JOURNAL OF CHEMICAL PHYSICS VOLUME 113, NUMBER 12 22 SEPTEMBER 2000

Reaction class transition state theory: Hydrogen abstraction reactions
by hydrogen atoms as test cases

Thanh N. Truong
Henry Eyring Center for Theoretical Chemistry, Department of Chemistry, University of Utah,
315 South 1400 E, room 2020, Salt Lake City, Utah 84112

(Received 7 April 2000; accepted 8 June 2000

We present a new method called Reaction Class Transition State TRO+#yST) for estimating
thermal rate constants of a large number of reactions in a class. This method is based on the
transition state theory framework within the reaction class approach. Thermal rate constants of a
given reaction in a class relative to those of its principal reaction can be efficiently predicted from
only its differential barrier height and reaction energy. Such requirements are much less than what
is needed by the conventional TST method. Furthermore, we have shown that the differential
energetic information can be calculated at a relatively low level of theory. No frequency calculation
beyond those of the principal reaction is required for this theory. The new theory was applied to a
number of hydrogen abstraction reactions. Excellent agreement with experimental data shows that
the RC-TST method can be very useful in design of fundamental kinetic models of complex
reactions. ©2000 American Institute of Physids$S0021-9606)0)01133-§

I. INTRODUCTION or heats of reaction of similar reactions to estimate the un-
known activation energy. Both approaches are empirical and
One of the goals of computational science is to predichave large uncertainty in the estimated rate constants. There
observables where experiments have not yet been done pave been some efforts to determine whether rate constants
have difficulties in carrying out. In the area of chemical ki- 3¢ additive so that rate constants can be estimated from
netic theory, there has been much progress in developingsparate components. However, it was proven that rate con-
direct ab initio dynamics methods based on the transitiongiants are not. In the case where some limited rate informa-

state theory framework for calculating rate coefficients fromyjn, is available, for instance a single rate measurement, one

. . . 1-10 .
first principles.”™ These methods have achieved a rathel.,, 56 4 procedure called the thermochemical kinetics TST
excellent level of accuracy even for large biological

TK-TST) method developed by Benson and co-workers
systems1~13 |t should be noted that applications of such( ) ped by

thod done f hemical svst tatime. A and later refined by Cohen and co-workérs®to extrapo-
methods are done for one chemical system at a time. AMOng o 1 gther temperatures.

the existing methods, the simplest and most cost effective Recently, we have introduced the concept of reaction

one is the well-known transition state thetiyTST), which class into both electronic structure as well as dynamical cal-

requires only structural, energetic and vibrational frequency |~ . . . : .
: . . culations. This concept recognizes that all reactions in a
information at the reactant and transition state. For man

combustion systems, kinetic models often consist of the ors ven class have the same reactive moiety, thus they should

der of thousand of elementary reactions. There are a Iarg}éave.certain si.milarities on their potential surfacgs anlng. the
number of these reactions whose kinetic parameters are ngaction coordinate. We have S?SZW” that coupling _th_|s idea
known. It is still impractical to carry out calculations of ther- with the _ONIOM methodology~** leads t‘? an efﬂment_

mal rate constants for every one of such reactions even usirfd)mputatlonal strategy for accurate determination of barrier

the TST method at a sufficiently accurate level of electronid€19hts and reaction energies of reactions in a cfags.
structure theory. Furthermore, in practice only a much@ddition, by exploring similarities on the potential surfaces

smaller set of reactions from the detailed kinetic model isOf reéactions in a class, we found that several features are
important to the combustion system under a given operatin@onserveq and thus can be transferred among reactions in the
condition. To determine such a set, one only needs a googlass- This led to the development of two new tunneling
estimate of the unknown kinetic parameters to perform send0del$'® as approximations to the multidimensional semi-
sitivity analysis on the mechanism. Thus, it is much better tcflassical small curvature tunnelit§CT) (Ref. 24 method.
perform accurate rate calculations for reactions after that hakhese tunneling models have shown to be quite accurate yet
been determined to be important to the mechanism. they require substantially less computational demand com-
The central task is to have a good estimate of kinetigpared to that of the SCT method. In this study, again using
parameters for a large number of reactions. A simple andhe reaction class concept we present a new computational
common practice is to assign the unknown kinetic paramimethodology for calculating thermal rate coefficients for a
eters by those of a similar reaction. A better approach is téarge number of elementary reactions efficiently. This
employ the Evan—Polanyi linear free-energy relationship bemethod is based on the transition state theory framework for
tween the activation energies and bond dissociation energieietermining relative rate constants of reactions in the class.
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The focus of this study is to illustrate the theory and to test itand reaction energy vary for different reactions in a class, the
by performing actual applications to an important class ofpotential width is not a conserved quantity. However, from
combustion reactions, namely, the hydrogen abstraction reanalyzing transition state properties of different reactions in a

actions by hydrogen atoms. class discussed below, we found the imaginary frequency is a
more conserved quantity. Thus, in the RC-TST method, we

Il. REACTION CLASS TRANSITION STATE THEORY assume that reactions in the class have the same imaginary

(RC-TST) frequency and zero-point energy corrections to the barrier

and reaction energy as of the principal reaction, and they are
used to calculate the potential for tunneling for different re-
actions in the class. This change introduces only a small
keT QX(T) , . .s difference in the calculated transmission coefficients at very
Ry e Vel @ low temperat d to those from the original Eckart
h @R peratures compared to those from the original Eckar
) o - ) model. Thus, for each reaction we only need the differential
where « is the transmission coefficient accounting for the parier height and reaction energy from those of the principal
quantum mechanical tunneling effecisis the reaction sym-  rgaction to determine the potential curve for tunneling. As
metry qumber;Q* and &% are the total partition functions  ghown in our previous study, the differential reaction energy
(per unit volume of the transition state and reactant, respecyn barrier height can be calculated accurately at a relatively
tively; AV* is the classical barrier height; is the tempera- oy Jevel of theory. Note it does not require any frequency

ture; kg andh are the Boltzmann and Planck constants, ré-a|culation for the reactants or the transition state of the re-
spectively. action R2.
Let us consider a reaction class where all elementary

reactions in the class have the same reactive moiety,kyith g Ratio of the reaction symmetry number,  f
the rate coefficient of the principal reaction R1, the smallest

reaction in the class, arlg the rate coefficient of some other f =22

reaction R2 in the same class. Due to the small dize&an 7 oq’

be calculated from first principles using an accurate dynami—S
cal theory with potential energy information computed from
a sufficiently high level of electronic structure theory. Thus,
k, can be readily available. The task is to evaluate the rat
coefficientk,.

From the transition state theory framewdfkthermal
rate coefficient can be expressed as

k(T)=«k(T)o

o

4

ince the reaction symmetry numbers for reactions R1 and
R2 are known, this factor is determined exactly.

€. Ratio of the partition function £,

The principle idea of the RC-TST method is to factor the B Q§ Qj{ B Qﬁ (I>§
ratio of the two rate constanks andk; into different com- fo(T)= @2? El? - 6{ Jl? : ®)
ponents, namely, tunneling, reaction symmetry, partition N o )
function, and potential energy, as defined below: Note that each partition function is a product of translational,
rotational, and vibrational partition functions. It can be
ﬁ:f £ @) shown that the translational and rotational components yield
k, <oV a constant multiplicative factor ifig. The temperature de-

By using the reaction class approach, these factors can ¥ ndent cc:mgonent de §0Ielt)/hcom$s fr?r:; the V|tt.)t_rat|ofnal
efficiently evaluated so that a large number of reactions ifomponent. By rearranging the ratio of the partition func-
the class can be estimated frde and these factors. We tions of reactions R1 and R2 as shown in the second ratio of

discuss how to approximate these factors separately beIovs).Eq' (5) above, an _|mportant pomt_regardlng reaction class
can be made. To illustrate this point, we use a class of hy-

A. Ratio of the transmission coefficient, fre drogen abstraction reactions where the principal reaction of
Ko(T) this class is the HCH, reaction and different substituents
fo(T)= (1)’ 3 Ri, Ry, and R, as shown in Fig. 1, yield different reactions
1

in this class. The ratio of the vibrational partition functions at
The transmission coefficiemt; of the principal reaction can the transition states of the reactions R2 and[fR& numera-

be calculated from the simple Eckart mo@elr from a more  tor of the second ratio in Eq5)] mainly comes from the
accurate method such as the SQRef. 29 approach. To substituents and the substituent effects on the frequencies of
take advantage of the possibility for cancellation of errorsthe reactive moiety. The same is true for the denominator,
both x; and«, in Eq. (3) should be calculated from the same the ratio of the vibrational partition functions of the reactants
tunneling model. For simplicity, we propose to use the Eck-of the reactions R2 and R1. The overall ratio further removes
art model. However, in this study, we modified the Eckartthe principle components of the substituents. Thus, the ratio
tunneling modeP proposed earlier to fit with the reaction fo results mainly from the differences in the coupling or
class methodology. In the previous model, the Eckart func*cross” terms of the force constants of the two reactions at
tion representing the zero-point energy corrected potentighe transition states and reactants. If there is no coupling
curve for tunneling is assumed to have the same width as dietween the substituents and the reactive moiety then the
the classical potential curve. This potential width dependwibrational component of 5 is unity. In other words, the
not only on the imaginary frequency but also on the classicaVibrational component of, is the ratio of the differences in
barrier height and reaction energy. Since the barrier heighthe effects of the substituents on vibrational frequencies of
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racy in kinetic modeling. Thud,; can be predetermined for
each class of reaction from frequency calculations for an
additional small reaction in the class, so that vibrational fre-

quency calculations for other reactions in the class are not

required.
fo=
D. Ratio of the potential energy, fy
f AAVH (AVE-AVY)
v=exp — KaT =ex _kB—T , (6)

where AAV*, the difference in the classical barrier heights
of reactions R2 and R1, respectively, can be rewritten as

AAVF={E}-E}} - {ER-ER, @

where E is the total potential energy. ThuaAV* is the
ifference between the substituent effects in the potential en-
rgy at the transition state and at the reactants. From the

FIG. 1. Pictorial illustration of the factor of partition functiofy,. The
reactive moiety consists of atoms in the box. Different substitueptR?
and R yield different reactions in the class.

the reactive moiety and in the effects of the reactive moiet)}j
on the frequencies of the substituents at the transition sta o . . . . .

and at the reactants. Since these effects should have the saffi& cooron I Eq7), |nteract|on§ in the reactlye mqlety .that
trends at the reactants and at the transition state, the tempe%[? critical for accurate evaluation of the barrier height in the

ture dependent component is significantly lessened in theﬁrsi ti_rm etl;]ld ;gf?ctlon er}ergy;rr]\ the S}?ﬁ?nd t_erm alre rerrt1loved
ratio. Consequently, we expect thét does not depend y taking the dinierence from tnose of the principal reaction.

; ; | 26,27 t
strongly on the temperature. As shown in Fig. 2, these ratioé‘S shown in previous studiéS?” AAV* can be accurately

are nearly constant for a rather larger number of reactions iRreC:'CtEd from atrﬁlatlveli{ Iowllevelt of thfory.t te th
this class. Only a small temperature dependencéqiris n summary, the reaction class fransition state theory re-

observed for temperatures below 300 K for these reactionS!"®S the following information:

For simplicity, we can make an approximation tiigtis a (1) Accurate potential energy information of the principal
constant and has the high temperature limit value of the reaction, namely, structures, energies, and frequencies at

H+C,Hg reaction. This would make only about 60% error in
the rate coefficients for temperatures above 300 K for this
reaction class. This is certainly an acceptable level of accu-

least at the reactants, transition state, and products. Since
the principal reaction is small, this condition can easily
be met. Thermal rate constants for the principal reaction

can be calculated from the above potential information
using the TST method with Eckart tunneling corrections.
However, they can also be calculated from a more accu-
rate directab initio dynamics method, though this would
require much more potential energy information along
the reaction path. Note that experimental measurements
can also be used.

The ratio of the partition functiorf,5. As shown above,

to a good approximation it can be assumed to be a con-
served function of a given reaction class and can be de-
termined from additional frequency calculations for an-
other small reaction in the class.

S s e M M

—o6—H + C2H6

—& -H+ C3H8 (p)
—e—H + C4H10 (p)
--®--H+ C3H8 (s)
-0--H + C4H10 (s)
—A- -H + ¢c-C3H6
—-®--H+t-C4H10 (p)
—i-- - H ¢ CAH10 (1)
--#4--H+ CH3F
---&--- H + CH2F2
~%—H + CHF3

—8 -H +¢-C6H12 (e}
— & -H + ¢-C6H12 (a)

2

Thermal rate constants for any other reactions in the class
can be estimated from knowing only the differential reaction

energy and barrier height. No frequency calculation, how-

ever, is required.

o R '} lll. RESULTS AND DISCUSSION
1 We have chosen the class of hydrogen abstraction reac-
' . ' ; tions by hydrogen atoms to test the RC-TST method. Par-
3 b e b b ticularly, several reactions were selected so as to provide
200 900 400 500 600 700 800 900 1000 geyere tests of the theory and they are
T(K)
H+CH4—>H2+CH3, (Rl)
FIG. 2. Plot of Inf, vs T for a number of hydrogen abstraction reactions by
the H atom.(p) denotes abstraction of primary hydrogés); of secondary H+C,Hg—Hy+CoHs, (R2)
hydrogen;(t) of tertiary hydrogenje) of equatorial hydrogen(a) of axial
hydrogen. H+H-CH,CH,CH;—H,+CH,CH,CHj, (RJ
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H+H-CH(CHg),—H,+HC(CHy),, (R4) TABLE |. Calculated differential reaction energies and barrier heights
(kcal/mo).?
H-+C3Hg—H,+products, (RS) AAE=AE-AE(R1) AAVi=AVi—AVH(R1)
H+c-C3Hg—H,+c-C3Hs, (R6) Reactions PMP4 BHLYP PMP4 BHLYP
H-+H—CH,F—H,+CH,F, (R7) H-+H-CHy(R1) (2.90° (1.40 (14.58 (12.60
H-+H-CH,CH;, -3.01 -2.52 -2.83 -2.90
H+H-CHR—Hy+ CHP RO L Clciy, | s s sz s
H+H—CFy—H,+CFs. RO Hinconr ' ss0  —ear e 711
For this reaction class, R1 is the principal reaction. R2 is Em:gtﬁ; :g:;g :g:éi :1:32 :g:g;

used to provide thdq, facto_r. R3—R9 rgactions are used 0 HiH_cF, 171 236 0.92 0.56
test the theory. For the principal reaction, accurate thermal
rate calculations using canonical variational TST theory pIusag '\H"gl‘_‘iL?{T;r/‘gf;vg'%"P4/CC'PVTZ’/BH&HLYP’CC'pVDZ? BHLYP denotes
SCT tunne.“ng correction were done prewogéﬁwe do not bValues in parenthesés are the classical barrier height and reaction energy of
need to discuss further here. However, since the RC-TSTihe principal reaction.

method has its strength in its practicality, we envision that in

actual applications of the theory, simple TST calculation and i .
Eckart tunneling corrections for the principal reaction wouldcalculated rate c;)lqggants are in excellent agreement with ex-
be sufficient. The accuracy of the TST/Eckart method ha®erimental daté**~**for a wide range of temperatures. Re-
been discussed in our previous studiés? In this case call that no PMP4 single-point calculations were done for
geometries and frequencies of the reactants, transition stat@lS reaction. The ratio of partition functiorq for this re-

and products were calculated at the BH&HLYP/cc-pvdzaCt'On class is determined from this and the principal reac-
level of theory. Single point energy calculations at thelions. fq is set equal to its high temperature limit of 0.095
PMP4/cc-pviz level were done to improve the accuracy oftind is used in estimating rate constants for reactions R3—-R9.
the calculated barrier height and reaction energy of the prin-

cipal reaction. Our previous studféS have shown that the B- H+CsHg

comb_ination of BH&HLYP _and PMPé_l calculqtions provide Arrhenius plots for the primary, secondary, and total hy-
sufficiently accurate potential energy mformatlon for thermalgrogen abstraction of g are shown in Figs. @)—4(c),

rate determination. For the R2 reaction, we only need to

optimize the geometry and to calculate the frequencies of the

stationary points at the BH&HLYP/cc-pvdz level. For 0 e
R3—-R9 reactions, only geometry optimizations of the sta- [

tionary points were performed at the BH&HLYP/cc-pvdz I |
level. Note that R3—R9 reactions were selected to provide 45 | b :ggﬁgﬁ; i
different variations of reactions in this class that can severely i . e Baulch9? .
test the new theory. In particular, reaction R3 is a primary - ¢ Wamatz84
hydrogen abstract reaction, whereas reaction R4 is a seconc i N 0 Caol4

ary abstract and R5 is the overall reaction. The ring con-%, 14 ]
straint of cyclo-propane in R6 would severely test the reac-"o [

tion class concept in using potential energy information of § |

the principal reaction HCH,. Electronegative fluorine sub- E 16 | i
stituents in R7—R9 reactions distort the geometry of transi-« I

tion states far from that of the principal reaction. In addition, £
these R3—R9 reactions provide a wide variation in the barrier’;
height from 9.3 to 15.5 kcal/mol and in the reaction energy S 18 I
from —2.6 to 4.6 kcal/mol. The calculated differential barrier [
heights and reaction energies are listed in Table I. To calcu- | |
late the barrier height or reaction energy for a particular re- 20 F 4
action, the respective differential barrier height or reaction I 0
energy is added to that of the principal reaction. Note that the
differential barrier heights and reaction energies calculated a

the BH&HLYP compare well with the PMP4 results. Elec- R —
tronic structure calculations were done using thes 0 1 2 3 4 5 6
program:° 1000/T(K)

A. H+C,Hq FIG. 3. Arrhenius plot of the HC,Hg— H,+C,Hs reaction. Dashed line is

. . from the TK-TST extrapolation of experimental data from Ref. 18. Filled
Arrhenius plot of the calculated rate constants for thiSgcies are from Ref. 31; filled diamonds from Ref. 32; open squares from

reaction along with experimental data is shown in Fig. 3. OuIRef. 33.
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I { i
12 L ——— RC-TST(s) .
D L N T Coheng91(s) 7
[ ~--8--Tsang88 ]
I O Marshal84(s) i
13 ® Baldwin79(s) .
o~ . v Baker70(s) . ) ) )
‘» i . FIG. 4. Arrhenius plots of the HC3;Hg reaction.(a) For the primary hy-
© [ ] drogen abstract reaction+HC;Hg— H,+CH,CH,CH; (dashed line is from
3 -4} i Ref. 34 and dashed—dotted line is from Ref);1®) for the secondary
% I 1 hydrogen abstract reaction4HC;Hg— H,+CH(CH,;), (dashed line is from
€ [ ] Ref. 18, open squares from Ref. 34, open circles from Ref. 35, filled circles
,E L J from Ref. 36, and filled triangles from Ref. B7c) for the overall reaction
S 15} - H+C3Hg— H,+products(dashed line is from Ref. 18, open squares from
2 [ ] Ref. 32, open circles from Ref. 38, filled circles from Ref. 39, filled tri-
2 J angles from Ref. 40, crossed squares from Ref. 41, and filled squares from
- - 4 Ref. 4.
16 -
17 | ¥ ]
IOT-3) I BN S B I B
0 1 2 3 4 5 6

1000/T(K)

respectively. Note that the experimental rate const&fts®” ments can be done, our calculated overall rate constants
for the primary and secondary hydrogen abstract are nathown in Fig. 4c) are in excellent agreement with the avail-
from direct measurements but are derived either from fittingable experimental daf:>8-42

to a complex reaction mechanism or from the detailed baI—C Ht -G
ance condition. Thus, it is not informative to compare our ™ s''e

calculated rate constants with the experimentally derived There were only two experimental studi&& done by
data. However, for the overall reaction where direct measureMarshall and co-workers for the hydrogen abstraction from
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FIG. 5. Arrhenius plot for the H c-CyHg— H,+ c-CsHs reaction. Dashed 1. 6. Arrhenius plot for the HCHyF— Hy+CH,F reaction. Dashed line

line is the TK-TST extrapolation of experimental data from Ref. 18, filled s the TST results from Ref. 48, filled triangles from Ref. 45, and filled
circles are experimental data from Ref. 44, and filled diamonds from Refgi cles from Ref. 46.

43.

- IV. CONCLUSION
cyclopropane. Our calculated results as shown in Fig. 5 agree

much better with the earlier experiméitwhereas Cohen’s We have presented a new formalism called Reaction
TST interpolation result§ fit better with the later on& In  Class Transition State TheofRC-TST) for efficient calcu-
any case, our calculated rate constants are within the expeltitions of thermal rate constants of reactions in a class from
mental uncertainty. first principles. The RC-TST method is based on the transi-
tion state theory framework and properties of the reaction

D. H+CH;F, H+CH,F,, H+CHF,4

Despite the fact that experimental data for these reac- -12 rrrr e
tions are limited, our calculated rate constants for these re-
actions shown in Figs. 6—8, respectively, are in good agree- 43
ment with the available experimental measuremé&hts=*

Our results are slightly larger than those from accurate TST
calculations by Bernet al*® though both are within the ex- -14
perimental uncertainty.

In summary, our calculated results for the R3—R9 reac-
tions using the RC-TST method described above show ex-
cellent agreement with experimental data. This is very en-
couraging since limited electronic structure calculations,
namely, only geometry optimizations of the stationary points
at the BH&HLYP/cc-pvdz level of theory, were performed
for these reactions. These results show that the RC-TST
method can be a powerful tool for estimating kinetic param-
eters of a large number of elementary reactions in design of
kinetic models for complex combustion systems, though
more work needs to be done. Several issues have not been -19
discussed in this study but are important to the development
of this theory, namely1) efficient methodology for obtain- P A T S T N
ing the differential barrier height and reaction ener(g); 0 1 2 3 4 5
applications to other reaction classes such as those involving
aromatic molecules(3) treating reactions without barrier.
_These issues will be systematically addressed in future stugqg, 7. Arrhenius plot for the HCH,F,—H,+CHF, reaction. Dashed line
1es. is from Ref. 48 and filled circles from Ref. 45.

Log {kK cm®molecules™'}
o
[«)]

.
—_
~

L (L A I LA B B B B M M I B e

o

1000/T(K)
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