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EXECUTIVE SUMMARY

This document reports the results of a six-month Phase [ small business innovative
research program through the strategic defense initiative. The main objective of this program was
to establish the feasibility of using theoretical methods for obtaining kinetic data important in
nitrocubane decomposition. The potential utility of theoretical methods for the aid in the design of
new propellants is unquestionable; what remains in question is whether the methods are of
sufticient accuracy and capable of treating large enough molecules to be of use. The present report
outlines the first successful steps taken in answering these questions.

The research preformed on this program entailed a collaborative effort of electronic
structure and dvnamics calculations. The electronic structure calculations provide information
about the potential energy surface which is then used in dynamics calculations of the rate constants.
The sensitivity of the computed rate constants to the level of theory was studied for a relatively
small reaction (involving five atoms) for which high levels of theory could be afforded.
Comparison was also made between the computed and experimental rates as further validation of
the methods. These studies indicate that accurate rate constants (to within about 50%) can be
obtained for a modest computational effort — several hours of Cray 1s computer time were required
to obtain rates for temperatures from 200 to 2400 K.

In order to treat reactions involving very large molecules (such as the initial unimolecular
decomposition step in nitrocubane combustion) approximate methods for estimating kinetic
parameters are needed. As a first step in this direction we have carried out a systematic study of

hydrogen attack on a series of nitro containing molecules to examine the effects of substituents on
the computed reaction rates. In addition, a new thermochemical kinetic analysis has been presented
which includes important dvnamical effects that are crucial for reliable predictions of thermal rates.
This new analvsis will be the basis for methods of estimating kinetic parameters for large
polvatomic systems from bond and group additivity relationships, but using information about

potential energy surfaces for smaller analogous reactions.
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I. Introduction

- '

';: : Propulsion requirements for the strategic defense initiative require the development of new
’ tuels that are lightweight yet highly energetic. Fuels based upon combining beryllium with an

)

E:_:: oxidizer show promise of meeting this criteria of a high specific impulse. The ideal oxidizing agent
f EE is one which is highly energetic yet stable and, therefore, detonates in a well characterized,

O3

predictable manner. An example of a highly energetic yet stable molecule is the cage compound

rra

i
N
Lot cubane!
! H H
s \ C’
‘-’;. C\ \(:
X H-C—-—t— ~H
A |
ox H-Cg—C L
C—X |
- ’ ~ !
A H H |
o ;
o with much of its energy arising from the ring strain imposed by the cubic geometry of the carbon
o
A skeleton. There is currently a large effort within SDI to develop high-density oxidizers by
Y substituting cubanes with nitro (NO,) or nitro-containing groups. The explosive nature of
" , nitrocubanes derives from the ring strain and the energy-rich oxidizing nitro substituents.
Nitrocubanes containing many nitro groups are more energetic and more effective oxidizers, but
~
N, e - . .
~ also tend to to be more unstable. Some stability can be regained by placing the nitro groups ontc
-\ -‘
i .
~ substituents that move them further away from the cube. Examples of recent compounds along

O

this line are the ammonium nitronate salts, e.g.,

.k. -\ -\.Ix
TGRS

NH;C(NO,);

+
.

"/
v

The synthesis and characterization of nitrocubanes such as these is currently of great interest and 1s
being pursued in several laboratories.

One of the factors controlling the stability of nitrocubanes is the rate of the unimolecular

decompaosition of the parent molecule in the condensed phase. This is controlled largely by the

bond strength of the weakest bond in the molecule. To fully realize the power stored in these

’ .
L 2 molecules they must be converted into more thermodynamically stable molecules such as H,0.
" K - -

B N AL
"2"" ai
) S F‘.
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o CO,. and N,. This conversion is controlled by chemistry occurring in the gas phase. Gas-phase
L chemical reactions play an important role in the sensitivity as well as the energetics of the
a
propellants. The exothermicity of the gas-phase reactions determine their energy output and the
LN
LS
\’ kinetics of the gas-phase reactions control the bumn rate, and together they determine the power of
\':-: ) .
N the propellant.2 Also, radicals which are products of the gas-phase reactions can attack the parent
- molecules and affect the sensitivity of the nitrocubane. The effect of substituent groups on the
W
Y sensitivity of nitrocubanes is twofold. Firstly, the substituent can affect the sensitivity by changing
e,
\" . -
:: the strength of the weakest bond in the parent molecule, and secondly, the substituent can control
. the sensitivity by altering the mix of H/C/N/O which affects the gas-phase kinetics. An
-~ understanding of the kinetically important reaction pathways which are operative in the complex
N '.:"\' decomposition mechanism is crucial to developing energetic yet stable oxidizers.
Sy
o Theoretical methods can make a contribution to the understanding of the decomposition of
=g
n“‘-
N propellants. To date, great strides have been made in computer modeling of the ignition and flames
~
L of propellants such as RDX.3 Studies of ignition solve the nonlinear coupled differential equations
1ol e
(r i for temperature and species mass fraction as a function of time. Comparison with experimental
o
Lo observations of gross features of the ignition (such as ignition time or observed formation rates of
~.-
[ specific molecules) tests the underlying reaction mechanism and kinetic data used as input into the
A

O

computer model. The level of detailed species concentration as a function of time that is afforded

’
T,

f".-‘ . . . . 3 . . . .
by these simulations is currently not available in experimental studies. This detail enables
PR
::::{ identification of important reaction pathways — the important elementary reaction steps — and
s
g sensitivity analysis identifies crucial kinetic data that must be determined accurately.
kS
S Great strides have also been made in the theoretical methods for describing the kinetics of
; j}: clementary reactions. We are currently on the threshold of attaining the necessary capabilities to
<Y
¥
0. enable routine calculations of gas-phase chemical reaction rates. With this capability in hand. it
b,
v
Y I.\ . . . .
o will be easy to test the influence of substituents on the bond strengths and, thereby, unimolecular
o
\ " .. . . . .
'\.:‘ decomposition rates, and also to test their influence on the subsequent gas-phase kinetics.
P
L)
L 2 Theoretical calculations provide an important complementary tool to experimental gas kinetic
. p )
L 2
[
v
b,
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studies. Elementary reaction steps can be studied theoretically for reactant species that are very
short lived and hard to prepare experimentally. Furthermore, the theoretical calculations can be
used to extend experimental data to physical conditions which are not attainable in the laboratory.
In collaboration with computer modeling efforts, these theoretical studies can provide physical
insight into the reaction pathways and detailed dynamics of the chemical reactions. For systems
which are not too large the theoretical methods are capable of quantitative predictions of the gas-
phase reaction rates and for very Lurge svstems these methods will give qualitative rate data which
will allow the assessment of the most important reaction pathways. These studies are crucial to the
detailed understanding of substituent effects upon the energetics and sensitivity of the oxidizers.

One objective of the Phase [ research has been to extend and validate the theoretical
methods used for computing rate constants for elementary gas-phase reactions and to demonstrate
the feasibility of a theoretical approach for describing the dynamics of these gas-phase reactions.
The theoretical caleulation of the chemical reaction rate is a two step process: first, the interaction
energies between the atoms are obtained from an electronic structure (quantum chemistry)
caleulation, followed by a dynamical calculation of the rate. Although the electronic structure
calcutations do provide vital insight into the energetically accessible reaction pathways, they
provide only structural information which is often not enough: dynamical constraints can make
energetically accessible reaction pathwavs so slow that they become unimportant in the kinetic
mechanism. A collaborative etfort which successfully interfaces the quantum chemistry and
dynamics calculations i needed to accurately determine the dvnamics of elementary gas-phase
resctions,

The dynamics cal. alations are based upon variational transition state theory with quantum
mechanical tunnehing eftects included by semiclassical adiabatic ground-state transmission
coetticients.? The use of variational transition state theory in these calculations is mandated for
several reasons: (D) itincludes the factors most important in controlling the rate of chemical
reactions and 15 currently the most cost effective method for obtaining reliable predictions of rates

for a variety of gas-phase reactions: (2) it is capable of utilizing limited information about the

L R R P AT T N
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oA
o potential along the minimum energy path without requiring a global potential energy surface; (3)
o because of the nature of the semiempirical potential information utilized in this work, the dynamical
! bottleneck for the reaction does not occur at the saddle point for the reaction and a variationul
84
ot procedure to locate the dynamical bottleneck is needed; and (4) it provides a consistent method for
o incorporating quantum mechanical tunneling effects which are crucial for accurate predictions of
\ the rates, especially for reactions which actively involve hydrogen atoms at temperatures below
\ )
~,
~ 600 K.
=
5 : , : . -
b Rigorous ab initio electronic structure calculations are currently incapable of predicting the
. energetics of a polyatomic reaction accurately enough to allow even a qualitative estimate of the rate
constant. The most successful electronic structure methods incorporate some type of correction,
" justified either on a theoretical or empirical basis. One such approach is the BAC-MP4 method?
N
A,
e developed by Dr. Carl Melius at Sandia National Laboratories, Livermore, California (SNLL).
'.f- The present research was performed in collaboration with Dr. Melius and Dr. M. L. Koszykowski
-
< at SNLL. The BAC-MP4 method has been successfully applied to the calculation of the
{ thermochemistry of bound species and is currently the foremost method for prediction of
. thermochemical data for transient species. In the present application the BAC-MP4 method is
B extended to calculations of potential information in the interaction region of the potential rather than
at equilibrium geometries. A major goal of this work is the validation of this method for obtaining
', 4
" the potential information needed for the dynamics calculations.
o Another objective of this research was to treat chemical reactions of current interest and
“.. . . .
® importance in propellant chemistry. In this direction it was proposed to validate the theoretical
- methods in a study of the simplest prototype of a radical attack on a nitro group
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H+RNO, — RN(O (RD)
- H
0
RN{OH —  R+HONO (R2)
—  RNO+OH (R3)

where R is replace by a hydrogen atom. Towards this end, we examined the prototypical reactions

H + NH; — H, + NH, (R4)

H, + NH, - H + NH;4 (R5)
and

D +ND;3 — D, +ND, (R6)

These reactions provide a wealth of experimental data for a critical test of the theoretical methods
and the reactions are small enough (have a small enough number of electrons) to afford relatively
large electronic structure calculations for the validation. Subsequently reactions (R1)-(R3) were
studied for R = H, CHj5, OH, NH,, and CH3NH but no validation of the theoretical methods was
attempted for these reactions.

The Phase I objectives have been surpassed in the six month research effort. The
feasibility of the theoretical methods have been established in critical comparisons of different
levels of theory, as well as comparisons to experiment for reactions (R4)-(R6). In addition,
comparisons between the BAC-MP4 method and multireference configuration self consistent field
(MCSCEF) theory has been made for the unimolecular hydrogen migration reaction

HONO — HNO, (R7)
The multivalent nature of the nitro groups makes them hard to treat accurately by quantum chemical
methods and reactions involving nitro groups generally require a multireference electronic
wavetunction or a configuration interaction (CI) calculation for an adequate description of the
electronic structure. A real concern with the BAC-MP4 method has been that it is based upon a
single reference (HF) wavefunction and may give such a poor zeroth order description of the

electronic structure that the empirical bond additivity correction cannot make up for the errors. The
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comparisons of the BAC-MP4 and MCSCEF calculations for reaction (R7) show excellent
agreement in geometries, frequencies, and qualitative agreement in the energetics. This give
encouragement for the use of the BAC-MP4 method for treating nitro groups which are very
important in propellant chemistry.

Another interest that has developed during the course of this research has been the
estimation of kinetic parameters for gas-phase reactions. The ability to provide reasonable
estimates of reaction rates for large polyatomic systems is vital in the accurate modeling of the
complex gas-phase reaction mechanisms. Benson® has developed methods for estimating kinetic
data from bond or group additivity relationships based on conventional transition state theory.
These estimates are obtained from statistical mechanical evaluations of quasithermodynamic
parameters based upon the geometry and structure of the saddle point for the reaction. This
approach lacks important dynamical effects: (1) the fact that the dynamical bottleneck controlling
the reaction rate may be at a location different from the saddle point, and (2) that quantum
mechanical tunneling makes sizeable contributions to the thermal rates. These deficiencies have
been addressed by basing a thermochemical kinetic analysis on variational transition state theory
with semiclassical adiabatic ground-state transmission coefficients. The importance of these effects
has been demonstrated and the development of a new database which incorporates these effects has
been initiated in Phase 1.

The remainder of this report is organized as follows. Section 2 gives a brief review of the
theoretical methods used in this research. Section 3 presents the results and provides a discussion
of their significance. Section 4 summarizes our conclusions and outlines the future directions of
this research. Two appendices of papers which are ready for submission for publication are also
included. Appendix A is a detailed description of our calculations on reactions (R4)-(R6).
Appendix B is a presentation of the new thermochemical kinetic analysis. These papers include

more details of both the theory and results for the interested reader.
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2. Theoretical Background
2.1 Vanational ransition state theory

Transition state theory (TST)? provides one of the most practical approximation schemes
for caleulating equilibrium rate constants for thermally activated gas-phase reactions. The
popularity of TST over the last 50 vears 1s largely due to its success - it incorporates the factors
most cructal in determining the rates - and 1ts simplicity - the rates are obtained from equilibrium
statistical mechanical caleulations and use only limited PES information. However, the utility of
conventional TST tor predicting reaction rates is limited by the accuracy of the approximations
emploved. The major deticiencies of TST are: the fundamental assumption that if the reaction gets
to a critical contfiguration (the transition state), then it wili always proceed to products; the need to
incorporate further approximations to include quantum mechanical tunneling effects; and the
approxin.ate method by which anharmonic terms in the potential are treated. These approximations
can lead to quantitatively inaccurate rate constants and incorrect physical interpretations.

Variational transition state theory (VTST)* provides a convenient framework for
consistently improving upon the limitations of conventional TST. The variational procedure is a
method to minimize the errors caused by the breakdown of the fundamental assumption of TST.
Convenuonally the transition state is a dividing surface separating reactants and products and
located at the saddle point of the potential energy surface. Significant improvement over
conventional TST can be obtained by locating the dividing surface by a variational criterion.®

{ Consistent methods of inciuded quantum mechanical effects and anharmonicity have been

developed and extensively tested, and it has been found that the theory is capable of giving

'

D) . . . . . . . Q.

[ quantitative accuracy in the calculation of thermal rate constants for atom-diatom reactions.? 13
{ More recently, application of VTST has been made to a four-atom system (OH + H2)1% and a

95 ceneral computer program is now available for calculating thermal rate constants for reactions

"

| 17

involving a large number of atoms.
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The emphasis of this research has been the effective use of PES information within the
framework of VTIST. Therefore, the remainder of the technical discussion is a brief review of
some of the details of the theory and a description of the type of PES information that is needed for
the caleulations. More details of the theory are provided in ref. 4.

Conventional transition state theory7 reduces the calculation of the rate constant to one of
quasiequilibrium statistical mechanics: the equilibrium rate is approximated as the equilibrium flux
headed towards reactants through a dividing surface located at the saddle point. With this
approximation, the rate constant k*(T) for temperature T takes on the simple textbook form

KT Qf(T)

kf(T):—_—exp Vf/k Tj

where kg is Boltzmann's constant, h is Planck’s constant, Q'(T) is the partition function for the
bound degrees of freedom at the saddle point, ®R(T) is the reactants partition function, and V¥ is
the value of the potential at the saddle point. Thus conventional transition state theory requires
information about the potential energy surtace only in the saddle point and reactant regions. If the
partition functions are computed using a harmonic approximation then the matrix of second
derivatives (the Hessian matrixo suttices,

In variational transition state theory the dividing surface is viewed as a tentative dvnamical
bottleneck to flux. and the best bottleneck (the dividing surface allowing the least flow of flux) is
located by a variational procedure. The generalized expression for the thermal rate constant is
given as » function of the location s of the dvnamical bottleneck along the reaction coordinate

kGT( T.5) = EE—I: g(hi) exp (Vv

h R

() /k.T
&(T) 5')

MEP

where QO sy is the generalized partition function for the bound degrees of freedom orthogonal

to the reaction path at s, and Vg p(s) 1s the value of the potential along the reaction path ats. One




version of viriational transition state theory, the canonical variational theory (CVT),8 results from

minimizing eq. (2) with respect to s

KT = min KOU(T, 9 3
i _

The improved canonical variational theory (ICVT)!? also variationally optimizes the location of the
transition state dividing surface for a given temperature, but provides an improved treatment of
threshold energies by using an ensemble which removes energies below the ground-state adiabatic

threshold. To compute the rate constant using either the canonical or improved canonical

variational theory more information about the potential energy surface is required than for a

conventional transition state theory calculation; information about the potential in a region around

-
,
-

S
'

"
4

the reaction path is required.

For most chemical reactions of interest, especially those involving hydrogen atoms, it is
imperative to include quantum mechanical effects in the theory. Quantum mechanical effects are
included in VTST in an ad hoc manner: bound modes are quantized by using quantum mechanical
partition functions in eq. (2) and quantum mechanical effects on the reaction coordinate motion are

included by a multiplicative factor, the transmission coefficient xX(T). The quantized rate constant

Is given by

ICVT /X

VT
k VT

(T) = x (T k" (T) 4)
where the superscript X specifies the yet undefined method used in calculating the transmission
coetticient. The transmission factor includes the effect of nonclassical reflection for energies above
the classical barrier as well as the effect of quantum mechanical tunneling. The Wigner correction
factor ¥ has been very popular for estimating quantum mechanical tunneling effects because 1t
requires knowledge of the shape of the classical barrier near the saddle pomnt: this tvpe of

information can be obtained from the negative eigenvalue of the Heswan at the saddle pomt
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Unfortunately, the approximations of this method are rarely valid for chemical reactions, i.e.,

when tunneling is important it occurs over distances much longer than that represented by a
quadratic representation of the potential near the saddle point, and 2 more global description of
tunneling is required.

More successful transmission coefficients are based upon the vibrationally and rotationally

19.20 1n this approximation the difficult multidimensional scattering

adiabatic approximation.
problem is transformed into the much easier problem of scattering on a one-dimensional effective
potential. The vibrationally-rotationally adiabatic potential is given by

(s) +eST(s)

Va(s.0) =V (5)

where o is a collective index of the quantum numbers for the bound modes and EST(S) is the

bound energy level for state o at the generalized transition state located at s along the reaction path.
The adiabatic approximation is made in a curvilinear coordinate system and although the potential
term is very simple, the kinetic energy term is complicated by factors dependent upon the curvature
of the reaction path (the MEP). The method of treating the reaction-path-curvature terms is
ambiguous and several approaches have been tried. The best methods treat tunneling along a path
which depends upon the reaction path curvature. An example is the small-curvature semiclassical
eround state (SCSAG) tunneling method which is based upon the ground-state adiabatic potential
and in which the tunneling probabilities are computed by the WKB method.2® This method works
well for systems in which the reaction path curvature is not too large. Note that for this tunneling
method the type of PES information needed is nearly identical to that needed for the variational
caleulation: the only additional piece of information necessary is the curvature of the reaction path
which can be obtained from the first and second derivatives of the potential along the reaction path.
In the present work the ICVT/SCSAG method is applied using limited information about
oporential energy surtace: the information necessary to carry out these calculations is the

il adong the nuimum energy path (MEP: the minimum energy path is the path of steepest

10
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decents in a mass scaled coordinate system from the saddle point to both reactants and products),
the matrix of force constants along the minimum energy path, and the curvature of the reaction
path. The method directly uses the results of quantum chemistry calculations of information about
the potential energy in the form of the energy and its derivatives. The development of quantum
chemistry methods to analytically evaluate the derivatives?! has greatly reduced the computational
etfort and such methods are used when available. Typically the potential information is obtained
on a sparse grid along the minimum energy path and methods have been developed to interpolate

~ . . . s ]
the necessary parameters of the reaction-path Hamiltonian (RPH).”*L

2.2 Quantum chemistry

Today, most quantitative theoretical studies of intermolecular forces and their related
potential energy surfaces are based on ab initio methods, which can be pursued to increasing
levels of accuracy, thereby providing useful estimates of the errors at preceding levels.
Historically, the majority of calculations have determined the ground electronic states of atomic and
molecular systems. The most well-known ab initio method is the LCAO-SCF or Hartree-Fock
(HF) method.?? In this procedure the wavefunction for the system is expressed as a determinant
of one-clectron orbitals formed from linear combinations of orbitals centered on each of the nuclei.
The Hartree-Fock solution is a "variational” one: i.e., for a given set of atomic orbitals ("basis
set™), it vields the lowest energy possible for a single-determinant wavefunction. In this type of
calculation there can be two sources of error: that from the use of a finite basis set and that from the
neglect of correlation. Experience has shown that the accurate determination of properties,
particularly bond strengths, even for singly bonded substituents, requires that both types of errors
be eliminated to the maximum extent possible.

Theoretically, the correlation energy is defined to be the difference between the Hartree-
Fock energy and the exact (nonrelativistic) energy within the basis.”* When a method corrects for
the approximations in the independent particle model by including components from other electron

configurations in the wavefunction, correlation is accounted for and the total electronic energy

11
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obtained will be lower than the HEF energy. The conventional method of obtaining a correlated
wavetunction is the configuration interaction (CI) method.”> When increasing numbers of
determinants of orbitals representing states excited relative to the SCF determinant are included in
the description of the wavefunction, the CI method converges monotonically (from above) to the
basis-set-limited exact electronic energy (i.e., the "full CI" limit). The convergence with respect to
the basis set can be assessed by examining the changes in calculated properties as basis functions
are added. Itis particularly important that the errors in different regions of a potential energy
surface remain fairly constant; otherwise, spurious barriers or other features may appear.
Electron correlation may be classified as dynamical or nondynamical.26 Nondynamical
correlation errors are large for systems which are inadequately described by a single determinant.
This case arises when two or more configurations are nearly degenerate in energy or when
alternative arrangements of electrons in partially filled subshells are required for proper
dissociation. One method particularly appropriate for obtaining nondynamical correlation is the
multiconfiguration-SCF (MCSCF) method.2” In this procedure, both the orbital coefficients and
the correlation coefficients within a limited CI space are varied and iterated to convergence. Fora
given configuration space, the MCSCEF orbitals are the optimal ones. Dynamical correlation is
obtained in this procedure by a CI using the optimized orbitals to give the MCSCF-CI?8 method.

An alternate to the CI method is based upon perturbation theory such as diagrammatic

29 or Mpller-Plesset perturbation theory.30 As higher-

many-body perturbation theory (MBPT)
order perturbations are included, the energy (for systems for which a single determinantal starting
point is adequate) converges to the full CI limit, although not usually monotonically since the
MBPT energy does not include certain spurious positive terms present in nonfull CI energies that ‘
are cancelled as the full Clis reached and are responsible for the monotonic convergence.

However, recognition of these terms makes it possible to approximately correct and improve the

nonfull Cl energies.3! For ground state thermochemistry and properties at equilibrium geometries

and transition states. the perturbation based codes (e.g., GAUSSIAN 8232) offer superior

performance over MCSCE-CI calculations in many instances.




LA Sl el el ial Dad i inioRal Ralksnt o tie Al S AR talha e Alle Ahe Ahe At Al Ade Ste At A A SRS A 0hd Al Ak Nl Aal el Ba® Saf Sat Ba Su* BaColi - lh ol il JAh JUp MR gen a'd a-b |

J\

2
.'-\-

:f;: In the present work we attempt to keep the computational effort affordable by using

': moderate sized basis sets and partial descriptions of the electron correlation. These give results of
! modest accuracy which are improved by empirical corrections using the bond additivity correction
(BAC) method.? This approach begins with a Hartree-Fock (HF) optimization of critical

E;:i:i geometries (such as equilibrium geometries and transition states), followed by higher quality
," J calculations of the energy using tull fourth-order Moller-Plesset perturbation theory (MP4), and
' finally applying an empirical bond additivity correction. This method is denoted HF/BAC-MP4 10

N

':_::: distinguish it from other possibilities discussed below. The correction is given in terms of an

“»
E adjustment to the total energy for each bond in the molecule. The bond correction dies off
~

\- exponentially with the bond length. The parameters of the BAC-MP4 method are fitted to a

\ database of experimental heats of formation of atomic and molecular species in a least squares
SN
. .-) sense. These parameters will change with the level of the ab initio calculation and in the limit of a
Ea complete basis set and full CI the correction goes to zero. The strengths of the BAC-MP4 method
:: are: (1) itis based upon ab initio methods and therefore incorporates a qualitatively correct picture
[

of the multicenter nature of the molecular bonding, (2) it can be systematically improved by

improving the level of the underlying ab initio calculation, and (3) the corrections are estimated

X, G, Cut

> x
» 32

P

PR R SR |

from a lurge database of experimental heats of formation. For corrections to energies at

I

-
equilibrium geometries the BAC method can be viewed as an interpolation technique, whereas for
) "'-
P transition states and other geometries in the strong interaction region for which experimental data is
-
\ L)
e not available the method is more an extrapolation technique and must be more critically tested.
.
) . . . .
A major concern in using the HF/BAC-MP4 method is the accuracy of the computed
-
‘ potential energy surface information. One test is to improve the quality in the underlying ab initio
“u
>,
o0 . . .. e .
N calculation to decrease the magnitude of the empirical bond additivity correction and test the effect
o
o on the computed rate constant. As a first step in this direction, we have reevaluated the potential
e
.::-." information using the MP2/BAC-MP4 method. In this method the geometry of the equilibrium
- . . , o ,
4 structure or transition state is determined using a full second-order Moller-Plesset perturbation
- o
9. theory (MP2) calculation. The matrix of second denvatives is also calculated at the MP2 level at
~ - -
Y
=
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o
e 13
o
ey
. »
"’ »
v e e e A T AT A T T Y e AN e e T et S E T L T T T AT T N AT N
M R R ]




T
NN

o
E}' the same geometry. The minimum energy path is located by following the path of steepest

E, descents using the gradient vectors and Hessian matrices computed at the MP2 level. For each

' point along the minimum energy, the energy is then computed by the MP4 method followed by a
. bond additive correction. Because the geometries and vibrational frequencies are different at the
,: HF and MP2 levels, the BAC correction is also different and the parameters are refitted to

\ experimental heats of formation as was done for the HF/BAC-MP4 method.

:fj One further step that has been considered is the MP4/BAC-MP4 method in which the

Cd

E:: energy and first and second derivatives along the entire minimum energy path are calculated by the
1 . MP4 method. The bond additivity correction is then made to the MP4 energy at each point along
.» the minimum energy path. This method has not been fully implemented, but by observing the

‘ ‘:; change of the geometries and frequencies in going from the MP2/BAC-MP4 method to the

2 MP4/BAC-MP4 method, we obtain an estimate of the sensitivity of the calculations to even higher
levels of the underlying ab initio electronic structure calculations. Similar comparisons have been
.') made between the HF/BAC-MP4 method and MCSCEF calculations for which a bond additivity
{ . correction is not available. These comparisons give an estimate of the importance of using a
multireference wavefunction for optimizing geometries and obtaining frequencies, and provide a
,- good measure of the accuracy of the HF-based pertubative approaches.

li 3 . . . .

-?’.:, 2.3 Thermochemical kinetic analysis

i: Our ability to address reactions involving large polyatomic molecules such as found in the
J_; initial stages of nitrocubane decomposition will rely to a great extent on developing methods to

":‘ estimate Arrhenius parameters from bond additivity or group additivity relationships. Statistical

j _ mechanics provides the prescription for using information about the structure and vibrational

o

6 frequencies of bound chemical species to directly calculate thermochemical data such as heats of
’ formation of stable compounds and heat release and equilibrium constants for chemical reactions.?
" The structural and energetic information can be reduced into thermodvnamic quantities, the
9 enthalpy and entropy, which can be accurately approximated using bond additivity and group
bt
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e ‘
. additivity relationships. Using the quasithermodynamic formulation of conventional transition
o state theory® 7 these ideas have been extended 1o the prediction of reaction rate constants by
A ‘.
' - . . .
N estimeating the enthalpy and entropy of the activated complex from knowledge of the structure and
WA
- . . - . , . - . . .
S vibrational trequencies at the saddle point ot the reaction. This approach neglects important
e
e contributions to the thermal rate from variational optimization of the transition state and quantum
-.- ..-
p mechanical unneling. Recently, a new partitioning of the thermal rate constant has been produced
o
oo which allows analysis of the rates in terms of quasithermodynamic quantities which include these
' :"-l - ]
L . . . 2
oyl important dynamical effects.™
) h M
r : . . . . . ~ . .
4 In traditional thermochemical kinetic analysis the enthalpy and entropy of activation are
R . : . . : . ,
e estimated trom properties at a single location along the minimum energy path — the saddle point.
- '-. "
“-.'-J . . . . . . . .
Buasing the thermochemical Kinetic analysis upon variational tronsition state theory presents a
° problem because the role of the saddle point is replaced by that of the dynamical bottleneck which
A
R . . . . . .
ey moves with temperature. At 0 K it occurs at the maximum of the ground-state adiabatic potential
" AG : ; 1
=T curve s, and past experience has shown that the dynamical bottleneck for temperatures up to
o
Lo
e "
{ about 600- 1000 K tend to be in the vicinity of this adiabatic maximum. Theretore, it is more
reasonable to base the thermochemical Kinetic analvsis upon the generalized transition state rate
. AG . . : . . "
constant given by eq. (2) evaluated at s”,” instead of the saddle point location of s=(). This takes
mnto account most of the variational effects but still neglects thermal fluctuations of the dvnamical
b, . AG . R .
I bottleneck from s™,” which become more important at higher temperatures, and also neglects
-.’-
o
* - . . ~ s . . g
A quantum mechanical tunneling eftects which are important at low temperatures. These effects are
::_;.
e alsoincluded by partiioning the rate constant {eq.(4Y] as follows
%]
>
bl
i KON 2N ) KOTT, $16 ¢
. . _ . : s
A therm ) (&

where K Ty accounts for tinite-temperature deviations due to the temperature dependence of

therm

the improved canonical variational transition state and 1s given by the expression
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The generalized transition state theory rate constant kGT(T S ) 1s obtained from the properties of a

single generalized transition state, "a substance”, and is fuctored in the usual manner in terms of

. . . 0 O
substantial activation parameters, A S and A H o

'GT,‘_kBT 0.4n° A S° 1O
K (T, s) = —h—(C ) cxp(f SST/R)cxp(—AS{T/RT) (8)

where Cis the concentration in the standard state and An® is the stoichiometric change in the

number of moles in passing from the reactants to the transition state (An*=-1 for reactions studied
here). Foranide: ™ zas at a standard state of PO = [ atm, the concentration of the standard state is
given by PO/RT. and the substantial enthalpy and entropy of activation can be expressed in terms

of the reaction rate constant by

2dln k
A =RTILE Ry )
AH? k(T)hP°
R
vToT Kk Ty 2NE
(%p') Na (10)

where Ny 1s Avogadro's number, and u is one for k(T) in molar units and zero for k(T) in

molecular units.

The transmission coefticients K. (T) and KSCSAG ') depend upon more extended

revions of the potential energy surface rather than a single transition state location but we still factor

: . . _— 0
them in a manner analogous to eq. (8), in terms of nonsubstantial activation parameters, A S T

QO
1A

KTy = exp (A, S5/ R)exp (= A HO/RT) (1
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where

N(T) = WG Ty (T) (12)

thenm

and the nonsubstantial enthalpy and entropy of activation are obtained from

A1 = RTIARE (13)
2,50 =RT dé“Tr“' +RIn &(T) (14)

. (o} 0 . . .
Since A S r and AH T are quasithermodynamic parameters, their temperature dependences can

. . . . . o 0
be obtained from a single temperature-dependent substantial heat capacity of activation A C p

0 _ 0 T 0
ASST—ASSTOw&fTU(ASCP/T) dT (18)
and
o _ 0 T o .
A-\'HT'ASHTO+JTUA>CPdr (19)

. O QO X .
Ihe parameters &S - and A H are purely phenomenological; however, because of their

definition in eqs. (13} and (14), their iemperature dependences can also be obtained from a single

) 0 .
heat capacity analog A C p given by expressions analogous to eqs. (15) and (16).

This new thermochemical kinetic analysis separates contributions from a single transition

state structure from contributions due to thermal and quantum mechanical tunneling which depend

e e o g oty |

on more global properties of the potential energy surface. The former can be estimated using bond
addinvity or group additivity relationships, but the new schemes are needed for estimating the

latter.
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3. Results and Discussion

3.1 Validauon of theoretical methods

3.1 Applicationto H+ NH; 2
Greater detail and discussion of the results for these reactions as well as a prediction of the
rate constants for the reverse of reaction (R6) is presented in appendix A. The results are

summurized in this section with an emphasis on the validation of the HF/BAC-MP4 method and

H, + NH, and D + NDy — D, + ND,

the computational effort required for these calculations.

First the saddle point geometries are compared at the HF, NP2, and MP4 levels for the

reaction of H with NH;. At the saddle point the geometry is

HH

\

where the bond lengths and angles are given in table 1.

Table 1. Saddle point geometry for the H + NHy — H, + NH, reaction.

o

DNTHRY
Ry (A)
Rypy,(A)
Ryp (V)
BNHH{I(dcgrccs)
()},lx}il((icgrccs,)
()Hl’\-m(dcgrccs)

()H{\H:(dcgrccs)

HF
1.244

1.010

1.010

0.949
100.5
100.5
105.4

166.7

MP2
1.305
1.023
1.023
0.869
99.1
99.1
103.5

158.5

MP4
1.277

1.026

1.026

0.893
99.3
99.3
103.3

158.3
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geometries. The largest changes are for the NH, and H{H, bond lengths which are most actively

mnvolved in the rearrangement. Note that the geometries do not change monotonically with

improvement in the level of treatment but the HF values for RNHI and RHIIQ are closer to the
MP4 values than are the MP2 values. The NH; and H H, bond distances computed at the HF and
MP2 levels are shown in figure 1 for points along the minimum energy path. The agreement
between the two methods for the whole minimum energy path is as good as or better than the
agreement seen at the saddle point .

The saddle point frequencies are compared at the HE, MP2, and MP4 levels for the reaction
of H with NHj in table 2. The imaginary frequencies at the top of each column correspond to the
unbound mode for motion along the reaction coordinate. Note that of all the frequencies this
imaginary one changes the most as the level of theory is improved. The harmonic zero point
energy given at the bottom of each column is one-half the sum of the frequencies for all bound
modes. Although the frequencies for some individual modes do change by as much as 20%, the
changes in zero point energy are much smaller. A change of 110 cm! in the zero point energy (a i
typical difference between the HE and MP2 values) will shift the adiabatic potential curve by only

(0.3 keal/mol.




A e R

0.6 | | 1 | 1
08 10 12 14 16 18 2.0

Ryg (A)

Figure 1. NH and HH bond distances along the minimum energy path for the reaction H + NH;
— H, + NHiat two levels of ab initio electronic structure theory — Hartree-Fock (%) and second-

order Moller-Plesset perturbation theory (@)
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Table 2. Saddle point harmonic frequencies zero point energy (¢cm™!) for the H + NHy - H, +

.\'H:.re;u‘(ion.

HE MP2 MP4
28331 20211 19051
723 718 726
732 730 901
1258 1146 1186
1485 1315 1347
1541 1610 1629
1731 207 1921
3647 3489 3497
3750 3606 3553
Zero point energy 7434 7345 7381

The bond additivity correction is based upon information about the potential energy surface
only through quadratic terms (a harmonic treatment) but is designed to fit the experimental heats of
formation of bound molecules which include the effects of anharmonicity. Therefore, the BAC
method has anharmonic effects built into it in an averaged sense, not on a mode-by-mode basis.
The harmonice frequencies computed at the HF level are known to be systematically high and the
BAC method corrects for this discrepancy as well as including the etfects of anharmonicity. The
relatively small differences in the zero point energy with improved level of theory is encouraging
since itmeans that smaller changes will have to be made in the bond additivity correction to account
for these changes in frequencies.

A comparison of the potential energy curve Vyppts) and the ground-state adiabatic

potential curves VA(s) for reaction (R4) using the HE/BAC-MP4 and MP2/BAC-MP4 methods is

al
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E . - . . B - . ers
o civen i tigure 20 Compartson of the rates for reaction (R4) computed by the ICVT/SCSAG
o e .
s method using the potential information obtained by the HE/BAC-MP4 and MP2/BAC-MP4
Y
! methods is given i wble 3 and tigure 3.
i-‘_?l Tuhie 30 Comparison of [CVT/SCSAG reaction rates (in units of cm3molecule™'s™!) computed
. using two difterent sets of information about the potential energy surface.
o T.K HF/BAC-MP4 MP2/BAC-MP4
- 200 9.9x10-2 3.2x10H
W o
{ X 300 1.8x10720 1.2x10-29
T 00 2.0x10° 18 1.6x10°18
.-{.
S 600 4.5x10716 1.0x10716
e 1000 6.2x10°1 6.2x10°14
1500 11x10712 1.1x10°12
s 2400 6.9x10°12 8.1x10°12
N
oy
s :
.‘_:5: Ao included in tigure 3 is a comparison with the experimental results of Marshall and Fontijn.~?

Ob

The potentidd along the minimum energy path and the adiabatic potential curves show very similar

l ,J-_"
v
o shapes tor the two methods, although the MP2/BAC-MP4 results are shifted slightly to the left.
e
T The classical barrier heights are very similar, 17.1 kcal/mol for HF/BAC-MP4 compared to 16.7
o , . , . . . <
. Rl mol for MP2/BAC-MP4L and the adiabatic barniers are 15.5 and 15.7 kcal/mol above the
Vg
‘-. a . . -~ .
A reactant zero point energies tor the HE/BAC-MP4 and MP2BAC-MP4 methods. respectively.
B
DA The rute constants computed using the two sets of potential information agree well for
" : . b - bl - N . e e A . . . .
R Covreratures above 300 KD AL 300 K and below tunneling is very important and the rates are
ey
VSN worsanve o iner details of the adiabatic potential curves. At 300 K. the rates computed using the
“‘.f‘.
Y . . P, " , PR .
";,-.':\ Ceoo sets of potental intormation difter by only 50% but at 200 K the ditference increases to a
.‘- ‘ ’ - -
.*' aoorot Y10 The overall agreement with the experimental results is also very good except at the
o
oA AR
LR
A
LA
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Figure 2. Comparison of potential energy along the minimum energy path [ Vyep(s)] and ground-

<+

1@~

state adiabatic potential [VA(s)] as a function of reaction coordinate s computed using the HF/BAC-
MP4 method (solid curves) and the MP2/BAC-MP4 method (dashed curves) for the reaction H +
NH; — Hy + NH,.
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N Fizure 30 Rate constants as a function of temperature for the reaction H + Ny — H, + NH,
o computed using the improved canonical variational theory with small-curvature semiclassical
o whabatic ground-state transmission coefticient from potential information obtained using the
b HE BAC-MP4 method (solid curves) and the MP2/BAC-MP4 method (dashed curves).
.., Comparison is alo made with the experimental rate constants of P. Marshall and A. Fontijn, ref.
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N fowest temperatures which is discussed in more detail below. Comparison can also be made to
\:.; least-squares Arrhenius fits to experimental results for the temperature ranges from 500 to 1140
S
r K.#> 908 10 1777 K3 and 673 to 1003 K.37 These fits give activation energies of 17.2+0.8,
§
, r . . . - .
. 16.020.2, and 14.621.0 kcal/mol, respectively. Activation energies derived from the computed
.
[~ . . . e e . . . . . .
- rates show an interesting behavior of initially increasing with increasing temperature but turning
)
L4
\ around and decreasing at even higher temperature; e.g., the computed activation energies are 12.9,
o
- 14.7.17. 1. and 14.7 kcal/mol over the temperature ranges 400-600 K, 600-1000 K, 1000-1500
- K. and 1500-2400 K respectivelyv. In general the agreement between the experimental and
< computed activation energies is excellent: however, the theoretical results systematically
-'f_'. underestimate the experimental reaction rate indicating a systematic overestimate in the free energy
“ of activation. The underestimation of the rate may be attributed to a barrier height which is too
e v
) lurge: however, lowering just the barrier will tend to decrease the activation energy which is
e mconsistent with the experiments. Another possibility is that the energetics are approximately
- correct (Le., the ground-state adiabatic barrier is about right) and that the entropic factors controlled
{ by the higher tyving vibrational levels are not accurately described.
b7 Reaction rates computed by the the ICVT/SCSAG method with the HF/MP4-BAC potential
.
';:- information for reaction (RS) are compared with the experimental ones of Hack et. al.37 and
o
B \ 2 . . .
Demissy and Lesclaux3® in figure 4. The agreement with the low temperature results of Demissy
and Lesclauxis excellent (differences of 18-40%) but at higher temperatures the computed rates are
-::;- factors of 2.2 to 2.7 lower than the results of Hack er. al. The discrepancy at the higher
o : Ce - . .
°® temperatures can be attributed to uncertainties in the heat of formation of NH,. At lower
I . N . :
K- temperatures the computed heat of tormation of NH, agrees well with the experimental values and
. —
7 weenpect less uncertainty in the computed rate constant.
al .
) Reaction rates computed by the ICVT/SCSAG method using the HF/BAC-MP4 potential
.~
sformvation for reaction (R6) are compared with experimental one of Marshall and Fontijn?? in
o tizare S0 Once azain the agreement is excellent, although the theoretical results systematically
>
) ."- . ray - . . . . .
® Loderestimute the reaction rates. This underestimate 1s consistent with our observations for the H
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Figure 4. Comparison of computed and experimental rate constants for the reaction H, + NH, —
H + NH;y. The experimental results are the Arrhenius fit of W. Hack, P. Rouveirolles, and H.
Gg. Wagner, ref. (36), denoted HRW (short dashed curve) and the Arrhenius fit of M. Demissy
and R. Lesclaux, ret. (38), denoted DL (long dashed curve). The solid line is the result of the
improved canonical variational theory with small-curvature semiclassical adiabatic ground-state
transmission caefficient (ICVT/SCSAG) from potential information obtained using the HF/BAC-
MP4 method.
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(®). The solid line is the result of the improved canonical variational theory with small-curvature
semiclassical adiabatic ground-state transmission coefficient (ICVT/SCSAG) from potential
information obtained using the HF/BAC-MP4 method.
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+ NH; — H, + NH, reaction that some feature of the potential energy surface is giving rise to a
free energy of activation which is too low. Compared to reaction (41), tunneling is less impontant
tor the deuterated reaction. For example, at 300 K, the ICVT/SCSAG transmission coefficient is
44,5 for reaction (R4) and only 8.5 for (RS), and at 600 K these decrease to 2.4 and 1.6,
respectivelyv. As for reaction (R4), the good agreement between the computed and experimental
activation energy indicates that the reaction energetics are approximately correct but the entropic
tactors controlled by higher lying vibrational levels leads to the underestimate of the rates.

For the three reactions for which experimental results are available, the agreement between
theory and experiment is very good except in comparison with the experimental results of Marshall
and Fontijn3 for reaction (R4) at temperatures below 660 K. Below this temperature the
experimental results show much more curvature in the Arrhenius plot than the theoretical rates and
at 500 K the experimental rates are higher than the theoretical ones by about a factor of 4. Such
curvature in the Arrhenius plot is often attributed to quantum mechanical tunneling, but in the
present calculations the large amount of tunneling necessary to reproduce the experimental
curvature is inconsistent with the excellent agreement between theory and experiment for
temperatures above 660 K. For example, at 660 K the SCSAG tunneling correction tactor is about
2 and gives good agreement with experiment. At 500 K the SCSAG tunneling correction factor is
1.6 but would have to be about 15 to agree with experiment. To reproduce this sharp increase in
tunneling over such a small change in temperature would require a radically different shape of the
adiabatic potential which is inconsistent with the reliability established in previous tests and uses of
the methods.

Another indication of the inconsistency of these low temperature results is given by the low
temperature results for reaction (RS) which are related to those of reaction (R4) by detailed balance.
Knowledge of the equilibrium constant as a function of temperature allows calculation of rates for
one of the reactions from the other. At lower temperatures the heats of formation of all four
species (two reactants and two products) are accurately known, thus the equilibrium constant can

he accurately computed at these temperatures. Therefore, the good agreement between the
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AN computed rates and the experimental results of Demissy and Lesclaux*® for reaction (R5) is
e mconsistent with the poorer agreement observed between theory and the experimental results of
-" ~
,
7 Marshall and Foatijn ™ for temperatures below 660 K. This is further evidence of the
L :-: meonsisteney of the low temperature experimental results tor reaction (R4,
RN
ST re - -
The good agreement between the ditfferent levels of theory and the overall good agreement
G
v between the experimental and computed rates is encouraging for appication of the HF/BAC-MP4
. !
Ny method o a variety of reactions. This work establishes the feasibility of this approach for
\'.:-.
e providing reliable predictions of thermal rate constants and shows the utility of semiempirical
4 corrections 10 ab initio electronic structure calculations of information about the potential
Cn energy.surtace. In particular, the HF/BAC-MP4 method is a cost effective means of obtaining this
T . ) ) . o . .
[ tvpe of information. Calculations of the energy and its first and second derivatives at each point
™) along the minimum energy path required only eight minutes of cpu time on a Cray Is computer.
N To obtain rate constants numerically converged to about 20% at 300 K requires about 40 points
e along the reaction path. At higher temperatures these requirements relax so that at 1000 K only

‘o

about 10 points along the reaction path are needed for the same tvpe of convergence. Thus, for
about five and one-half hours of Cray 1s computer time rates accurate to better than 50% can be
obtawied over the entire temperature range from 200 to 2400 K. The calculations at the MP2 and
MP4 levels become much more costly in part because some or all of the analvtically derivatives are
not availiable and must be computed by numerical differentiation. For the MP2 calculanons only

analytic first derivatives are available and for the MP4 calculations no analvtic derivatives are

." availuble. Calculation of the dervatives by finite difference greatly increases the cost of the
o : _ . :

d calculations. The MP2 and MP4 calculations require over three and seventeen hours, respectively,
'O of Crav Is computer time per point along the minimum energy path. The reliability of the lower
- ‘-‘-.

"1 HE Tevel of theory with the BAC correction mukes this efticient approach teasible.
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12 Appheation v HONO — HNO,

As o turther test of the BAC-MP4 method. the hydrogen migration reaction from trans-
HONO 0 HNOS was stidied at several levels of electronic structure theory. Molecules containing
nitro groups present a challenge to ab tnirio methods for obtaining accurate representations of the
potenaal encrey surtace. The utldity ot i single reference wavefunction has been questioned for
this tvpe of svstem and it has been suggest that a multireference wavetunction such as used in the
multcontizuraton SCE (MCSCE) method will be necessary to obtain reasonable estimates of the
reacion energetios. Theretore, this type of reaction represents a stringent test of the BAC-MP4
micthod which s based on a single reterence HF wavefunction.

In this section we present a comparison of BAC-MP4 and MCSCF results for reaction
‘R710 Two diftferent MCSCF calculations are considered, both using double-zeta plus polarization
{DZP) basis sets. A DZP basis set is comparable to the 6-31G* basis set used in the HF
aptimizations of the BAC-MP4 calculations and the following comparisons are a test primarily of
e methods tor including electron correlition and not a test of basis set effects. The first MCSCF
corculanion treats the o and 1 spaces independently. The o-space correlation includes selected
singie and double excrtations from o HE reference and correlation is included for the the complete
acinve ©ospace: this is denoted MCoa/m. The second MCSCEF calculation considers all double
crnaitations from the seven highest occupied orbitals into the seven lowest unoccupied orbitals: this
odenated MCOTY

For the BAC-MPY method to be usetul. the location of the critical geometnies (equilibrium
coorertes and saddie pomtsy and minimum energy path for the reaction must be accurately

crodhoed Inctrzure 6 the HE and MCoo/mo nmuimimum energy paths are compared. During the

wrreacton el tour atoms he ina planes figure 6 shows the motion in this plane of the H and
“wo O atomis relative to fiang the Natom at the ongin, The excellent agreement of the two paths
coicates that the BAC MP3 method has passed the first test: the HE method 1s capable of placing

Tre sastenyn the corredt Tocation
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In the BAC-MP4 method the frequencies are also calculated at the HF level and it is

interesting to see how well they compare with the MCSCF ones. A comparison of the frequencies

from the two MCSCF caleulations and the BAC-MP4 calculations, as well as comparison to

experiment™

'is presented in table 4.

Table 4. Frequencies (in cm™!) for trans HONO

MC(o/n) MCl14 BAC-MP4 JANAF

632 522 604 543

676 767 794 598

925 1104 1104 794

1376 1480 1520 1260

1744 1827 2049 1696

3828 4126 4092 3590

Zero point energy 4591 4913 5082 4241

Comparison between individual modes shows some fairly large discrepancies but the crucial

quantity in actermining the thermal rate is the total zero point energy given at the bottom of each

column. Because of the separation of the 6 and &t spaces in the MC(o/7) calculation the frequency

of the lowest mode, which 1s an out-of-plane bend. is not accurately reproduced. Otherwise this

MCOSCE caleulation includes the most correlation and gives the best agreement with the

experimental zero point energy. The MC14 and BAC-MP4 frequencies agree well and the zero

pomnt energy for these methods 1s overestimated by about 18%. This is higher than the usual 12%

overestmate expected from HE frequencies but of sufficient accuracy for applying the BAC

correction. The theoretical frequencies at the saddle point are presented in table 5. In this case the

B AC-MPA trequencies agree better with the MC(a/n) ones than with the MC14 frequencies but the

Jditrerences in zero point energies are less than 0.3 keal/mol.
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Table 5. Frequencies (in cm’ 1 for the migration transition state HONO — HNO,.
MC(o/n) MCl14 BAC-MP4
23451 23851 2424i
319 436 394
341 711 709
628 1344 1360
765 1680 1686
1179 2629 2434
3234 3400 3292

The reaction energetics computed from the BAC-MP4 and MC(6/r) methods are presented
in figure 7 as a comparison of the ground-state adiabatic potential curves. The MCSCF calculation
has errors arising from basis set limitations and from neglect of some of the electron correlation.
The uncertainties in the energetics obtained from this method are estimated to be about 10 kcal/mol.
The BAC-MP4 gives the best estimate of the adiabatic barrier because it uses a bond additivity
correction to compensate for the errors caused the small basis set and the limited amount of electron
correlation included. The agreement in the barrier heights may be fortuitous (they differ by less
than 3 kcal/mol) but the general shape of the two curves are qualitatively similar. This indicates
that the BAC-MP4 method is not giving unphysical behavior as a result of the bond additivity
correction over- or under-compensating for gross errors in the MP4 energies. The BAC-MP4
method gives physically reasonable results even for systems containing nitro groups.

Another encouraging feature of the BAC-MP4 calculations is the computational effort

required. The calculation of the energy and first and second derivative at each point along the

minimum ¢nergy required less than 20 minutes of Cray 1s computer time. This system is much

|
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Figure 7. Ground-state adiabatic potential curves as a function of reaction coordinate s for the
unimolecular reaction HONO — HNO, computed using information about the potential energy
surtace obtained from MCSCEFE calculations (dashed curve) and BAC-MP4 calculations (solid
curve)
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e Larger than the H + NH; reaction considered (24 electrons as compared to 11) but the
= computational effortis small enough to allow the entire reaction path from -1.0 to 1.0 a to be
s
' mapped out in less thas eight hours of Cray 1s computer time. Thus, we are encouraged to treat
o “u
. . . . .
o even Larger polvatomic systems which should require only a moderate computational effort.
~
‘RS
.
v 3.2 Systematie studies of the H + RNO, reactions for R = H, CH;, OH, NH,, and CH;NH
- The systematic study of @ homologous set of reactions with different substituents allows
-~ for an assessment of the effect of the substituents on reaction dvnamics and is the beginning of any
l._
H empirical model based upon group additivities. As a first step. such a study has been performed

’ .l
at

on reactions (R1) and (R2) using conventional transition state theory with HF/BAC-MP4

"l"‘ @i "‘.‘.. ".',

intormation about the potential energy surfuce. More rigorous studies in the future will use
variational transition state theory. For reactions (R3) with all substituents except OH the HF/BAC-

MP4 method predicts that the saddle point energy is below the asymiptotic energy for the products.

S
.- This is unnhysical and requires the use of variational transition state theory for a consistent
«5
evaluation of the thermal rate constants. This type of study has been carried out for one of the
b substituents R=NH, and allows a complete description of the reaction syvstem for all three reactions
Cad
- . . . .
- (R1)-(R3) for the substituents H, CH;. OH, NH,, and CH;NH.
b i - )
- ) 0O
3.2.1 H+RNO, — R.\QO
- H
v The enthalpy of reaction at 0 K. A Hy. is the change in the ground-state adiabatic potential
e curve in going from reactants to products. This gives an estimate of the heat release (for a negative
“

P- - enthalpy) upon reaction . The free energy of reaction for a given temperature T, A Gy, is a better
o meisure of the themmodynamic driving force behind the reaction since it includes both the entropic
2 and enthalpic terms. Negatives values for the free energy of reaction indicate that the products are
- more stable than reactants. The enthalpy of activation at O K, A H,,. is the change in the ground-
N ~aate adiabatic potential cunve in going from reactants to the saddle pomtand is a measure of the

N
L cracreetic barrier to the reaction. Within the approximations of conventional transition state theory
N
"\

‘@
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the rate at which the reaction proceeds for a given temperature is governed by the free energy of
awivatione A G powhich includes the energetic factor A:H, and the entropic terms. The enthalpies

free energies of reaction, the enthalpies free energies of activation, and the rate constant at 1000 K

-

v reacton tR Dy s summuarized in table 6 for all five substituents.

O
Tabic 60 Reaction energetics and rates for the reaction H + RNO, — R.’\'<O
- H

R A A Gy A:Hy, A:Gr k" (T=1000 K)
eabmol) (keal/mobh (kcal/mol) (kcal/mol (s

H 377 184 8.7 28.3 1.9x10712

Cl 1 174 7.8 31.1 1.6x10°13

OH 350 -16.2 9.3 30.0 8.1x10°13

NH- 3.7 128 9.9 29.8 4.6x10°13

CHNH 233 9.0 30.5 6.3x10°13

>

'
—
%
P

fois clear that the addition of @ hydrogen atom to the oxygen end of RNO, is fairly insensitive to
e substituent attached to the nitrogen. Although the enthalpy of reaction changes by as much as 8
roanmoln changing the substituent from CHj to NH,, the enthalpy of reaction changes by less
han 2.2 keal'mol tor all five substituents. Similarly changes in the free energies of reaction are as
wrze as S0 keal/mol but the free energy of activation changes by less than 3 kcal/mol. The rates
Jhange atmost by about a tuctor of 4 and the Arrhenius parameters are all very similar at 1000 K —
the wctivanon energies are 1201020119, TH3 and 11,3 keal/mol for the substituents H. CHj,

OFLNTE and CHANHL respectively and the base ten logarithms of the A factors are -9.3. -10.1,

D8 9 a and SO T respeciivel

The present calculations are presented as a qualitative guide to substituent effects. A more
Consatent treatment of the reaction dyvnamics would involve a varational transiton state theory
seproach mchadimg tnneling effects, Since these reactions involve primarily the motion ot a

Svdrocen womand the barmers for reaction are high tranging from 8 to 10 keal/mob, tunneling is

R
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expected to be very important at temperatures below about 600 K. At 1000 K, where the current
compartsons are being made, tunneling should enhance the rate by at most 50% and the qualitative
comparison made above should be valid. For meaningful comparisons at temperature below 6(0)

K tunncling should be treated.

0
322 R.\'{O” — R + HONO

A similar comparison of reaction energetics and rates for reaction (R2) is provided in table

~1

0
Table 7. Reaction energetics and rates for the reaction RN<OH — R+ HONO

R AH, AGT A:Hy, A.Gp k" (T=1000 K)
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) sh

H 28.9 5.7 344 34.3 6.6x10°

CHy 20.2 -11.6 28.3 25.7 5.0x107

OH 3.0 -25.4 6.0 6.2 9.2x10!!

NH, 1.2 -28.1 10.7 10.4 1.1x10!"!

CH,NH 4.6 -31.3 10.9 11.7 5.7x1010

The rates reported for the unimolecular reaction are for the high pressu e limit. These reactions
involve the breaking of the R-N bond and the thermal rates are very sensitive to the substituent R.
There is a weak correlation between the free energy of reaction and the free energy of activation
and thereby the reaction rate. More important though is the comparison between the energetics and

rates for the NHy and CH,NH substituents. In these cases a NO bond s being broken in the

course of the reaction and the encergetics and rates are very similar.

37

~ -
‘I-{P -

o

o

VU N TRV N "."Fv","(_"\""“"\""("i“"J'V"-f"-'l""."'c'j



b !
. |
b

e . O , : 0 ,

o 323 .\IL.\(O [ — NH, + HONO and .\'Hﬁ\(OI — NHLNO + Ol

- I - - \ -

- Animportant aspect of the reaction system (R1D-(R3) is the branching ratio between the

LS

:"_3 two unimoleculur reactions (R2) and (R3). This has been studied in more detail for the substituent ‘
b ;
o \

O
NI, Rate constants for the reaction .\'H:N<O” — NH,NO + OH were computed using

variational transition state theory with semiclassical adiabatic ground-state transmission coefticients

using HE/BAC-MP4 information about the potential energy surface. The potential along the

minimum energy path and the ground-state adiabatic potential curve are shown in figure 8. Note

that the value of the potential at the HF saddle point location (indicate by s=0) is much lower than

its maximum value which occurs for s at about 0.25 a . This same type of behavior is seen in the |
ground-state adiabatic potential curve and in the free energy of activation curves show in figure Y

for 300 and 1000 K. As a result, the conventional transition theory state rates are much higher |

than the ones obtained from the improved canonical variational theory as seen in table K. |

Table 8. Rate constants (in units of s71) for the two reactions

0 0
NP{3N<O” — NH,NO + OH NHZ.\(O” — NH, + HONO
T.K K (T) KICVTeT)  KICVT/SCSAG T k'(T)
300 9.4x10Y 3.5¢100 5.3x100 1.1x10°
300 6.9x101" 2.ax10% 3.0x10% 1.3x107
600 s6xl0! 1 9xjolo 2.0x1010 1.9x 109
1000 34x1012 7.ax10!1 7.6x101 Lxio!
1300 X ox101? S0x1012 5 1x1012 9.4x 101!
2100 1ux10"? 175101 1 7x1013 5.2x10!2
8
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; Figure X Potential energy along the minimum energy path [Vyy:p(s)] and ground-state adiabatic
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Figure 9. Free energy of activation [AG (T.s)] as a function of reaction coordinate s for
temperature of 300 and 1000 K computed using the HE/BAC-MP4 method for the reaction
NHLNO)OH — NHANO + OFL
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S': Tunneling is relatively unimportant for this reaction and the rate obtained by the ICVT/SCSAG
L
.:::: method are only slightly higher than those with the tunneling correction factor.
‘. . The rates for the reaction NH:NQ — NH, + HONO are also presented in table & for
: ~ H
Ej: comparison. The value of the ground-state adiabatic barrier above the reactant value is about 10.7
kcal/mol at the saddle point tor the HONO channel and about 9.1 kcal/mol at its maximum for the
_,: OH channel. A consistent comparison would treat both branches of the reaction using variational
: transition state theory; however, if this is done, the value of the adiabatic barrier maximum will
increase for the HONO channel making it even more dynamically unfavorable. Since the rates for
x the OH channel are already higher, increasing the barrier for the HONO channel will only increase
' the difterence. Therefore, we can predict that the OH channel is favored over that for HONO
‘:j formation at all temperatures from 300 to 2400 K.
3.3 Thermochemical kinetic analysis
J Appendix B gives a more indepth discussion of the results of the thermochemical analysis.
_ In this section we review those results and present additional analysis for reaction (R4) and (R6).
" The new thermochemical kinetic analysis presented in detail in appendix B includes important
',' dyvnamical effects that will allow reliable estimates of Arrhenius parameters. As a test of the
‘-

mmportance of these dvnamical effects and as a guide to estimating the nonsubstantial contributions

SR8

the thermochemical kinetic analysis is performed on seven reactions. Five of the reactions have

- been treated earlier by variational transition state theorylo~1 LI3-15 and provide rate constants in
Sty
e cood agreement with experiment, 1441 and the other two reactions are reaction (R4) and (R6)
s
“.4 . . - . .
already discussed in this report. The theoretical rate constants are analyzed to obtain values for
- 0 0 L0 0 ) )
T NS o A HL A S sand A H L The five new reactions considered are
o
. \'_
b H+Hy—Hy+H (RR)
o D+H,—HD+H (R9)
B
Y H+D,->HD+D (RIM
=
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Lo 11
o
g
PP
oy
Pl L e Er S S v,
AR S SR SEH RNV N
. ,ﬁlh:;li.hg.!.i ::: l:.‘}i‘.'.i. :Ay.i\.l :‘.".‘.:: '.:-. AR WY




S e
+ a
v 9 s
e Te Ty

[
(]

i 3
-y orPy+H,->OH+H (R11)
-:
- and
‘.‘\
! O +H, - H0O+H (R12)
b,
b,
o
- For these tive reactions global ab initio potential energy surfaces were used in contrast to the
v reaction path Hamiltonian information used for reactions (R4) and (R6).
The activation parameters for the seven reactions are present in table 9 and are given in
\ terms of the entropy and enthalpy of activation at 300 K, and the heat capacity of activation from
{ 200 to 1500 K. Some general trends are seen in table 9. First, using the terminology discussed in
- section 2.3, the substantial contributions are large than the nonsubstantial ones: thus, the analysis
e
A in terms of the structure of the transition state gives the majority of the contributions to the total
[ enthalpy and entropy of activation. However, the nonsubstantial contributions to both the enthalpy
- and entropy of activation are quite large and need to be included for accurate predictions of the rate
i constants  The values of the substantial enthalpy of activation at 300 K correlate with the barrier
' heights for the reactions, that is, OH + H, has the smallest barrier and H + NH; has the largest.
2 For the nondeuterated reactions the nonsubstantial contributions tend to be larger for the systems
'_:. with the larger barriers, i.e.. tunneling is more important for the reactions with the higher barners.
Compared to the hvdrogen cases, the deuterated reactions have smaller nonsubstantial
~ N . . .
N contributions due to the lesser importance of tunneling.
o
- The substantial contributions to the heat capacities of activation are negative, in general,
[y
B
® which implies that the substantial enthalpies and entropies decrease with increasing temperature. In
o
o the present example, the nonsubstantial contributions to the heat capacity of activation go to zero at
o hich temperatures. They are all positive and at low iemperatures are much larger than the
Y
' . . . . .
® substantial ones causing large changes in the enthalpies and entropies at low temperatures.
v
’ :',,j The substantial contributions to the activation parameters are obtained from information
" .
: ':: about the potential at a single point along the minimum energy path. This enables the substantial
e )
4
° conrthutions to be estimated from existing bond additivity or group additivity relationships.® The
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sonsubstintul contributions are obtained from more extended informution about the potential

cacroy sartace and, theretore, are harder w estumate. All the reactions studied here are hydrogen

Cordeatenuny atom ranster reactions with tairly high barriers. For these reactions the

‘
|
|

consubstantial contributions are predominantly from quantum mechantcal tunneling and the ettect

ol vartationally opumizing the location of the ransition state dividing surface is small. For

reachons with smualler barriers we expect the etfect of quantum mechanical tunneling to be smaller, |

|

Sotor those reactions the eftects of vananonally locating the dividing surfuce will become more

crooriant espectally at higher temperatures.®= It is therefore expected that the nonsubstantial

conmhunons will be stgniticant tor a wide range of gas-phase chemical reactions and new methods

are cecded toresumanng these quantites.

4. Conclusions
The main objective of this six-month Phase [ research program was to establish the

teasibility of using theoretical methods for describing the kinetics of chemical reactions important

in nitrocubane decomposition. The accuracy of the theoretical methods has been established by
comparison of different levels of theory tor two chemical reactions, H + NH; — H, + NH, and

HONO — HNO, and in comparison of the theoretical rate constants with experimental ones for the

I + NHy — H, + NH, reaction. These calculations indicate that the underlying ab initio
clectronic structure calculations provide a good zeroth-order description of the potential energy
surtaces. The empirical bond additivity correction compensates for known errors in these
poientidls and the compansons with experiment indicate that these correction are of quantitative
ACCUTUCY.

For these theoretical methods 1o be of practical use they must be capable of treating systems

v e targer than those presented here. The only inherent imitation in these methods is the

corenonal ettort of the abnitio - electronic structure calculations which increases with

creasro size of the reaction svstem. A requirement for the utility of this method is that the size
.' Sre b e electronic structure caleulations is kept manageable. Although this leads to known
~
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"
My N
7
N errors in the potential energy surfaces, the bond additivity correction provides a computationally
.‘\.'
- etticient method of compensating for these errors. The relatively small reaction systems studied
7
Y here were treated with a very modest expenditure of computational power, e.g., the entire
AN caleulation of the rate constants from 200 to 2400 K for the H + NH; — H, + NH, reaction were
L --_' - - -
o carried out in several hours of Cray 1s computer time. The prospects of treating much larger
v svatemis are excellent.
o b ] -
» ) . . . . .
. Looking bevond the Phase I objectives towards the goal of providing a comprehensive
Pol
l.‘_
- treatment of propellant decomposition, methods are needed for teating the kinetics of very large
{ polvatomic systems. Accurate calculations of rates for reactions involving very large polyatomic
o
Ea . . - .
| :_{ molecules is bevond the current computational capabilities of the electronic structure methods even
‘_':- with the use of empirical corrections. However, the kinetics of these systems can still be
o
addressed using approximate methods for estimating kinetic parameters based on bond additivity
-
Y and group additivity relationships. This type of approach requires the development of a database
.
o
)
7 of information about substituent effects on kinetic parameters. As a first step in this direction, a
o~
svatematic study was carried out for hvdrogen attack on simple nitro containing compounds.
{:‘_- Three difterent reaction paths were considered and the results show that the rates for one of them
- are relatively insensitive to substituent effects, whereas the rates for the other two change by
o

several orders of magnitude upon interchange of substituents.

{9

aae Qualitative information about substituent effects is in itself valuable: however. 1o be of
-\I
e practical use for providing reliable estimates of kinetic parameters for large polyatomic systems,
o
a . s . P, - . . . .
Py methods of quantifving this type of information are needed. Benson's® thermochemical kinetic
ey
}’ . . . . . - .
- analvsis of chenucal reactions provides such a quantification scheme. Rates are based upon
s {
- . . . . . :
o activation parameters (the enthalpy and entropy of activation) which are obtained from structural !
"- 1
S . . . . N . . . L !
Py sroperties of the saddle point. These can often be reliably estimated using bond or group additivity
; |
S :
o relationships. The main deficiency in this approach is that it neglects important variational and !
, I
\
v . o . S . ‘
~ guantum tunneling eftects. A new approach to thermochemical kinetic analysis has been presented ,\
oo | | 4 . L |
° 1 this report which shows the great importance of these effects and provides a prescription for :
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by

inviwding themoin the analvsis. The results reported here are the beginning of a new database of

sinetic parameters which includes all the important dyvnamical effects needed for accurate
caiculanons of the rates. Calculations of activation parameters for smaller systems using the
semiempirical methods validated in this report will be used to build up this database to allow

treatment of svstems involving very large polyatomic molecules.
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Appendices A.

Theoretical calculations of the thermal rate constants for the gas-phase

chemical reactions H + NHy 2 Hy + NH; and D + XDy — D, + NDy
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Theoretical calculations of the thermal rate constants for the gas-phase

chemical reactions H + NHy 2 Hy + NH, and D + NDy 2 D, + ND,

Bruce C. Garrett
Chemical Dynamics Corporation
956() Peansylvania Avenue

Upper Marlboro, MD 20772
Michael L. Koszykowski and Carl F. Melius

Sandia National Laboratories

Livermore, CA 94550

Abstract. Rate constants for the title reactions are computed using variational transition state theory

with semiclassical ground-state adiabatic transmission coefficients for the temperature range from
200 to 2400 K. The rates are computed from limited information about the potential energy surface
along the minimum energy path as parameters of the reaction path Hamiltonian. The potential
information is obtained from ab initio electronic structure calculations with an empirical bond
additivity correction. The accuracy of this semiempirical technique for obtaining the potential
information 1s tested by using increasingly higher quality ab initio electronic structure calculations
betore applying the bond additivity correction. For the reactions H + NHy 2 Hy + NHy and D +
ND; — D5 + ND, the ultimate test is given by comparison with recent experimental results. The

agreement is very good except for the very low temperature results for H + NH; — H, + NH>;

the excellent agreement for the reverse reaction in the same temperature range indicates an

mconsistency in these experimental results.
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Fhvdrogen atoms abstraction reactions are ubiquitous in the combustion of hvdrogen
contaning compounds, As un example. the gas-phase chemical reaction

I+ NHy - H, + NH, (R1)
is important in the thermal decomposition, pyrolysis, and combustion of ammonia. The rate of
reaction (R 1) has recently been measured using three different experimental techniques: ! these
experiments combine to vield rate data trom 500 K — where the slowness of the reaction tests the
limits ot the sensitivity of the experimental apparatus —up to 1777 K. These experiments are in
vood agreement with each other in temperature regions where they overlap, but overall they
disagree with older experiments® that indicated the reaction was much slower.

Compuared to reaction (R1), its reverse

H, +NH, — H + NH; (R2)
has been the subject of fewer direct measurements™¢7 although itis also important in ammonia
combustion. The most recent measurement of the rate of reaction (R2) extends over the
temperature range from 673 1o 1003 K using a single experimental technique? and combined with
the earlier study© provide reactions rates from 400 K up to 1003 K. By also studying (R1) in the
same experimental apparatus, new estimates of the thermochemistry of the NH, radical have also
been obtained. This type of information is usetul in evaluating the equilibrium constant and in
relating the rates of reactions (R Dy and (R2) by detatied balance.

The deuterated analog of reaction (R

D+ NDy — D5 + NDs (R3)
has also been studied using a single experimental technique over the temperature range trom 590 to
1220 K.Y The experimental rates of reactions (R1) and (R3) have been compared with theoretical
ones hased upon conventional transition state theory.” These caleulations utilize information about
e potentul enerey sarface obtained from electronic structure caleulationst*8 using a bond

L . . N (). - . .
ahBty sy correction he BAC-MP4 method ) ]9 The agreement of the theory und experiment

mdicates that tie caleulated barrier height of ubout 1¥ keal/maol (or about 16 keal/mol when
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corrected for changes in zero point energy) is reasonable.® Curvature in the Arrhenius plotof the
rate for reaction (R1) at low temperatures has been attributed to quantum mechanical tunneling, and
attemipts have been made to substantiate this claim using simple tunneling models.

The recent experimental work on the reactions (R1)-(R3) provides an excellent testing
ground tor theoretical methods for predicting gas-phase reaction rates since all three reactions
involve the same potential energy surface. One of the purposes of the present paper is to provide a
more rigorous treatment of the dynamics controlling rates of reactions (R1) and (R3) and to also
provide the first theoretical estimates of the rate for reaction (R2) and predictions for its deuterated

analog

D, +ND, — D +ND; (R4)

Previous calculations on the reaction (R1) and (R3) employed conventional transition state theory
in which the dynamical bottleneck is assumed to occur at the saddle point for the reaction. As will
be shown later, because of the nature of the electronic structure information about the potential
energy surface utilized in these calculations, the use of conventional transition state theory leads to

inconsistencies in the treatment; but by basing the calculations upon variational transition state

S I | . . . . . .
13-22 these inconsistencies are no longer a problem. Another advantage of using variational

theory
transition state theory is that it allows for a consistent treatment of quantum tunneling effects

which are important at low temperatures. A second goal of this work is to reexamine the

importance of quantum mechanical tunneling in these reactions utilizing consistent semiclassical
adiahatic ransmission coetticients and extending the rate data to lower temperatures.

Compared to other dyvnamical methods for obtaining reaction rates, variaiional transition

LA
Ly 4y '1"7": 2 ‘.}"‘
L S DS S O I 4

[ ) state theory has the practical advantage of not requiring a global representation of the potential

!

> energy surface. From knowledge of the potential in a region around the minimum energy path
"' i -

o _ . . . .

) connecting reactants to products, accurate estimates of the reaction rate can be made. This type of
, £

Y potential information can be directly obtained from maodern electronic structure methods as the
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energy and derivatives of the energy. Previous conventional transition state theory calculations of
the rates tor reactions (R 1) and (R2) have utilized potential informmuation obtained by the BAC-MP4
method. ' One of the most important purposes of this paper is to critically evaluate the method

used to obtain this potential energy surface intormation.

[

. Theory

[ 3]

L. Viarizuonal transition state theory

Variational transition state theory with semiclassical transmission coetficients have been

h]

Il
R

. . . . 5.0 . . .
extensively review in the literature. 1722 In the present work we briefly review the method with an

R 'l‘ o+ Al

e
.

emphasis on the potential energy surface information needed for the calculations.

a

g«

3 a

Conventional transition state theory” reduces the calculation of the rate constant to one of

2 @

quasiequilibrium statistical mechanics: the equilibrium rate is approximated as the equilibrium flux

PO

a2l

headed towards reactants through a dividing surtace located at the saddle point. With this

.' .I

approximution. the rate constant k(T tor temperature T takes on the simple familiar form

"k T)
B (1)

where ky is Boltzmann's constant. h is Planck’s constant, Q'(T) is the partition funcuon for the
bound decrees of freedom at the saddle point, ORETY is the reactants partition function, and V7 iy
the vidue of the potential at the saddle point. Thus conventional transition state theory requires
informution about the potential energy surface only in the saddle point and reactant regions. If the
partition functions are computed using & harmonic approximation then the matrix of second
derivatives (the Hessian matrix) suffices.

In variational transition state theory the dividing surtace is viewed as a tentative dynamical

hottleneck to tTux, and the best boutleneck (the dividing surface allowing the least flow of flux) is
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located by @ vanauonal procedure. The generalized expression for the thermal rate constant is

given as a tuncoon of the location s of the dyvnamical bottleneck along the reaction coordinate

S8/ kT
(I)R(T) MEE B )

where QU T8y is the generalized partition function for the bound degrees of freedom orthogonal
to the reaction path at s, and Vy:p(s) s the value of the potential along the reaction path ats. One
. . . .. . - ) 3
version of variational transition state theory. the canonival variational theory (CVT),2? results from
minimizing ¢q. (2) with respect to s ‘
CVT

k (T) = min kC'T(T, s) (3)
S J

The improved canonical vartational theory (ICVT)> also variationally optimizes the location of the
trunsition state dividing surface for a given temperature, but provides an improved treatment of
threshold energies by using an ensemble which removes energies below the ground-state adiabatic
threshold. To compute the rate constant using either the canonical or improved canonical

variational theory more information about the potential energy surface is required than for a

WA

conventional transition state theory calculation: information about the potential in a region around

the reaction path is required.
I
" The reaction path s detined as the minimum energy path connecting the saddle point with
p
| . . . . .
both the reactant and product regions. The minimum energy path is located by following the path
:'.-
- of steepest decents in both directions from the saddle point in a mass weighted coordinate svstem
[y p )
o
,'." such that each degree of freedom has the same etfective mass in the kinetic energy expression. The
S
o - . . . . . . -
NN first step from the saddle point is tuken along the eigenvector of the negative eigenvalue of the
]
:-: Hessian, and subsequent steps are taken in the direction of the negative of the gradient (the first
N
.* derivative of the energy). For a harmonic treatment of the partition functions, the matrix of second
‘s
’\
o
'
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S Jervatives along the minimuny energy path will sutfice. In this case the potential infornution |
|
N o - L .
IS needed s the energy and s first and second derivivives along the minimum energy path, i
N
. ~ CIEY ‘
! [ the above expressions tor the rate constant the bound degrees of treedom are treated quantum
mechanicaly e the partiion functions are evaluated quantum mechanically) but the motion
b M v
="
N cong the reaction coordinate the degree of treedom corresponding to the negative eigenvalue of
"
! the Hessan at the saddle pointy is treated classically, Quantum mechanical effects on the reaction
" Joordinate mouon te.g. quantum mechanical tunneling) is included by a multiplicative factor — the
'. . - - .. . - b} - . .
ransmission coettivient. The Wigner correction factor=> has been very popular for estimating
4 ceiantum mechanical tunneling eftects because itrequires knowledge of the shape of the classical
e
barrier pear e saddle point this type of informuation can be obtained tfrom the negative eigenvalue
w
" cfthe Hession atthe saddle point Untortunately, the approximations of this method are rarely
L vedd forchennical reactions, pe when tunneling is important it occurs over distances much longer
Pan that represented by aquadratic representation of the potential near the suddle point. and a more
; clohaldesorrion of tunneling s required.
; v . . . ~ . . . .
{ A consistent route to including quantum mechanical effects on reaction coordinate motion is
. crovided py e vibrationaliy and rotationally adiubatic theory of reactions., =028 When reaction
- coordinaie menon s treated classically one form of variational transition state theory - the
cicrocanenecul varational theory - vields an expression for the thermal rate constant which is
. . . . . . . . 319 .. . Ly
coganadens o that obtiined from the adiabatic theory of reactions =5=% Thus it is consistent within
- Varlalionas reosition state theory to treat tunneling as occurring through the one-mathemutical-
® dovensoonnd orationallv-rotationadly adiabatic potential
Ca
- Voo =V NN
o 4 MiP o (5
-
Cal
L
7 I
-3 woreie o e conective mdex ot the quantum numbers tor the bound modes and L (s1is the
- <o vl torstate aoat the senerabized transinon state located at s along the reactuion path.
o
L
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o
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9
o .
2O For thermal rate constants the tunneling is approximated using only the ground state adiabatic
e potential curve (a=0) which is denoted VA(s)  The adiabatic approximation is made in a
! curvilinear coordinate system, and, although the potential term is very simple, the kinetic energy
Ny
< . . . ~ . .
o term iy comphicuted by factors dependent upon the curvature of the reaction path. For systems in
- which the curvature of the reaction path is not too severe, the small-curvature semiclassical
o
1%
\ adiabatic ground state (SCSAG) method ! includes the effect of the reaction-path curvature to
-
oy induce the tunneling path to 'cut the corner’ and shorten the tunneling length. Combining the
o SCSAG trunsmission coefticient with the improved canonical variational theory rate constant yields
’
ICVT /SCSAG . SCSAG ICVT .,
K (T) =x (T k (T) (4)
. ﬂ,'::
B
[ To construct the adiabatic potential, the type of potential information required is identical to that
AR7 &,
1R - .. .. . N . L.
. needed for the variational transition state theory calculation. For the SCSAG calculation it is also
- _T necessary to know the curvature of the reaction path which can be obtained from the first and
'y
second derivatives of the potential along the reaction path. Thus, to provide a consistent and
N accurate estimate of the tunneling, no new information about the potential energy surface is
s required.
9 The information about the potential energy surface is used in the POLYRATE program in
ll.‘.\ ~ . ~ . . . . .
o the form of parameters of the reaction path Hamiltonian3! at a set of points along the reaction path.
- . . : . . . -
P Because of the expense of the electronic structure calculations the information about the potential is
L]
- k‘-' -~ . . ~ . . . .
often limited. and the parameters of the reaction path Hamiltonian are interpolated from a sparse
.
* e . . . o]
. erid and can be extrapolated out to the asymptotic reuctant and product regions. 13-32
7
o
Y 2.1, Quantum chemistry
Despite the developments in quantum chemistry in the past decade, it remains a challenge to
- caleulated accurate potential energy surfices usetul for determining rates of activated chemical
. I 8) £
). ¢ . . . .
'Y reactions. This is largely due to the fuct that small changes in the barrier height translate into large
.
e
-y
1gf
) ", .
g O
o
N
.
N
o




W
-

P
A 'll ..

e
27
ey

Bt

AN

;¥1d

o

. ll 'l ‘l ‘,'k' .|l". .

- -

ARSI P

Nl

ANt

o

»

54

[ XN

- }J".F/'-

v Ly @
P

changes in the reaction rite (e.g., a change of only 0.5 kecal/mol at room temperature leads to a
change i the rate of over a tuctor of two). Currently, ab initio calculations of energetics to within
chemical accuracy is atfordable only for relatively small systems. Even so. progress has been
made in developing methods for determining reaction energetics, but these have relied on empirical
corrections o ub initio calculations.

The concept of a molecule as a collection of individual bonds between atoms is central to
the chemist's view of molecular structure and its rearrangement during reactions. The order of a
bond (e.g.. single bonds between monovalent atoms, double bonds between divalent atoms, etc.)
has been used in establishing empirical rules relating bond order to bond lengths33 and bond
strcngths.:’4 The empirical knowledge that the dissociation energy for a given bond with a given
bond order is, in general, roughly the same in different molecules has lead to the chemist's
intuition that bond strengths are approximately additive. This concept of bond additivity has been
successiully applied to obtaining estimates of the thermochemistry of stable species.?® Within the
kst several years, this concept has been used in a more quantitative approach (the BAC-MP4
method) in which corrections are made 10 ab initio calculations. 1914 The BAC-MP4 method has
been successtully applied to predicting the thermmochemistry of a wide variety of stable species and
transient radical species that occur in combustion environments. More recently, the method has
heen extended to the caleulation of the energetics of transition states for chemical reactions. 18.36

Inherent in the BAC-MP4 method is the assumption that geometries and frequencies can be
obtaned to a good approximation from a Hartree-Fock calculation using a moderate sized basis.
Theretore, 1 BAC-NMP4 calculation begins with a Hartree-Fock (HF) optimization to the
equilibrium or trunsition state geometry (e, locating the geometry at which the gradient vanishes)
with a contracted womic orbital basis which for the present application is denoted 6-31G*.37 The
Hessiun muatrix s also computed at the HE evel using the same basis. The absolute energy for a
civen geometry is much harder to accurately compute and requires including a large percentage of

the electron correlation energyv. As a first step in this direction, at the optimized HF geometry. the

energy is computed by full fourth-order Moller-Plesset perturbation Ihcoxym'39 (MP4-SDTQ),




e including the effects of all single, double, triple, and quadruple excitations in the contracted atomic

orbital basis denoted 6-31G** 37 Although the MP4 method does include a large fraction of the
' clecrron correlation energy, there are still errors due to basis set and higher order correlation
eftects, so the bond additivity correction (BAC) is applied.

The BAC correction is given as the sum of contributions over all bonds in the molecule

e 0 MP4
Egac=S(aHy -E") =T T A ep(-a R) T £
: i ! ij<i Y L TIN (6)
-
[
4 () . . . . .
P where AHj, Is experimental atomic heat of formation of atom i, EMiP“‘ is the atomic energy
! ::{ computed at the MP4 level for atom i, Aij and (;; are parameters determining the strength and
o range of the correction, R;; is the length of the bond between atoms i and j, and the terms fijk damp
o out the bond additivity correction when atom k is bonded to either atom i or j. This damping factor
‘BN
-2 takes the form
-

L.

—

o = LU FFremp [ 20 (R, ~ROIIL1-FF exp| =20 (R ~R) |}

(7)

YY)
'\'.'- 5 '-“"

where the purameters F, are dependent only on the type of atom i. A bond is assumed to be formed

MNLY

L2
e

between atoms i and j if the bond length is less than some cutoff value

v
.
]
LR

[
R
44

.‘.‘..

R < 1.3[R‘i“+ R?“)
1j i j (8)

% .
AR
R T T )

where the parameter R4 is a measure of the atomic radius of atom i.
1

o
L

The parameters of the BAC-MP4 method are fitted to a database of experimental heats of

formation of atomic and molecular species in a least squares sense. First the parameters AE, are

EMARLA MRS

u';\‘;':\';s

fitted to reproduce atomic heats of formation, then the parameters Ay e and F, are fitted to
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reproduce didtomic and polvatomic heats of formation. Because the parameters are fitted to heats

o of formation of molecular species, the BAC contains corrections to the zero point vibrational

energy of the molecules as well as to the absolute energies. The values of the parameters of the
BAC are theretfore dependent upon the fact that the geometry and Hessian matrix are computed at
the HE level as well as the fact that the absolute energies are computed by the MP4 method. In
addition. the values of the parameters also depend on the nature of the basis sets used in the ub
initio caleulations, but we do not study basis set behavior in the present work. In the present
paper we denote this method HF/BAC-MP4 to distinguish it from other possibilities described
below. The parameters for the HE/BAC-MP4 method used in this study are presented in Table 1.
Using the HEF/BAC-MP4 method. the saddle point for the reaction is located at the HF level |
but the energy at the saddle point is determined by a MP4 calculation followed by a BAC
correction. Therefore, although the gradient and Hessian matrix correspond to the saddle point
e.. the gradient vanishes and the Hessian has one negative eigenvalue) the energy along the
minimum energy path is not necessarily at its maximum at the saddle point. This inconsistency of
the potential information makes the use of conventional transition state theory questionable since it
1s based on @ knowledge of the potential energy surface only near the saddle point. and the
potential energy can increase appreciably upon moving off of the saddle point along the minimum

energy path . The variational transition state theory utilizes information all along the minimum

v %

energy path and the saddle point is not singled out as a special location. The variations of both the

potential and the frequencies of the bound modes normal to the reaction path are included in the

@

[P

VST caleulanon and the fact that the gradient vector vanishes at one location along the minimum

a2

path 15 of no practical consequence in the calculations.

E A T B

The HE/BAC-MP4 method provides a practical method for obtaining information about the

LA

A

potential and variational transition state theory provides for a consistent use of this information in

caiculating a rate constant. After the saddle point is located at the HF level, the minimum energy

» r o
Y )

path 1s located by following the path of steepest decents into the reactant and product regions. The

) cradient vector and Hesstan matrix are computed at the HF level using the 6-31G* basis and these
’l
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are used in determining the minimum energy path. At each geometry along the minimum energy
path the energy is obtzined by a MP4-SDTQ calculation using the 6-31G** basis followed by the
BAC correction. To insure that the BAC correction is a continuous function of the reaction
coordinate, the BAC correction is always computed for bonds which are being broken and made in
the vourse of the reaction and the criteria given in eq. (¥) is not used tor these special 'bonds'.

A muyor concern in using the HE/BAC-MP4 method is the accuracy of the computed
potential energy surface information. One test of this is the comparison of computed rates with
experimental ones. Tests of this nature can sometimes be inconclusive because cancellations of
errors can lead to tortuitous agreement. Another test 1s to improve the quality in the underlyving ab
initio calculation to decrease the magnitude of the empirical bond additivity correction and test the
etfect on the computed rate constant. As a first step in this direction, we have reevaluated the
potential information using the MP2/BAC-MP4 method. In this method the geometry of the
equilibrium structure or transition state is determined using a full second-order Moller-Plesset
perturbation theory (MP2-SD) calculation including the effects of all single and double excitations
in the contracted atomic orbital basis denoted 6-31G*. The matrix of second derivatives is also
calculated at the MP2 level at the same geometry. The minimum energy path is located by
following the path of steepest descents using the gradient vectors and Hessian matrices computed
at the MP2 level. For each point along the minimum energy, the energy is computed by the MP4-
SDTQ method using the 6-31G** basis followed by a BAC calculation. Because the geometries
and vibrational frequencies are different at the HF and MP2 levels, the BAC correction is also
different . The parameters are refitted to experimental heats of formation as in the HF/BAC-MP4

method and the parameters used in the MP2/BAC-MP4 calculations are shown in Table 1.

2.3, Anharmonicity
In a variational transition state theory calculation based upon a global potential energy
surface the ettects of anharmonicity in the potential energy surface are included using the

independent-normal-mode approximation by including the principal anharmonicities in each mode.

10
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When the potential energy surface infornmation is included as parameters of the reaction path

Flamiitonnn, anharmonic eftects can sull be incorporated by including third and fourth derivatives
of the potential wlony the independent normal modes. The etfects of anhammonicity are important
and muast be mcluded o obain accurate estimates of the rate constants,

The bond additivity correction is based upon information about the potential energy surtace
oniv through quadratic terms but is designed to it the experimental heats of formation of bound
melecules which include the etfects of anharmonicity. Therefore, the BAC method has
anharmonic ettects built into it in an averaged sense, not on 4 mode-by-mode basis. The harmonic
trequencies comiputed at the HE level are known to be svstematicall:s high and the BAC method
carrects tor this discrepuancy as well es including the effects of anharmonicity. Anharmonic effects
are most important tor lowest frequency modes and for the reactions studied here the lowest
frequency mode of the reaction complex is a bound vibrational motion in the interaction region but
becomes a hindered rotor in the asvmptotic regions. Previous calculations on this system! have
tound that at the HE saddle point the hindered rotor partition tunction and harmonic oscillator
partition functon ditfer by only 136, This is encouraging for computing the canonical variational
treory rate constants for which the dynamical bottleneck is located near the HF saddle point where
the harmonie approximation i expected to be valid. However. the calculated tunneling correction
tactor will be subject to greater uncertainties for lower temperature where contributions to the
winneling factor come from lower energies which sample @ more extensive range of the reaction
coordinate. In the present study, all modes are treated within the hammonic approximation with
anhurmonic ertects entering through the BAC. Limits on the range ot the tunneling at ditferent
remiperatures will be reported as i guide o the accuracy of the tunneling corrections.,
ooCompattionn detals

Scveral alvorithms for deternuning the minimum energy path have been tested ™ and one of
e mostedtiaent methods when numerical accuracy ot about 157 is required is the lowest order

Foler onestep alzorthm, This method uses only the informaton about the gradient at the current
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geometry to predict the next geometry along the minimum energy path.  In the present study the
minimum energy path was located using a gradient following algorithm suggested by Page and
Melver*! which utilizes both the gradient vector and Hessian matrix in determining the new
geometry along the reaction path. The initial step from the saddle point was taken along the
eigenvector of the negative eigenvalue of the Hessian matrix. Tests were preformed of the
convergence of the ICVT/SCSAG rate constant with respect to the step size taken in the gradient
following algorithm and the step size at which the the energy and derivative information was stored
for use in interpolation of the parameters of the reaction path Hamiltonian. Since the Hessian
matrix is used in the gradient following algorithm, the two step sizes are the same. Decreasing the
step size trom 0.10 to 0.05 a, was found to change the computed rates at 300 K by less than 20%
and a step size of 0.05 a is used in this work.

The tunneling correction factor computed using the SCSAG method is sensitive to the
extent of the reaction path. Extending the reaction path to 0.8 a  towards the H + NH; asymptote
and 1.2 a towards the H, + NH, asymptote was sufficient to converge the computed rates to
within 10% at 300 K and about 25% at 200 K. For the D + ND4 reactions and its reverse (R4),
the reaction path was extended out to 0.36 a, towards the D + ND5 asymptote and 0.88 a, towards

the D5 + ND, asymptote. This was sufficient to converge the ICVT/SCSAG rate to better than

15% at 300 K but uncertainty of about 50% in the 200 K rate remains.

4. Results and discussion

4.1. Thermochemistry of the reactants and products

As a guideline to the type of accuracy expected from the HF/BAC-MP4 method in
computing thermochemical data for bound molecular species a comparison is presented of
experimental* ! and computed heats of formation and free energy of formation of the reactant and

product species of the reactions studied here. Note that by definition the heat of formation and free




energy ot formation of Hy and D are zero at all temperatures. The thermochemical data for the
remaning species are shown in Tables 11

The BAC-MP4 results are in excellent agreement with the JANAFE tables tor all species
except NH; and NDo For NH, and ND, the results agree well at lower temperatures but the
BAC-MP4 tree energies of formation systematically underestimate those from the JANAFE wbles at
higher temperatures. The room temperature heat of formation of NHs as reported in the JANAF
tables is in good agreement with recent experimental results of Gibson er. al 2 (45.8#0).3
keal mol) and Hack er. al .3 (459 keal/maol). Based on bond additivity relationships, Benson ¥
has predicted the room temperature heat of formation of NH, to be 36 kcal/mol and from Benson's
tables, the heat of formation of NH, can be estimated at higher temperature to be 52 and 58
Kol mol at 1000 and 1300 K. respectively. These are consistently higher that the JANAF tables
which report 443 and 4.0 keal/mol at these same temperatures. The thermochemistry of NH,
and ND- above room temperature renuins uncertain and the BAC-MP3 method presents a

consisient procedure tor obtaining reliable estimates at these temperatures,

4.2 H+ NHy — Hy = NH, and Hy + NH, — H + NHy reaction rates

A comparison of the potential energy curve Vypp(s) and the ground-state adiabatic
potential curves VA for the HE/BAC-MP4 and MP2/BAC-MP4 methods is given in Figure 1.
Comparison of the rates for reaction (R computed by the ICVT/SCSAG method using the
notential information obtained by the HF/BAC-MP4 and MP2/BAC-MP4 methods is given in
Table 2 and Figure 20 The potential along the minimum enercy path and the adiabatic potential
curves show very similar shapes for the two methods, although the MP2/BAC-MP4 results are
shitted slightlyv o the left. The classical barrier heights are very similar, 17.1 keal/mol tor
HE'BAC-MP4 compared 1o 16.7 keal/mol for MP2/BAC-MP4, and the adiabatic barriers are 15.5
and 137 keal/mol above the reactant zero point energies for the HE/BAC-MP4 and MP2BAC-MP4

methods, respectively.
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O The rate constants computed using this potential information agree well for temperatures

above 300 K. At 300 K and below tunneling is very important and the rates are sensitive to finer
detatls of the adiabatic potential curves. At 300 K, the rates computed using the two sets of
potential information difter by only 50 but at 200 K the aifference increases to a factor of 3.1.
These results are very encouraging for obtaining accurate rates for a modest computing effort at all
remperatures except those where very deep tunneling is important.

In Table 4 a comparison is made between the different dynamical methods of computing the
rate constants tor reaction (R1) using the potential information obtained by the HF/BAC-MP4
method. The results of conventional transition stiate theory (denoted TST) and the improved
canonical variatonal theory (ICVT) neglect quantum mechanical tunneling effects whereas the
improved canonical variational theory with small-curvature semiclassical adiabatic ground-state
transmission coefticient (ICVT/SCSAG) includes tunneling within the vibrationally and
rotationally adiabatic approximation. As described earlier, the HF/BAC-MP4 energy along the
minimum energy path is not a maximum at the HF saddle point; therefore, it is not surprising that
the ICVT results are much smaller than the TST ones. At 1000 K the TST results are higher by
about 70% and at 300 K they are higher by about a factor of 5.5. Tunneling is very important for
this reaction contributing 99.86%, 91.3%, 47.2% and 25.6% to the thermal reaction rate at 200,
200, 600, and 1000 K, respectively, by the SCSAG method. A large enhancement in the rate is
observed when tunneling is included - the ICVT/SCSAG rates are larger than the ICVT ones by
factors of 44.5, 7.7, 2.4, and 1.4 at 300, 400, 600, and 1000 K, respectively.

The reaction rates computed by the the ICVT/SCSAG method with the HF/MP4-BAC
potential information for reaction (R1) are compared with the experimental reaction rates!-3 in

Figure 3. The overall agreement is very good except at the lowest temperatures which is discussed
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in more detail below. Arrhenius fits to the experimental results give activation energies of
16.0=0.2 keal/mol for the temperature range from 908 to 1777 K,! 17.240.8 kcal/mol for the

temperature range from 500 to 1140 K.2 and 14.6%1.0 kcal/mol for the temperature range from

Ve AN N N

673 10 1003 K3 Activation energies derived from the computed rates show an interesting behavior
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of inttially increasing with increasing temperature but turning around and decreasing at even higher
temperature: e .. the computed activation energies are 12.9, 14.7, 17.1, and 14.7 kcal/mol over
the temperature ranges $00-600 K, 600-1000 K, 1000-1500 K, and 1500-2400 K respectively. In
ceneral the agreement between the experimental and computed activation energies is excellent;
however, he theoretical results systematically underestimate the experimental reaction rate
indicating a svstematic overestimate in the tree energy of activation. The underestimation of the
rate may be attributed to a barrier height which is too large; however, lowering just the barrier will
tend to decrease the activation energy which is inconsistent with the experiments. Another
possibility is that the energetics are approximately correct (i.e., the ground-state adiabatic barrier is
about right) and that the entropic factors controlled by the higher lying vibrational levels are not
accurately described.

The theoretical rute constants fall within the experimental error bars of Marshall and
Fonti:n~ for all temperatures above 660 K. Below this temperature the experimental results show
much more curvature in the Arrhenius plot than the theoretical rates and at 500 K the experimental
rutes are higher than the theoretical ones by about a factor of 4. Such curvature in the Arrhenius
plotis often attributed to quantum mechanical tunneling, but in the present calculations the large
amount of tunneling necessary to reproduce the experimental curvature is inconsistent with the
excellent agreement between theory and experiment for temperatures above 660 K. For example,
at 660 K the SCSAG tunneling correction factor is about 2 and gives good agreement with
experiment. At 500 K the SCSAG tunneling correction factor is 3.6 but would have to be about
15 to agree with experiment. To reproduce this sharp increase in tunneling over such a small
change in temperature would require a radically diftferent shape of the adiabatic potential which is
inconsistent with the reliability established in previous tests and uses of the methods.

Table 5 presents the reaction rates computed by the the ICVT/SCSAG method with the
HE/ATP4-BAC potential information for reaction (R2) and these are compared with the
experimentad ones of Hack er. al.® and Demissy and Lesclaux® in Figure 4. The agreement with

the low temperature results of Demissy and Lesclaux is excellent (differences of 18-4050) but at
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higher temperatures the computed rates are factors of 2.2 to 2.7 lower than the results of Hack er.
al. The discrepancy at the higher temperatures can be attributed to uncertainties in the heat of
formation of NH,. At lower temperatures the computed heat of formation of NH, agrees well with
the experimental values and we expect less uncertainty in the computed rate constant.

The rates of reaction (R2) are related to those of reaction (R1) by detailed balance.
Knowledge of the equilibrium constant as a function of temperature allows calculation of rates for
one of the reactions from the other. At lower temperatures the heats of formation of all four
species (two reactants and two products) are accurately known, thus the equilibrium constant can
be accurately computed at these temperatures. Therefore, the good agreement between the
computed rates and the experimental results of Demissy and Lesclaux for reaction (R3) is
inconsistent with the poorer agreement observed between theory and the experimental results of
Marshall and Fontijn? for temperatures below 660 K. This is further evidence of the inconsistency

of the low temperature experimental results for reaction (R1).

3. D+ ND3 — D, + ND;y and D5 + ND, — D + NDj reaction rates

Table 5 also presents the reaction rates computed by the ICVT/SCSAG method using the
HF/BAC-MP4 potential information for reaction (R3) and (R4). These computed rates for reaction
(R3) are compared with experimental one of Marshall and Fontijn® in Figure 5. Once again the
agreement is excellent, although the theoretical results systematically underestimate the reaction
rates. This underestimate is consistent with our observations for the H + NH; — H, + NH,
reaction that some feature of the potential energy surface is giving rise to a free energy of activation
which is too low. Compared to reaction (R1), tunneling is less important for the deuterated
reaction. For example, at 300 K, the ICVT/SCSAG transmission coefficient is 44.5 for reaction
(R1)and only 8.5 for (R2), and at 600 K these decrease to 2.4 and 1.6, respectively. As for
reaction (R1), the good agreement between the computed and experimental activation energy
indicates that the reaction energetics are approximately correct but the entropic factors controlled by

higher lying vibrational levels leads to the underestimate of the rates.
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Atthe lower end of the experimental temperature range, 380 K. the agreement between the
theoretical and experimental rates tor reaction (R3) is excellent. This 1s in contrast to the
divergence of theory and experiment tor reaction (R1) in this temperature range. At 6(X) K. the
dominant contribution to the tunneling occurs at energies about 1.1 and (1.2 kcal/mol below the
adiabatic barrier maximum tor reactions (R1) and (R3). respectively. At these energies the range
of the adiabatic potental important in the tunneling calculations is given by the classical turing
points at s=-0.35 and 0.01 for reaction (R1), and s=-0.22 and -0.07 for reaction (R3). For
reaction (R 1) the tunneling is deeper (at lower energies) and extends over a wider range of the
adiabatic potential curve. However, the range of tunneling for both reactions at this temperature 1s
quite short. To enhance the tunneling in reaction (R1) to match experiment would require an
adivbatic potential which drop off much more precipitously. This would enhance the tunneling in
reaction (R3) as well and lead to an overestimate of the rate in this temperature range. Thus, the
vood agreement near 580 K seen for reaction (R3) is inconsistent with the large underestimate for

reaction (R1) at the same temperature.

Conclusions

Rate constants have been computed for the gas-phase chemical reactions H + NH; 2 Ha +
NH, wnd D+ NDy 2 D5 + ND5 over the temperature range from 200 K to 2400 K. The rates are
computed by variational transition state theory with semiclassical adiabatic ground-state
trunsmission coetticients 1522 using limited information about the potential energy surface along
the reaction path. This type of information about the potential can be obtained directly from ub
mitio electronic structure calculations of the energy and its first and second derivative with respect
o coordinates. In the present caleulations, ab initio information is empirically adjusted by the
BAC-MPS method 1 1o vield more reliable predictions of the reaction energetics.

The use of variational transition state theory in these calculations is mandated for several

reasons: (1 itincludes the factors most important in controlling the rate of chemical reactions and

I~ currently the most cost effective method for obtaining reliable predictions of rates for a variety of
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gas-phase reaction: (2) it is capable of utilizing limited information about the potential along the
minimum energy path without requiring a global potential energy surface: (3) because of the
nature of the semiempirical potential information utilized in this work, the dynamical bottleneck for
the reaction does not occur at the saddle point for the reaction and a variational procedure to locate
the optimum dividing surface 1s needed: and (4) it provides a consistent method for incorporating
quantum mechanical tunneling effects which are crucial for accurate predictions of the rates,
espectally at temperatures below 600 K.

The BAC-MP4 method is a cost effective means of obtaining reliable information about the
potential energy surtuce that is needed as input into the variational transition state theory
caleulations. With current computational capabilities, it is unpractical to calculate the necessary
potential information from ab initio electronic structure calculations, and the use of semiempirical
methods 1s required. The accuracy of the semiempirical potential information has been critically
tested in this paper. Improving the quality of the underlying ab initio calculation from a Hartree-
Fock (HF) calculation to a full second-order Moller-Plesset perturbation theory (MP2-SD)
calculation decreased the magnitude of the empirical bond additivity correction. Comparison of the
rate constants computed using the potential information from the HF/BAC-MP4 and MP2/BAC-
MP4 methods showed little difference except at temperatures below 300 K where tunneling is more
sensitive to details of the potential information. The good agreement obtained here is encouraging
for the applicability of the more practical HF/BAC-MP4 to generate potential information for a
variety of chemical reactions.

As a further tests of the methods employed here, the computed rates were compared with
experiment for the reactions H + NHy 2 Hy + NH; and D + NDy — D, + ND,. For the reaction
H + NH; — H, + NH, (R1), theory and experiment are in excellent agreement for temperature
from 660 K to 1770 K. For temperatures below 660 K the experimental rates become larger than
the theoretical ones with differences of about a factor of 4 at 500 K. The computed reaction rates

tor the reaction Hy + NH,y — H + NH; (R2) are in excellent agreement with experimental ones but

the agreement is not as good at higher temperatures. The larger discrepancies at larger temperature
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are attributed to Lirge uncertanties in the thermochemistry of the NH, radical. Reaction (R2) is the
reverse of (R and the rates are related by detailed balance; therefore, the excellent agreement
Between theory and experiment tor the latter reaction at the lower temperatures is inconsistent with
the larger discrepancies seen for the reverse reaction. (R1) in the same temperature range. The
computed and experimental rates tor the deuterated reaction D + NDy — D5 + ND, are in excellent
azreement over the entire experimental temperature range from 590 to 1220 K. Once again, the
agreenmient at the lower temperatures tor this reaction is inconsistent with the large discrepancies
ohserved in the same temperature range for reaction (R1).

The overall good agreement of the computed rate constants using different levels of theory
tor the potential information and the good agreement between the computed and experimental rate
constants have given more confidence in the theoretical methods utilized here. The larger
ditterence between theory and experiment for reaction (R1) at low temperatures indicate that the

experiments should be reevaluated in this range.
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Table 1. BAC-MP4 parameters for the H + NH reaction system.

«" - -

HF/BAC-MP4

MP2/BAC-MP4

A HSH keal/moD) 51.63 51.63

AHQtkeal/moD) 112.53 112.53

EMPH(Hartree) -0.498232 -0.498232

EMPH(Hartree) -54.473256 -54.473256

Fy 0.000001 0.000001

Fy 0.2174 0.2174

RifA) 0.36 0.36

RU(A) 0.71 0.71

Apyytkeal/mol) 18.98 18.92

Agpkeal/mol 69.66 68.06

oy(Ah 2.0 2.0

ag(Ah 2.0 2.0

Ro(A) 1.4 1.4
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?:g Table 2. Thermochemistry for reactant and product species for the reactions NHy + H — NH, +
-Ej Iy und NDy + D — ND, + D, (Energies are in keal/mol.)

;_ NH; H NH, ND; D ND,
7* A HT=0K) 93 S16 467 <155 516 413
N 930516 462 <123 525 450
l AHNT=300K) -11.0 52.1 462 -17.2 52.1 38.5
\ -11.0 52.1 455 -14.0 53.0 443
: A,GT=300K) -4.0 18.5 9.1 -9.4 48.4 45.0
' 3.9 18.6 47.8 -6.2 49.3 16.9
: A G T=600K) 37 448 553 <Ll 446 525
;~_ 3.3 148 50.3 2.1 45.5 19.8
o AGAT=1000K) 14.7 39.5 65.7 10.4 39.1 64.4
'{."' 148 396 541 137 401 538
AGUT=1500K) 28.9 325 80.5 249 32.0 81.0
{ 28 8 326 59.1 28.1 33.1 59.0

4 Top entry is from HF/BAC-MP4 calculations

b Lower entry is from JANAF tables (ref. 41).
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o Table 3. Comparison of ICVT/SCSAG reaction rates (in units of em®molecule™!s™ 1) computed
g

using two ditterent sets of information about the potential energy surface.

T.K HE/BAC-MP4 MP2/BAC-MP4
200 9.9x 10 3.2x107
300 1.8x 1020 1.2x10-0
300 2.0x10718 1.ox10°18
600 15510710 1.0x10°10
1000 6.2x10° 6.2x1071%
13010 L1x10°12 LIx1012
2400 6.9x1071°2 8.1x10°12
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';!-\.'r-\. [\:}\.l‘;



Table 4. Comparison of three levels of variational transition state theory rate constants (in units of

emimolecule s !y for reaction (R1) computed using HF/BAC-MP4 potential information.

T.K TST ICVT ICVT/SCSAG
200) 1.4x10726 1.1x10°27 9.9x10-2*
300 2.2x10°°! 4.1x10°22 1.8x1020
300 9.2x10°19 2.6.x10°19 2.0x10°18
600 1.2x10°16 1.8x10°16 4.5x10°16
1000 7.7x10° 14 4.6x10° M 6.2x10°14
1500 1.4x10°12 9.5x10°13 1.1x10-12
2300 1.7x10° M1 1.0x10°12 6.9x10-12
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Table 5. ICVT/SCSAG thermal rate constants tor three reactions computed using HE/BAC-MP4

potential information.

T.K
200
300
400
600
1000
1500
2400

H, + NH,
S4x10720
2.3x10°18
3.6x10°1
LOx 10719
2.8x10° M

2.2x10°13

8.7x10°13

D+I\'D1
1.9x10726
8.2x10°22
2.3x1071
1.1x10716
2.7x1071
6.1x10°13

8.8x10°12

D, +ND,
1.6x10721
2.8x10°19
7.8x10°18
3.5x10°10
1.3x1071#
1.3x10°13

1.1x10°12
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Figure 1.

Figure 2.

Figure 3.

Figure Captions

Comparison of potential energy along the minimum energy path [Vupep()] and
cround-state adiabatic potential [VA(s)] as a function of reaction coordinate s

computed using the HF/BAC-MP4 method (solid curves) and the MP2/BAC-MP4

method (dashed curves) for the reaction H + NH; — H, + NH,.

Rute constants as a function of temperature for the reaction H + NH; — H, + NH,
computed using the improved canonical variational theory with small-curvature
semiclassical adiabatic ground-state transmission coefficient from potential
information obtained using the HF/BAC-MP4 method (solid curves) and the
MP2/BAC-MP4 method (dashed curves).

Comparison of computed and experimental rate constants for the reaction H + NH;4
— H, + NH,. The experimental results are from P. Marshall and A. Fontijn, ref.
(2), denoted MF (®); the Arrhenius fit of J. V. Michael, J. W. Sutherland, and R.
B. Klemm, ref. (1), denoted MSK (short dashed curve); and the Arrhenius fit of
W. Hack, P. Rouveirolles, and H. Gg. Wagner, ref. (3), denoted HRW (long
dashed curve). The solid line is the result of the improved canonical variational
theory with small-curvature semiclassical adiabatic ground-state transmission
coefficient (ICVT/SCSAG) from potential information obtained using the HF/BAC-
MP4 method.

Comparison of computed and experimental rate constants for the reaction H, +
NH, — H + NHyo The experimental results are the Arrhenius fit of W. Hack, P.
Rouveirolles, and H. Gg. Wagner, ref. (3), denoted HRW (short dashed curve)
and the Arrhenius fitof M. Demissy and R, Lesclaux, ref. (6), denoted DL (long
dashed curver. The solid line 1s the result of the improved canonical variational

theory with smadl-curvature semiclassical adiabatic yround-state transmission
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coefficient (ICVT/SCSAG) from potential information obtained using the HF/BAC-
MP4 method.

Figure 5. Comparison of computed and experimental rate constants for the reaction D + ND;
— D, + ND,. The experimental results are from P. Marshall and A. Fontijn, ref.
(8), deroted MF (®). The solid line is the result of the improved canonical
variauonal theory with small-curvature semiclassical adiabatic ground-state
transmission coefticient (ICVT/SCSAG) from potential information obtained using

the HF/BAC-MP4 method.
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> Abstract. We partition the phenomenological enthalpy and entropy of activation for five hydrogen-
< \ - .
fj. atom transfer reactions, H + H, — ”2 +H,D+H,>HD+H H+D,—>IHD + D, O(zP) + H,
o — OH + H, and OH + H; — H,0 + H into quasithermodynamic and nonquasithermodynamic
oo
("substantial” and "nonsubstantial”) contributions. The latter, which are not considered explicitly
... . ) ) i . . 3 Vo - .
\ in previous thermochemical kinetic models, are very significant. The present analysis could serve
"
N
) . as the start of a semiempirical data base for the inclusion of variational and tunneling effects in
‘8,
\
1y . . S
; future thermochemical kinetic models.
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1. Introduction

From a knowledge of the structure and vibrational frequencies of bound chemical species,
statistical mechanics provides the prescription for the direct calculation of thermochemical data such
ax heats of formation of stable compounds and heat release and equilibrium constants for chemical
reactions.! The structural and energetic information can be reduced into thermodynamic quantities,
the enthalpy and entropy, which can be accurately approximated using bond additivity and group

additvity relationships. The quasithermodynamic formulation of conventional transition state

1)
.
1

hl . . . -
T~ theory®-* allows these ideas to be extended to the estimation of reaction rate constants.
e In thermochemical kinetics a quasiequilibrium is postulated between reactants and a
ry transition state complex and the conventional transition state theory rate constant k*(T) is expressed
< ‘ . : C #
o in terms of the associated quasiequilibrium constant K p(T) as
kT "
.~ - z . B o.An"T e
k(I)—‘—T(C) }\p(l) (1
In equation (1), kyp 1s Boltzmann's constunt, T is the temperature. h is Planck’s constant. Cis the
concentration in the standard state. and An® s the stoichiometric chunge in the number of moles in
passing from the reactants to the transition state. The equilibrium constant can be expressed in
cerins shimiLa to the usaal thermodynamic quantities
P L0 .
KT = C\p(—,\,(ll/RI) (2)
L0 . - . . -
| @. where NG (o> the conventional transition state theory approximation to the standard state tree
PN
~° e . . .
- energy of activation at temperature T oand Roas the gas constant. (The standard state tor all
e ciuations and tables s paper s the ideal cas state ar T atmo The tfree energy of activation ¢an
. ne turther factored
‘.
o
-
o
-

NNy
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ol



Sk RS A B R Aos Sop A% A0 St el el Fai cal Uah cah Sob el Bad hd B A XL A AV Ath ol oS oih abE SR oS Al Al it e BN N R N T T Bt i I .

SN

NG ——135 +AH (3)

) QO - . . .
where AH r and NS T are the enthalpy and entropy of activation, respectively, at temperature

T. and are related to the equilibrium constant by the standard thermodynamic relationship

§ S ln K
L\‘HT = RT i 4)
d In l\ .
A‘CS = RT TG T R In I\p(T) (5)

Foran ideal gas ata standard state of PY = | aum, the concentration of the standard state is given by

. O O . .
PURT. and. using eq. ¢ A, S and A H L can be expressed in terms of the reaction rate

comsunt . Fora bimolecular reaction tAn® = -1) we obtain

o Leadin kT Lo |

.\,HI—RI I - 2RT (6)
LN BRSSO
\ Ny T R In | i
e = no U

(kT Ny )

where Ny s Avogadro’s number, and wis 1 for K*(T) in molar units and O for K*(Ty in molecala

In many cases usetul practical accuracy can be obtained by estimaung NN 0 0 8
by croup addiuvity and computing the rate constant from egs 1y - (307 Thiv s
. . R .
appealing when conventional transition state theory, " or variational ransiton st

a temperature-independent transition state, s accurate.  In this cases the e

A J.r,.r.,'.,}m.h\\;.-\.
"GQ‘ ALERE VS Ao v,
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Dt
o activation parameters may be interpreted in terms of the free energy (or enthalpy and entropy)
’ change on passing to a single transition state complex. For this interpretation the transition state is
.-- B . - . -
b treated just like a bound. stable molecule except that one degree of freedom is missing,
N corresponding to the reaction coordinate: all the bound internal degrees of freedom can be analyzed
..‘-.

\ i terms of the structure and vibrational frequencies. In many cases, however, this simple picture
b~ I .. .
breaks down because the variational transition state depends on temperature or is not a good
) dynumical bottleneck, because of nonequilibrium eftects, or because of quantal effects on reaction-
at

o
A . [ . . .
7 coordinate moton.® " In such cases, 1f the rate constant is still represented by egs. (1) and (2),
A
.- L0 .. . -~ . . ..

A6 1 cannot be caleulated by statistical mechanics from the properties of a single transition state
- complex. In the spirit of group additivity though, an attempt can be made to represent these effects
iy

by additional “group” contributions.  We will call such contributions "nonsubstantial”
*

e contributions.

RS

:}: The rate constant can be expressed in terms of a transmission coefficient k(T) which

Ay
‘s

includes the nonsubstantial contributions and a rate constant kGTST(T,s) based on a single

=

2

temperature-independent location s of the generalized transition state:

G50 08

ot

K(T) = x(T) KGTST(T5) (8])

AT
R

We introduce the fuctorizations

%
N

PAL
bl D)

)
EM
(A

GIST ..
k (T.s) =

o A7 ) 0 .
(CH) cxp(A\ST/R)cxp(—;\HT/RT) 9)

h

.
’
L

.
‘ll
[l

and

t_'

QA ® &

LS NA

KT = exp (A SU/R)exp (= A HT/RT) (10)
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where A(S.. and AH . are substantial activation parameters obtained from the properties of a

generalized transition state, "a substance”, by expressions analogous to eqs. (4) and (§), and

A S rand A H are nonsubstantial activation parameters obtained from

0 2dIln
AnH’rz RT T (1)
dln K .
AnS = RT ——— dT + R In x(T) (12)

. . . o] o] . . .
The nonsubstantial activation parameters A S + and AnHT parametrize contributions from

temperature-independent and temperature-dependent factors in the transmission coefficient,

: . 0 0 : : :
respectively. Since A, S. and A H. are quasithermodynamic parameters, their temperature

dependences are given by the usual formulas

) ) T 0
ASSTzASSTowLJTO(ASCP/T) dT (13)
and
) 0 T 0
ASHT=A5HT0+ITOASCPdT (12)

where ASC(;, is the temperature-dependent substantial heat capacity of activation. The parameters
AnS(; and AnHOT are purely phenomenological; however, because of their definition in eqs. (11)
and (12), their temperature dependences can also be obtained from a single heat capacity analog
AnC(I)) given by expressions analogous to eqs. (13) and (14). In this case the nonsubstantial heat
capacity cannot be given the physical interpretation of the change in heat capacity of the molecular
complex as it proceeds from reactants to the transition state, but it will be useful for providing a
compact representation of the temperature dependence of both AnS(;- and AnH(;_

Estimates of the nonsubstantial activation parameters can be combined with estimates of the
quasithermodynamic activation parameters to yield more accurate rate constants. In order to
estimate the nonsubstantial contributions in the general case it is useful to have some experience

with their magnitude. In the present article we consider five reactions for which variational

N -'.J' P J' .’ -(' PSS AN, J
‘*.ﬂ.n'?.ﬂ.ﬂ.a".a".m\"ﬁ‘ DR .n:')}'.lh.r\)"
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0 0 0 . .
A Ho, AS - and AgH. .. The reactions considered are

H+H, > H,+H

D+H, >HD+H

H+D, > HD+D

OC(P) + H, » OH + H
and

OH +H, - H,O+H

tunneling.

2. Theory

reflection) on reaction coordinate motion

K(T) = Klun(T) kICVT(T)

AR RN
QU

transition state theory calculations®15 with transmission coefficients to account for quantal effects

on the reaction coordinate motion provide rate constants in good agreement with

. . 0
and we analyze the theoretical rate constants to obtain values for AnST,

(R1)
(R2)
(R3)
(R4)

(R5)

In these cases the largest contributions to the nonsubstantial activation parameters are due to

We consider two factorizations of the total variational transition state theory rate constant.
The first allows a quantitative assessment of the improvement over conventional transition state
theory obtained by including the effects of variationally locating the transition state and the effects
of quantum mechanical tunneling. This factorization is based upon the improved canonical

variational thcory“) (ICVT) rate constant kICVT(T) with a semiclassical transmission

coefficient!0: 142830y (T) that accounts for quantal effects (tunneling and nonclassical

(15

LP0C
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2 = K, (T) K, o, (T) K*(T) (16)

~ ™Mun
N

4
-P_{j_' where k., (T) 1s defined by

)
, r

o i

N A

(T) = kIVT(T)A*(T) (17)

k\"dl'

¥

22
‘;.‘ l&‘

Both k.. (T) and x,,_(T) are parametrized as in eq. (10) leading to

.
-

var tun

ks

g

AST=A ST +A ST

0
wn®T var T+A¢ST (18)

Ny

"‘lr':"
e

b3

Fa s,

A, H‘; = AwnH‘; + A H

0
a vartdp t A¢HT (19)

l‘

r‘.{'.

2
L

Gy
2
LIS

o) 0 . . . .
where A_S_ and A_H are given by egs. (6) and (7) and represent the substantial contributions

&Y%
g

s

0 (o) 0 [¢) . . .
and A S, Ay Hp, Ay S, and Ay H o represent nonsubstantial contributions.

Pt

&

AARRREN

The second factorization attempts to maximize the substantial contributions to the enthalpy

Ill“l
«

and entropy while minimizing the nonsubstantial contributions by basing the substantial part on a

———
L
a_o

3

single temperature-independent transition state located at the maximum of the adiabatic ground-state

potential curvel0 SA*G (the variational transition state at OK) instead of the conventional transition

Yy 5
e

state at the saddle point. We write

T
?l

)l )I

o KICVT(T) = K0 (T) kGTST(T sA) (20)

(T) accounts for finite-temperature deviations due to the temperature dependence of

7 the improved canonical variational transition state. Analysis of kGTST(T,sA‘G) by eq. (9) yields

where Kiherm

AS (; and ASH(; and analysis of egs. (15) and (20) yields
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: ;
’ In all cases we used ab initio potential energy surfaces, namely the surface of Liu,
:". Siegbahn, one of the authors, and Horowitz -3 for reactions (R1)-(R3), a surface called M2,12
:_:i based on the moditied?? polarization configuration interaction calculations of Walch er. al 3638 for
reaction (R4, and the Walch-Dunning-Schatz-Elgersma surface3940 for reaction (RS).
J" For reaction (RD-(R$, K, (T) is approximated by the least-action ground-state (LAG)
M
::: method.?! In these cases all geometries along the minimum energy paths are collinear, stretching
2l
\ anharmonicity is included by the WKB approximation®! for the ground state and the Morse 1
Y
21 ;1ppro,\'im:mon‘12 for excited states, and bending anharmonicity is included by a quadratic-quartic
- ;1pproximution.“"H For reaction (R5), K, ,,(T) is approximated by the small-curvature

semiclassical adiabatic ground-state (SCSAG) approximation.14.28-31 For this reaction all

[T R R

N
. s
’

geometries along the minimum energy path are coplanar, anharmonicity is included by the

Py

independent-normal-mode approximation®14 by the Morse III approximation!? for in-plane

B A

vibrations and by a quadratic-quartic approximation for out-of-plane bends.
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3. Results and Discussion

‘-._
F_':'
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Tables I-V show results of the factorization of the activation parameters into contributions
®
Y . . - . . -~ . . .
7 from conventional TST, variational effects, and tunneling effects for the five reactions over a range
A
D
o] . ~ . . . .
- of temperatures from 200 to 1500K. Table VI summarizes the results of the factorization into
-
1 substantial and nonsubstantial contributions at four selected temperatures for all five reactions. The
®
- finite-temperature deviations of the VTST contributions from their substantial part are also shown
> for reference. Table VI provides a compact presentation of the substantial and nonsubstantial
b‘..l
\\ . B . s it L e f hf. gl Lo 'f}‘h’ ""‘.‘f
A contribution to the activation parameters for the tive reactions 1n terms of the heat capacities o
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-~ The nonsubstantial contributions (primarily from tunneling) to both the enthalpy and
Py
’ entropy of activation are seen to be quite large. For the systems studied here the classical barriers
~ . .
- are fairly high (9.8 kcal/mol for H + H, and isotopic analogs, 12.6 kcal/mol for O + H,, and 6.1
e kcal/mol for OH + H,) which favors locating the variational dividing surface close to the saddle
~ i
v point. Therefore, the variational contributions to the enthalpy and entropy of activation are in
oo general small; they are largest for the reaction with the smallest barrier, OH + H,, where they
e . 0 R 0 ) )
T contribute up to 0.5 keal/mol to Ay H 1 and 3 cal mol KTwoA,,S r- The high barriers also
=,
;' lead to considerable tunneling at low temperatures. This is reflected in the large contributions to
o0 the enthalpies and entropies of activation at temperatures from about 600K and below. Tunneling
4 \'.
~ e . .
T effectively lowers the threshold for reaction below the classical threshold, and thereby makes a
~.
.' negative contribution to the enthalpy of activation. Thus, since tunneling decreases with increasing
¥ 0 . . .
Z-j? temperature, A[unHT also increases (becomes less negative). We see a similar trend for the
. R o . : . :
entropy of activation; A S is consistently less than zero but decreases in magnitude for
( ™ increasing temperature.
. Table VI shows that most of the effect of variationally optimizing the location of the
“~

transition state dividing surface at each temperature can be obtained by placing the transition state

dividing surface at a single temperature-independent location ~ the maximum of the ground state

O RS

.. adiabatic curve (s=sX9). A measure of the importance of placing the dividing surface at a location
.'J", (6] (¢]
l AG . ; A S . ioh cmall _ -
’ different than s7 is provided by Ay o1 and A, - H.. which are both small -~ these
'
154 " . .

'." quantities vary from -0.1 to C.0 cal mol''K I'and from -0.1 to 0.1 kcal/mol, respectively, for all
::i five reactions from 200 to 1500K. The effect of the variational contributions in Tables I-V are
L}

o
o5 approximately combined with the TST contributions to give the substantial contributions in Table
L

o 0 0 0 . I :

v VI(eg., AH T = A *HT + A \"MHT) and the nonsubstantial contributions are dominated by the

.. £ :

Rt tunneling contributions.
‘o

~a . . - . 0 . .
\-" Another interesting trend seen in Tables I-V is that A ’“T monotonically decreases with
NS

';- increasing temperature for all reactions. From eq. (6) we see that if Ink*(T) varies linearly with
J& o : -

{:: /T then A H_ will decrease with temperature from the -2RT term. At the low temperature the
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decrease 1s approximately equal to -2RT but at higher temperatures the curvature of Ink*(T)
becomes larger and A ,H(% decreases less rapidly. Because the variational contribution are small
this trend is also retlected in the substantial enthalpy of activation seen in Table V1. Also, as noted
above, the nonsubstantial contributions have the same trends as the tunneling contributions.
Because tunneling is so important at the lower temperatures, the total enthalpy of activation
(substantial plus nonsubstantial) increases with increasing temperature for all five reactions at the
lowest few temperatures. For all systems except OH + H, this trend reverses at higher T so that the
total enthalpy of activation does not have a4 monotonic dependence on the temperature.

These trends are also exhibited in the heat capacities shown in Table VII. We see that for
all five reactions the substantial contributions to the heat capacity of activation are negative and the
nonsubstantial contributions are positive. At low temperatures (T<400 K) the magnitude of the
nonsubstantial contributions to AC(;, are larger than those of the substantial contributions, leading
to a net increase in both A.JS(;‘ and AaH(.} for increasing temperature. For all reactions except the
OH + H; reaction the magnitude of the substantial contributions to AC(;, becomes larger at
temperatures above 600 K, and both AL,SOT and AuH(:r decrease with further increases in T.

It s typical to write the rute constant in Arrhenius form

KT = Apexp[ = E (T /k T (23)

and express the Arrhenius parameters in terms of the enthalpy and entropy ot activation. From the

1547

Tolman detinitnon of the activation energy we obtain

. oy (3] [} o
BT = AH+ A Ho+ 2RT (24)
and using egs. (O-c10)1 (23, and (24) we obtain

. 2 Wl O L0
(k)N AST+A ST

r
|

In A= 1In + + 2
ol et R

(25)
For all tive reactions studied here, the substantial contributions to the activation energy are nearly
constant at low temperature, changing by less than 0.2 keal/mol from 200 to 400 K. However,
because of the umportance of tunncing at low temperature the total activation energies are greatly

decreased at these lower temperature — by as much as 5.7 keal/mol at 200 K tor the O + H,

9
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reaction —and the activation energy changes significantly over the entire temperature range. For
example, the activation energy for the O + H, reaction is 4.8, 6.4, 8.2, 9.9, 11.6, and 13.3
Keal/mol at 200, 300, 400, 600, 100, and 1500 K. Similarly, the change in the entropy of
activation with temperature and the explicit temperature dependence in eq. (25) lead to a change in
Aqp for this reaction of 4 orders of magnitude from 200 to 1500 K.

Using estimates of the contributions to the conventional TST entropy of activation based on
group additivity relationships, Benson® has approximated the Arrhenius A factor for the H + D,

reaction; an estimate tor A 5 of -18.7 cal mol 1K1 vielded Ay = 1077 8em3molecule s !,

300

The estimate of A is slightly higher than our computed value of -20.6 cal mol 'K ! but

L0
‘5 N0

neglects the contribution of -3.2 cal mol"'K-! from tunneling. Combining the substantial and

= 107199 m3motecule!s’!. Our

nonsubstantial contributions vields our computed value of A
results show that tunneling contributions can change the Arrhenius A factor by over an order of
magnitude at low temperatures. Benson's estimate of the Arrhenius A factor at 300K is in better

agreement with our computed value at 1000K (10 2%c¢mAmoleculets 1), where tunneling

contribunions are less than 30%
4. Conclusions

A new partiioning of the phenomenological enthalpy and entropy ot activation into
quasithermodynamic and nonquasithermodynamic contributions has been presented. The former
are obtained from the properties of a single temperature-independent transition state (a "substance™)
and are called substanual contributions. The nonquasithermodynamic contributions are obtained
from more global properties of the potential energy surface (including the dependence of the
variational transition state on temperature and quantum mechanical tunneling etfects) and are called
nonsubstantial contributions.  An analvsis of these contributions has been performed on five
reactions for which the potential energy surtace is known to give computed rate constants in

excellent agreement with experiment. This analysis shows that the nonsubstantial contributions
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can be very significant; for example, for the OH + H, reaction the substantial and nonsubstantial
contributions to the enthalpy of activation at 300 K are 4.8 and -3.8 kcal/mol, respectively, and for
the O + H, reaction the substantial and nonsubstantial contributions to the entropy of activation at
300 K are -20.9 and -8.9 cal mol- 1K1, respectively, for a standard state of 1 atm.

All the reactions studied here are hydrogen (or deuterium) atom transfer reactions with
fairly high barriers. For these reactions the nonsubstantial contributions are predominantly from
quantum mechanical tunneling and the effect of variationally optimizing the location of the
rransition state dividing surface is small. For reactions with smaller barriers we expect the effect of
quantum mechanical tunneling to be smaller, but for those reactions the effects of variationally
locating the dividing surface will become more important especially at higher temperatures.*‘&49 It
is therefore expecied that the nonsubstantial contributions will be significant for a wide range of
vas-phase chemical reactions.

The temperature dependence of the quasithermodynamic (substantial) contributions to both :
the enthalpy and entropy of activation can be expressed in terms of a single temperature-dependent
substantial heat capacity of activation. Because of the definitions of the nonquasithermodynamic
tnonsubstantial) contributions they can also be expressed in terms of a single temperature-

dependent nonsubstantial heat capacity of activation. This allows the enthalpy and entropy of

activation to be compactly tabulated tn terms of their values at a single temperature (e.g., room

R

NS

PRy

temperaiure) and the temperature dependence given by the heat capacity of activation at several

L ARK

temperatures. This provides the basis for establishing a semiempirical data base with includes

important variational and tunneling effects in a thermochemical kinetic model.
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Table I. Activation parameters for the reaction H + Hy — Hy + H on the LSTH potential energy

surface. (Enthalpies in units of keal mol !, entropies in units of cal mol"'K-!, standard state is 1

atm.)
TK A Ao Al ALSS AvarSS AunSY
200 8.3 0.0 1.0 -17.8 0.0 -10.2
300 7.8 0.0 2.6 19.6 0.0 4.4
100 7.5 0.0 1.9 207 0.0 23
600 6.9 0.0 1.2 218 0.0 0.9
1000 6.3 0.0 0.7 22,6 0.0 0.3
1500 6.0 0.0 0.5 -22.9 0.0 0.1

Table II. Activation parameters for the reaction D + H, — DH + H on the LSTH potential energy

surface. (Enthalpies in units of keal mol™!, entropies in units of cal mol ™! K-, standard state is 1

atm.)
K AHD AvarHY A HY ALST A oS AunSS
200 7.8 0.1 3.5 -18.3 0.0 9.1
300 7.3 0.1 2.2 -20.1 0.0 -3.9
00 7.0 0.1 -1.6 -21.2 0.0 2.1
600 6.5 0.1 1.0 222 0.0 -0.8
1000 6.0 0.0 0.6 -22.8 0.1 0.2
1500 5.7 0.1 0.4 23,1 0.2 0.1
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o Table I11. Activation parameters for the reaction H + Dy — HD + D on the LSTH potential energy
V-\L -~
v surface. (Enthalpies in units of kcal mol-1, entropies in units of ¢al mol'! K1, standard state is 1
-_:j.:- atm.)

=

R . / 0 ‘ 40 0 / 0 o 0

o TK AMy Svartl y Suntly 357 SvarS 1 Swnd 71
\ 200 9.0 0.1 3.2 189 0.0 9.7
N
> 300 8.6 0.1 1.7 -20.5 0.0 32
D) *‘-\
Koo 300 8.3 0.1 -1.0 214 0.0 -1.4
P 600 7.9 0.1 -0.6 =222 0.0 -0.5
.-
o 1000 7.5 0.0 -0.3 -22.8 -0.1 -0.2
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o 1500 7.0 0.1 0.2 -23.2 0.1 0.1
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Table IV, Activauon parameters for the reaction OC'P) + Hy — OH + H on the M2 potential

energy suriace. (Enthalpies in units of keal mol™!, entropies in units of cal mol'! K-!', standard

state is 1 atm.) *
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' 100 8.9 0.2 2.5 217 0.0 3.9 |
600 8.6 0.1 -1 224 0.1 1.1
<3 1000 X.2 0.0 0.6 229 -0.3 0.3
o 1500 7.9 0.3 0.3 23] 0.5 0.1
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Avtivation parameters for the reaction OH + Hy — H,50 + H on the LSTH potential
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EX A

\
N
>
8 Table VI. Activation parameters for five reactions. (Enthalpies in units of kcal mol™!, entropies in
Q)
» units of cal mol-! K-1, standard state is 1 atm.)
: Reactions
T.K H+H, D+H, H+D, 0+H, OH+l,
N AHY 200 8.3 7.8 9.1 9.7 5.3
300 7.8 7.4 8.7 9.4 4.8
' 400 7.5 7.0 8.4 9.1 4.4
N 1500 6.0 5.6 7.0 7.8 3.8
: 0
he A H T 200 -4.0 -3.5 -3.2 5.7 -4.4
- 300 -2.6 2.2 -1.7 -4.2 -3.2
P 400 -1.9 -1.6 -1.0 2.5 -2.5
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