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TOM TAT

Bai b4o nay trinh bay Gng dung 1y thuyét trang thai chuyén tiép cua 16p phan ung (RC-TST) dé du
doan hang s6 tc doc phan tng chuyén vi hydro- 1,3 ciia mot s6 hydrocarbon, dic biét 1a cac gbc tur
do. Dya vao tinh toan dong hoc don gidn chinh xéac, tét ca thong so tinh toan theo phuong phap RC-
TST két hop véi phuong phap quan hé nang luong tuyen tinh ( Linear Energy Relationship (LER)) c6
thé tinh toan dwgc. Hang sb téc do phan tmg cua bat ky phan tng cua loai nay c6 thé dugc dy doan tir
nang luong phan tng tai mirc BH&HLYP/cc-pVDZ . Cac hang s toc dd phan tmg theo RC-TST/LER
c6 thé so sanh voi cac gia tri tinh toan truc tiép sir dung TST voi phuong phap 1-dimension Eckart
tunneling. Phuong phap RC-TST/LER 14 hiru hiéu dé udc tinh cac hang sb toc do phan tmg cho phan
l6n cac phan tng thude 16p phan ung nay.

ABSTRACT

This paper presents an application of the Reaction Class Transition State Theory (RC-TST) to
predict rate constants for 1, 3-hydrogen shift reactions of some hydrocarbons, especially for alkyl
radicals. Based on the accurate simple kinetic calculations, all parameters for the RC-TST method
coupling with a Linear Energy Relationship (LER) can be derived. Thus, rate constants for any
reaction in this class can be predicted from its reaction energy calculated at BH&HLYP/cc-pVDZ
level. The RC-TST/LER rate constants are comparable to those calculated directly using the full TST
with one dimension Eckart tunneling method. The RC-TST/LER method is efficient to estimate rate
constants of a large number of reactions in this class.

1. INTRODUCTION

One of the goals of computational science
is to predict observables where experiments
have not yet been done or are difficult to carry
out [1]. Besides, its result sometimes can
suggest worthwhile future experiments. In the
area of chemical kinetic theory, there has been
much progress in developing direct ab-initio
dynamics methods based on the transition state
theory framework to calculate rate coefficients
from first principles. These methods have
achieved a rather excellent level of accuracy
even for large biological systems. Among
these methods, the simplest and most cost-
effective one is the well-known Transition
State Theory (TST), which requires only
structural, energetic, and vibration frequency

information at the reactant and transition state
to calculate thermal rate constant.

For many combustion systems, detailed
kinetic models [2] often consist of up to
several thousands of elementary reactions
whose kinetic parameters are mainly estimated
from those available for similar reactions. It is
impossible to obtain the kinetic data correctly
for large number of reactions in such systems
experimentally. It is still impractical to
calculate thermal rate constants of every one of
such reactions even with the simple TST
method. The recently developed Reaction
Class Transition State Theory (RC-TST) [2, 3],
which is based on the transition state theory
framework and properties of a reaction class in
deriving the expression for relative rate
constant, gives a cost-effective approach for
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estimating the relative rate constants for a large
number of reactions in a given class.

1, 3 Hydrogen shift reaction is a kind of
radical izomerization reaction, one of the most
important classes of reaction in combustion
chemistry [4]. The principal (smallest) reaction
in this class is CH3CH2CH2 — CH2CH2CH3
and kinetic information for reactions involving
larger hydrocarbons in this class is quite
limited. However, such information is rather
critical for modeling combustion of
hydrocarbon fuels. In this study we have
developed correlation expressions to estimate
the rate coefficient of any reaction in this class
relatively to the rate coefficient of principal
reaction by using the RC-TST and Linear
Energy Relationship (Evan-Polanyi linear
relationship) [5, 6].

To estimate RC-TST/LER parameters for
1,3 hydrogen shift of alkyl radicals, some
reactions are considered:

CH,CH, CH, - ¢ H:CH,CH; (R1)

CH,CH,CH,CH, - CHCHCHCH, (R2)
\CH; _I_._-EH{Hgt':H; - cH:), -ECI—I:CI—I; (R3)
(CE.),CHCH, —  CH,CH(CH,), (R4)
CH:CH, (HCH:)CCH, — CH; CHO(HCH;)CH;  (R5)
(C:HyCH,CH, CH?  — (CiHs)CHCH:.CH:  (R6)
n(C,H,)CH,CH, CH, — n(CE-)CECE,CH,  (R7)

n(CyHs)CHCH, CHy — n(GH;)CHCH.CE;  (RS)

2. METHOLOGY
2.1 Reaction Class Transition State Theory

Since reactions in the same class have the
same reactive moiety, the difference between
rate constants of any two reactions is mainly
due to differences in the interactions between
reactive moiety and their different substituents.
In the RC-TST framework, rate constant of an
arbitrary (denoted as R ) is proportional to rate

constant of principal reaction (the smallest
reaction in the class denoted as Rp) of the same

class by a temperature dependent function
f(T):

k, (T) = £(T)k, (T) (1)

With £(T) = fofufgfe (2)

Where f, f, fQ, f, are symmetry number,
tunneling, partition function and potential
energy factors, respectively. These factors are
simply the ratios of corresponding components
in the TST expression for the two reactions:
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Where K(T) is transmission coefficient
accounting for quantum mechanical tunneling
+

effects; o is reaction symmetry number; Q and
R

® are total partition functions (per unit
volume) of the transition state and reactants,

respectively; AV¢ is classical reaction barrier
height; T is temperature in Kelvin; k; and h are
Boltzmann and Planck constants, respectively.
The potential energy factor can be calculated
by using reaction barrier heights of arbitrary
reaction and principal reaction. The classical

reaction barrier heights AV for arbitrary
reaction can be obtained using the Linear
Energy Relationship (LER), between classical
barrier heights and reaction energies of
reactions in a given reaction class without
having to calculate it explicitly.

The principle task of this paper is to
determine the explicit expressions for these
factors linking the rate constants of R, and

those of R in the same class.

2.2 Computational methods

All of the electronic structure calculations
were carried out using the program package
GAUSSIAN 98. Geometries and frequencies
of reactants, transition states, and products
were optimized at the BH&HLYP level of
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theory with the cc-pVDZ basis set because
BH&HLYP has been found previously to be
sufficiently accurate for predicting transition
state properties for hydrogen abstraction or
shift reactions by a radical [7,8]. This
information was used to derive the RC-TST
factors. Besides, BH&HLYP/cc-pVDZ
reaction energies were then used to derive the
LER’s between barrier height and reaction
energy.

The TST rate constants, tunneling factors,
and partition function factors were calculated
employing kinetic module of the web-based
CSEO program [9].

3. RESULTS AND DISCUSSION

In this part, we first describe how RC-TST
factors and the LER’s were derived.
Subsequently, several error analyses were
performed in order to provide some estimates
on the uncertainty of the RC-TST/LER
method. This is done by comparisons between
rate constants of the considered reactions
predicted from the RC-TST/LER method and
those from full TST calculations.

3.1 Calculation of symmetry number factor

Since the reaction symmetry numbers for
reactions R, and Rp are known, this factor is

determined exactly [10].
3.2 Calculation of tunneling ratio factor

The tunneling factor K(T) is the ratio of
tunneling coefficients of the target and
principal reactions. It can be accurately
calculated using the one dimension Eckart
tunneling method, which only needs the
imaginary frequencies, and the forward and
reverse barrier heights of both reactions. It is
observed in this study that tunneling factors for
1, 3 hydrogen shift are rather similar (see Fig.
1.) and thus can be assumed to be the same.
We choose a factor to represent for all values
in this class. In particular, when T > 500K,
K(T) is chosen by 1 and when T < 500K,
tunneling factors of R5/R1 (fK5) is used to
represent those in this class by fitting it with
calculated values:

£ (T)=7,2350118.1077 + 010425124 T - 6.5542563 .10~ T2
£ 14196136 10~ TF —1,0355073 109 T+ )]

The standard deviation coefficients for
these fits are larger than 0.998. Moreover, it
can be seen that the ratio f, is comparable to
those with the direct Eckart calculation using
reaction information from BH&HLYP/cc-
pVDZ. The higher the temperature, the smaller
the absolute error.
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Fig.1 Plot of the tunneling factor f, as

functions of temperature for 1, 3 shift of
hydrogen

3.3 Calculation of partition function factor

Partition function factors for 8 reactions in
the class calculated in the temperature range
300-2000K and all ratios are given in Fig 2.
Similar to tunneling factor, the partition
function factor for this class can be
approximated by the ratio of R7 and R1 with
the following function:

f =0.023470026 - 0,0001062115 7T - 4,7052393 107° T =
+361833097 1071073

which gives the maximum error of about 70%
and the mean absolute error less than 35% for
all reactions from 300K to 2000K.
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Fig.2 Plot of partition function factor f, as

function of temperature for all 8 reactions
considered.

3.4 Calculation of potential energy factor

The potential energy factor f;, can be easily

calculated using eq. (6) where AV, and AV}’
are the barrier heights of the arbitrary and the
principal reactions, respectively. The reaction
barrier heights of any reaction in this class can
be obtained by utilizing the LER between the
reaction energy and the reaction barrier height.
The reaction barrier heights are plotted against
reaction energies, both of which were
calculated at the BH&HLYP/cc-pVDZ. The
linear relationship was plotted in Fig. 3 and the
fitted expressions were also obtained using the
least squared method given below:

AV' = 45706439 + 0.65713508 E
(kcal/mol) (9)

The absolute deviations of reaction barrier
heights between the LER and full quantum
calculations are smaller than 3kJ/mol. The
mean absolute deviation of reaction barrier
heights predicted from BH&HLYP reaction
energies is 1.45kJ/mol. These deviations are in
fact smaller than the systematic errors of the
computed reaction barriers from full electronic
structure calculations.
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Fig.3 Linear energy relationship plots of
barriers heights AV” versus reaction energies E

3.5 Rate constants of the Principal reaction

Rate constants of the principal reaction had
been previously calculated by TST with Eckart
1

tunnel. The thermal rate constants (s ) are
given by:

kp =3407.107 T12%78 exp(~1799 43/T) (10)

This expression is used for the considered
reaction class.

3.6 Predictions of rate constants

All necessary parameters have been
estimated - namely symmetry number factor,
tunneling factor, partition function factor and
potential energy factor - to apply the RC-TST
theory to predict rate constants for any reaction
in 1, 3 hydrogen shift class. By combining
with the linear relationship between the
reaction energy and the reaction barrier height,
only the reaction energy is needed and it can
be obtained at the BH&HLYP/cc-pVDZ. The
procedure to calculate rate constants of an
arbitrary reaction in this class is: 1) calculate
the symmetry number factor from eq. (3); 2)
approximate tunneling ratio factor and
partition function factor using eq. (7), (8),
respectively; 4) calculate the potential energy
factor using eq. (6). The reaction barrier height
can be obtained using eq. (9) for reaction
energies, 5) rate constant of the arbitrary
reaction can be calculated by taking the
product of the principal reaction rate constant
given by eq. (10) with the four factors above.

To determine the overall efficiency of the
RC-TST method, we performed two analyses.
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One is to compare the calculated rate constants
of the reactions with those from direct
measurements or derived from other
experimental data and theoretical simulations.
Since there has been no experimental data for
any reaction of this class up to now,
alternatively, we compared the calculated rate
constants for a small number of reactions using
both RC-TST/LER and full TST/Eckart
methods in the first analysis and the result is
presented in Fig.4. Here we plotted the relative
deviation defined by ([kTST/Eckart - kRC-
TST/LER|/kRC-TST/LER)  percent versus
temperature for several selected reactions. The
relative errors are less than 100% for all test
cases. This is certainly an acceptable level of
accuracy for reaction engineering purposes.
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Fig.4 Relative deviations as functions of
temperature between rate constants calculated
from the RC-TST/LER and full TST/Eckart
methods.

The other is to examine the internal errors
in different factors in the RC-TST/LER
methods in the second analysis. The total
internal error is affected by the errors in the
approximation of tunneling factor, partition
function factor and potential energy factor
used in the method. The results of the error
analysis from these different relative rate
factors are shown in Fig. 5.
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Fig.5 Average absolute errors of the total
relative rate factors f(T) (eq. 2) and its
components, namely the tunneling (f,),

partition function (f;)) and potential energy (f,)
factors as functions of temperature.

In this figure, we plotted the absolute
errors averaged over all 8 reactions as
functions of temperature. Errors from all
components are less than 72% for the
temperature range from 300 to 1000K. The
errors tend to decrease when temperature
increases. The fact that total internal errors
occurring in the relative rate factor is less than
75% shows that RC-TST/LER is an excellent
extrapolation method for estimating rate
constants of any reactions in this class from
that of the principal reaction.

4. CONCLUSION

We have presented an application of the
reaction class transition state theory in
conjunction with the linear energy relationship
(RC-TST/LER) to predict thermal rate
constants of the reaction class 1, 3 hydrogen
shifts of alkyl radicals. The RC-TST/LER
method is shown to be both simple and
effective for rate constant prediction of any
reaction in a given class from only the reaction
energy that can be calculated at BH&HLYP.
Detailed analysis shows that the systematic
errors in the calculated rate constants arising
from approximations used in the RC-TST/LER
method are less than 80%.
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Table 1. Calculated symmetry number factors Truhlar, J. Phys. Chem. A 104 (2000)
4811.
Reaction | Symmetry number factor 8. Q. Zhang, R. Bell, T. N. Truong, J.
R1 1 Phys. Chem. 99 (1995) 592.
R 1 9. T. N. Truong, http://www.cseo.com
10. W. T. Duncan, R.L. Bell, T. N.
R3 ! Truong, J. Comp. Chem. 19 (1998) 1039.
R4 1
RS 1
R6 1
R7 1
RS 1

Table 2. Ab initio derived parameters and
formulations of the RC-TST/LER method for
1, 3 hydrogen shift alkyl radical reaction class

K(T) = £, & (D (Dfy (D, (1)
i
£y (T) = sxp{—(AV™ — AV7) /k5T)

i (See Table 1 for example)
f3- (T} f (T} =1when T = 500K

£ (T)=7.2350118.107 + 010429124 T —
6,5542363 107417 +1,4196136.1075T% -
1,0355073.107° T* when T = S00K

£,(T) fo =0,013470026 —0,0001062115 7T -
47052383 107 T? + 3.9183397 1079 T

ave (keal/mol)  av= = 45 706439 + 065713508 E
avs (keal/mol)  45.706439

k(T ky = 3407107 A5 (1795, 43/T)
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