‡ of 3.45,
27, and 42 kcal/mol, are 764, 1373, and 1744 K and consider-
ably different than those found from theP(J) for the MP2/6-
311++G** simulations. These differences my result in part
from the poor statistics of theP(J) distributions, particularly
for the 6-311++G** simulations. However, non-Boltzmann
characteristics for theP(J) distributions may also contribute to
this difference. The conclusion reached is that the 6-31G* and
6-311++G** basis sets, when used with MP2 theory, give
similar HF rotational energy distributions, which appear to have
distinct non-Boltzmann components.

2. Relationships between the TS Energy and the Product
Energy Partitioning.The total internal energyE‡ of the TS for
each simulation is the TS’s vibration and reaction coordinate
translation energyEvt

‡ plus its average rotational energy of
3RT/2 ) 0.89 kcal/mol. The total energy available to the
products isE‡ plus the potential energy releaseEr° in moving
from the TS to the products, which is 50.62 kcal/mol for MP2/
6-311++G** calculations. Zamir and Levine13 suggested that
the average value for each type of product energy〈Ei〉 and the
TS total energyE‡ have the linear relationship

where theai give the fractions ofE‡ partitioned to the different

product energies and theEi° give the parts ofEr° which go to
the different product energies. Summing eq 4 overi gives

where the sum of theai equals unity. The ratioEi°/Er° is the
fraction of the exit-channel potential energy release,Er°,
partitioned to product energyi.

Equation 4 was found to give an excellent fit to the product
energy partitioning for the MP2/6-31G* simulations,1 and the
resulting values forai andEi°/Er° are listed in Table 5. As shown
in Figure 3, eq 4 also gives an adequate fit to MP2/6-311++G**
simulation results reported here. (A better test of the adequacy
of a linear fit would involve calculating the energy partitioning
at additional values ofE‡ and calculating more trajectories for
eachEi to reduce the uncertainties in〈E‡〉.) The fitted values
are listed in Table 5, where they are compared with those for
the previous 6-31G* simulation. Overall, the fitted parameters
for the two basis sets are in very good agreement, with the only
substantial differences for relative translation and HF vibration.
The 6-31G*ai values for relative translation and HF vibration
are 0.03 and 0.06 larger and smaller than their 6-311++G**
counterparts, respectively. The differences in theEi°/Er° are
somewhat larger, with the 6-31G* values for relative translation
and HF vibration 0.08 and 0.07 larger and smaller, respectively.

It has been suggested that the TS’s statistical distribution of
energy is maintained as the reactive system moves from the
TS to products.14 The ai values in eq 4 are fixed by the
distribution of the excess energy at the TS, and this distribution

Figure 2. Populations of the HF rotational states for C2H5F f HF +
C2H4 dissociation with different amounts of vibration/reaction coordi-
nate energyEvt

‡ (kcal/mol) in the C2H5F‡ transition state. The (0)
points are the results of the MP2/6-311++G** simulations, and the
(- - -) line is the fit to the Boltzmann distribution as described in the
text.

〈Ei〉 ) Ei° + aiE
‡ (4)

TABLE 5: Parameters Describing the Partitioning of the
Excess Energy and the Potential Energy Releasea

6-31G* 6-311++G**

ai Ei°/Er° ai Ei°/Er°
rel trans 0.17 0.81 0.14 0.73
C2H4 vib 0.64 0.00 0.62 0.02
C2H4 rot 0.076 0.05 0.074 0.05
HF vib 0.046b 0.11 0.11 0.18
HF rot 0.067b 0.03 0.055 0.03

a ai represents the fraction of the excess energy at the TS partitioned
to a particular type of energy.Ei°/Er°is the fraction of exit-channel
potential energy release partitioned to a particular type of energy.b In
the text of ref 1, these values are switched.

Figure 3. The average product energy in relative translation (4), C2H4

vibration (0), C2H4 rotation (O), HF vibration (9), and HF rotation
(b). The transition state energy is the energy in excess of the zero-
point energy level of the transition state, including the rotation energy
3RT/2 at T ) 300 K. The straight lines are the fits with eq 4.

∑〈Ei〉 ) ∑ Ei° + E‡∑ ai (5)
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is assumed to be unaffected by the dynamics as the ensemble
of trajectories moves from the TS to products. Thus, the model
predicts the same set ofai values for the 6-31G* and
6-311++G** simulations, since both sample the same energy
distribution at the TS. The results in Table 5 are consistent with
this model except for HF vibration, whose 6-311++G** ai is
a factor of 2 larger. Given the statistical uncertainties in the
product energy partitionings (see Table 4), there are no
significant differences in theai for relative translation or for
the other product energies. The differentai values for HF
vibration indicates that the statistical distribution at the TS may
be perturbed by the exit-channel dynamics. This is discussed
in more detail in the Summary.

A difficulty in applying the statistical model is correlating
vibration and reaction coordinate degrees of freedom in the TS
with the products’ external rotation and relative translation
degrees of freedom. In addition, the partitioning of energy to
relative translation and product rotation is dependent on angular
momentum constraints and couplings as the molecule dissoci-
ates.12,15 Orbital angular momentum may be conserved in
moving from the TS to products, transforming into relative
translation,12 or it may couple statistically with product rotational
angular momentum16 and possibly other degrees of freedom.
Such angular momentum constraints and couplings are com-
ponents of statistical models for unimolecular decomposition
and bimolecular association.16-18 According to the simplest
statistical model, the 18 vibration and reaction coordinate
degrees of freedom of the TS correlate to 12 C2H4 vibration, 1
and 2 HF vibration and rotation, and 3 relative translation
degrees of freedom. For the classical version of this model,
12/18 ) 0.67 and1/18 ) 0.056 ofEvt

‡ is partitioned to C2H4 and
HF vibration, respectively. This value for C2H4 vibration is in
very good agreement with the two direct dynamicsai values of
0.64 and 0.62, which are the same within statistical uncertainties
(see Table 4). On the other hand, the 6-31G* and 6-311++G**
values ofai for HF vibration are 0.046 and 0.11 and are different,
with the former close to the statistical model value of 0.056. In
previous work, Arunan et al.3 used a quantum statistical model
to partitionEvt

‡ and determined 0.046 forai, which is identical
to the 6-31G* result. The direct dynamicsai values for relative
translation are similar, i.e., 0.17 and 0.14, and agree with the
classical statistical prediction of3/18, which is 0.17.

3. Correlation Between HF Vibration and Rotation Energies.
The presence of any correlation between the initial HFP(n)
andP(J) distributions, before any collisional relaxations, was
investigated in the previous MP2/6-31G* direct dynamics
simulation forEvt

‡ ) 42 kcal/mol.1 Within the statistics of the
simulation, theP(J) were found to be same for then ) 0 and
n ) 1 vibrational levels. However, asn was increased beyond
1, there was a small decrease in the HF rotational energy and,
thus, a weak correlation between HF vibration and rotation.
Table 6 lists the average HF rotational energy versus HF
vibrational staten for the MP2/6-311++G** simulations
performed. Results are given for each of theEvt

‡ investigated.
The average values of the HF rotational energy decrease with
increase inn, indicating an inverse correlation between the HF
vibrational and rotational energies. However, if the statistical
uncertainties of the rotational energy are included, the inverse
correlation remains, but is weak. More trajectories and better
statistics are required to clearly identify the strength of this
inverse correlation.

4. Comparison with Experiment.The results of the simulations
may be compared with experimental measurements of the
rotation and vibration energies of the HF product2,3 and with a

model deduced for partitioning the potential energy release to
different product energies.3 The latter results from summarizing
experimental studies of HX elimination. Experiments by Setser
and co-workers3, for C2H5F f HF and C2H4 decomposition at
Evt

‡ ) 42 kcal/mol, show that 15% of the available energy is
partitioned to HF vibration. As shown in Table 4, the MP2/6-
311++G** HF vibration energy partitioning of 14% is in
excellent agreement with experiment, while the 6-31G* calcula-
tion underestimates the HF vibration energy. The populations
of the HF vibration statesP(n), found from the simulations,
are compared with experiment in Figure 1. Though these are
some small differences, overall the simulation with the
6-311++G** basis set gives aP(n) in good agreement with
the experiments of Setser and co-workers. On the other hand,
the 6-31G* calculations do not adequately populate the higher
HF vibrational states.

P(n) has also been measured for C2H5F molecules dissociated
by infrared multiple photon absorption (IRMPA).2 These
experiments are thought to dissociate C2H5F with energies in
the range 20-35 kcal/mol, and in Figure 1, the measuredP(n)
is compared with the simulatedP(n) for Evt

‡ ) 32 kcal/mol.
Then ) 0 population is not measured in the experiments, and
in the presentation of the experimental results,2 the population
of n ) 1 is estimated as 70% of that forn ) 0. ThisP(1)/P(0)
relative population was obtained from related experiments.19,20

Sirkin and Berry19 estimated the ratio as 0.8 from experiments
for CF3CH3. In previous work, Arunan et al.3 usedP(1)/P(0)
) 0.7 as an average of the experimental results19,20 of 0.8 (
0.2 for CH2F + CH3 and 0.6( 0.2 for H + CH2CH2F. P(1)/
P(0) ) 0.7 is used here to represent the IRMPA data. As shown
in Figure 1, the simulations atEvt

‡ ) 32 kcal/mol give aP(n)
distribution in very good overall agreement with the results of
the experiments. The major difference between the simulations
and experiments is that the simulations give an invertedP(1)/
P(0) ratio of 1.4( 0.3 compared to the value of 0.7 used for
the experiments, as described above. The results of the simula-
tion are in quite good agreement with experiment for then g
2 levels.

In experiments of C2H5F dissociation by IRMPA, the
distributionP(J) of the HF rotation quantum numberJ is found
to be Boltzmann with a temperature of 800 K.2 The populations
of the HF states are determined by infrared fluorescence, and
at the 0.2 Torr pressure used in the experiments, there is some
collisional relaxation of the nascentP(J) which will have a
higher temperature. The nascent distribution may also have some
non-Boltzmann features as discussed above for theP(J)
determined from the simulations. Thus, 800 K is expected to
be a lower limit to the true rotational temperature. The average
excess energy of C2H5F molecules dissociated in the IRMPA
experiments is thought to lie between 20 and 35 kcal/mol. For
Evt

‡ ) 32 kcal/mol and the MP2/6-311++G** simulations

TABLE 6: Average HF Rotational Energy for Different HF
Vibrational Levels

TS energyEvt
‡ a

nb 3.45 32 42

0 2.3 (0.3) 4.0 (0.6) 4.3 (0.5)
1 1.7 (0.2) 4.3 (0.6) 4.0 (0.6)
2 1.7 (0.3) 2.8 (0.5) 3.3 (0.6)
3 0.4c 2.63 (0.6) 5.3 (1.6)

a The TS energy is in kcal/mol. The uncertainty, in parentheses, is
the standard deviation of the mean.b n is the HF vibrational level.c The
number of trajectories with this value ofn is too small (only 1) to
determine a meaningful〈Erot〉.
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reported here, the temperature determined from the fit to the
P(J) distribution is 1782 K and the temperature from the average
HF rotational energy is 1806 K. For the MP2/6-31G* simula-
tions, the respective temperatures are 1373 and 1610 K. Though
there are differences in the 6-31G* and 6-311++G** rotational
temperatures, both sets are definitely higher than the 800 K used
to fit the experiments, suggesting there is some collisional
relaxation of the initialP(J) distribution as suggested by Quick
and Wittig.2

As shown in Table 6, a weak inverse correlation is found
between the HF vibration and the rotation energies for the MP2/
6-311++G** simulations. A similar weak correlation was found
in the previous MP2/6-31G* simulations. However, in analyzing
the product energy distributions, for the IRMPA experiments
of C2H5F dissociation, it is assumed the P(J) distribution and,
thus, HF rotational temperature is the same for each of the HF
vibrational statesn.2 Thus, there is no correlation between the
J andn distributions. An absence of a correlation may in part
arise from collisional relaxation of the nascent P(J) distribution
as described above.2 Setser and co-workers3 also found no
correlation between theJ andn distributions for HF elimination
from C2H5F, but collisional relaxation also occurs in their
experiments. On the other hand, an inverse correlation between
HF vibration and rotation was observed for CF3CH3 dissocia-
tion,3 which forms HF with a much larger rotational energy.
The strong suggestion is that collisional relaxation of the
relatively low energyJ states formed during HF elimination
from C2H5F precludes any observation of a weak initial inverse
correlation betweenn andJ.

As discussed in the Introduction, in an attempt to summarize
a series of HX elimination reactions, it has been suggested that,
for C2H5F f HF + C2H4 dissociation, the partitioning of the
exit-channel potential energy is 20%, 45%, 24%, and<12% to
relative translation, C2H4 vibration and rotation, HF vibration,
and HF rotation.3 As shown in Table 1, the results of the earlier
MP2/6-31G* simulations are strikingly different from this
predicted energy partitioning. A similar difference is found for
the MP2/6-311++G** simulations reported here. This simula-
tion partitions less of the exit-channel barrier to relative
translation and more to HF vibration than does the simulation
with the smaller basis set. However, for both simulations, the
partitioning of the potential energy to C2H4 vibration energy is
negligible, in contrast to the large partitioning inferred from
the summary of incomplete experimental data from several
systems.

The origin of this difference, between the partitioning of the
potential energy release found from the direct dynamics
simulations and suggested from experiments for a variety of
HX eliminations, is unclear. One possible factor is the assump-
tion made, in summarizing the experiments, that partitionings
of the exit-channel potential barrier for different HX eliminations
are similar, regardless of the masses of the substituent atoms.
For example, the energy released to relative translation for
C2H5F f HF + C2H4 dissociation was deduced from experi-
ments for CH3CCl3 f HCl + C2H2Cl2 dissociation.21 As part
of an incomplete study, currently in progress, we have found
that the masses of the substituent atoms may be important.22

When the MP2/6-31G* potential for C2H5F f HF + C2H4 is
used in the direct dynamics simulation, but the atomic masses
are changed in calculating the trajectories, the energy partitioning
may change. Preliminary results show that changing the mass
of F to Cl, to model C2H5Cl f HCl + C2H4, has at most a
very small effect on the partitioning of the exit-channel potential
energy release. However, if the mass of two of the H-atoms

are also changed to that for Cl, to model CH3CCl3 f HCl +
C2H4Cl2 dissociation, there is a dramatic change in the energy
partitioning. The partitioning of the exit-channel barrier to
relative translation is lowered to∼45%, while the partitioning
to C2H2Cl2 vibration and rotation is increased to∼25% and
10%, respectively. Thus, this incomplete study suggests that
mass effects, in addition to features of the potential energy
surface, are important in interpreting product energy partitioning
for HX elimination reactants.

IV. Summary

For the work presented here, MP2/6-311++G** direct
dynamics simulations are performed to determine product energy
partitioning for C2H5F f HF + C2H4 dissociation. MP2/6-
311++G** theory gives an exit-channel potential with a reverse
barrier in excellent agreement with both experiment and the
CCSD(T)/6-311++G** calculated barrier. The results of the
simulations are compared with experimental studies of the
energy partitioning and a previous direct dynamics simulation
also using MP2 theory, but the smaller 6-31G* basis set. The
larger basis set MP2 calculation gives a more accurate potential
energy surface and product energy partitioning in better agree-
ment with experiment.

As shown in Table 4, the fraction of the available energy
released to product relative translation decreases and the fraction
released to HF vibration increases as the basis set size is
increased from 6-31G* to 6-311++G**. The changes in the
other energy partitionings are quite small. Equation 4 allows
the partitioning of the available energy to a product energy type
i to be distinguished between a fraction coming from the
potential energy release and another fraction coming from the
excess energy at the barrier. Both of these fractions decrease
for the relative translation product energy, and both of these
fractions increase for HF vibration, when the basis set size is
increased. For example, the fractional releases of the potential
energy and of the excess energy to HF vibration are 0.11 and
0.046, respectively, for the 6-31G* basis set and 0.18 and 0.11,
respectively, for the 6-311++G** basis set.

Differences in the potential energy surfaces for the 6-31G*
and 6-311++G** basis sets are expected to lead to differences
in their product energy partitioning. As shown in Tables 1 and
2, the two surfaces have similar TS structures, with bond lengths
differing by∼0.05 Å or less. The 0.048 Å longer H-F distance
for the 6-311++G** TS suggests this surface may partition
more energy to HF vibration, as found in the trajectory
simulations. Overall, the two basis sets give similar sets of values
for the TS vibrational frequencies. The TS imaginary frequencies
are 2030i and 1925i for the 6-31G* and 6-311++G** calcula-
tions, respectively. However, the values of the CCF and HCC
bending frequencies are∼10% smaller for the larger basis set.
Also, the 6-311++G** basis set has a 5 kcal/mol larger
potential energy release, and its surface releases this potential
energy more rapidly in moving from the TS to products than
does the 6-31G* basis (see Figure 2 in ref 1). Such differences
are expected to affect the potential energy release and may also
affect the way the excess energy in the TS is distributed to
product energies. However, a statistical model for product
energy partitioning assumes the latter is determined by the
energy distribution in the TS, which is unperturbed by the
dynamics in moving from the TS to products.14 Thus, theai

found from eq 4 should be unaffected by the level of theory
used for the direct dynamics. The large difference in theai for
HF vibration, i.e., values of 0.46 and 0.11, is inconsistent with
this model. It is possible that this difference arises from statistical
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uncertainties in the current simulation, an alteration in the TS
energy distribution by the exit-channel dynamics, or a combina-
tion of both. This is an issue that needs to be addressed in future
work. The product energy partitioning direct dynamics for
C2H5F f HF + C2H4 could be performed at the HF, B3LYP,
and MP2 levels of theory, with a range of basis sets and for
large ensembles of trajectories to obtain excellent statistics. It
would be of interest to determine possible variations in the set
of ai which fit the simulation results.

Setser and co-workers3 have measured the populations of HF
vibrational states prepared when C2H5F dissociates with an
excess energy of 42.9 kcal/mol above the dissociation barrier.
Their experiments show that 15% of the energy available to
the products is partitioned to HF vibration, and the MP2/6-
311++G** simulation gives 14% and nearly the same result.
In addition, the experimental and simulated populationsP(n)
of the HF vibrational statesn are in very good agreement.
Infrared multiple photon absorption (IRMPA) is thought to
dissociate C2H5F molecules with energies in the range 20-35
kcal/mol and the simulatedP(n) distribution forEvt

‡ ) 32 kcal/
mol is in overall good agreement with experiment. The principal
difference between the simulated and experimental distributions
is the smallP(1)/P(0) inversion found from the simulations.
The temperature of the HF rotational states has been estimated
in the IRMPA experiments, and the MP2 simulatedP(J)
distribution, for both the 6-31G* and 6-311++G** basis set,
is in good agreement with experiment after the effect of
collisional relaxations in the experiments are taken into account.

From an analysis of the product energy partitioning versus
the energy of C2H5F in excess of the dissociation barrier, the
manner in which the exit-channel potential energy barrier is
released to the products was determined from the simulations.
The MP2 simulations, with both the 6-31G* and 6-311++G**
basis sets, distribute the vast majority of this potential energy
release to the HF+ C2H4 relative translation, i.e., 70-80%,
with the HF vibration the next important recipient and receiving
10-20%. The partitioning to C2H4 vibration is less than 5%
and quite small. These findings are inconsistent with a model
proposed to summarize experiments of HX elimination from a
variety of haloalkanes. This model proposed that 45% of the
potential energy release is partitioned to C2H4 vibration, with
relative translation receiving a lesser amount of 20%. The origin
of this difference between simulation and the model proposed
from the experimental studies is unclear. It will be of interest
to perform the C2H5F f HF + C2H4 simulations at an even
higher level of electronic structure theory. Also, it would be
useful to investigate the applicability of the model used to
summarize the HX elimination experimental data. This model
assumes similar energy partitioning dynamics for HX elimina-
tions which have different atoms and/or groups attached to the
halo-carbon, e.g., C2H5F and CH3CCl3. In an incomplete study
of the effect of mass on HX elimination product energy
partitioning,22 it was found that simulations of C2H5F f HF +
C2H4 and CH3CCl3 f HCl + C2H2Cl2 dissociation gave
significantly different product energy distributions, when both
simulations are performed on the potential energy surface (PES)
for the former reaction. The suggestion from this study is that
mass and kinematic effects are important for product energy

partitioning, as well as PES properties. Indications of such a
mass effect also come from experiments of HF elimination from
fluorinated alkanes. The rotational temperatures for HF elimina-
tion are higher for CH3CHF2 and CH3CF3 than for C2H5F.3 Mass
effects for HX elimination from haloalkanes need to be
investigated in more detail in future work.
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