
Transition State Theory Based Semi-Automatic Generation of Surface Reaction
Mechanisms

P. Kraus, R. P. Lindstedt∗

Department of Mechanical Engineering, Imperial College London, Exhibition Road, London SW7 2AZ, UK.

Abstract
The creation of reaction mechanisms suitable for microkinetic analysis of heterogeneous systems currently requires either experi-
mentally derived sticking coefficients or major computational expense (e.g. ab initio, density functional or plane-wave methods).
The present work focuses on developing a theoretical, reaction class based framework of estimating Arrhenius parameters in hetero-
geneous reaction systems. The framework is leveraging the unity bond index–quadratic exponential potential (UBI-QEP) method
for estimating barrier heights, and combines an existing collision theory based method for estimation of homogeneous surface
pre-exponential factors with the use of transition-state theory to replace experimental surface sticking coefficients in adsorption
processes. Transition-state theory estimates for several reaction classes are produced in a semi-automated fashion, utilising the
M06 family of density functionals and the Stuttgart-Dresden effective core potential for metal atoms. The present method is val-
idated, analysed, and benchmarked against the sticking coefficient based method, for the case of partial ethane oxidation over a
supported platinum catalyst. The the impact of key parameters (oxygen/carbon ratio, inlet velocity, site density and heat losses)
is studied. Surface site fraction survey, and reaction pathway analysis is also performed, with a sensitivity study of the most im-
portant pathways included. The developed method reproduces experimental data with an accuracy comparable to the collision
theory approach without the reliance on scarce, and sometimes conjectural, experimental parameters. The presented framework is
well–suited for the efficient generation of heterogeneous reaction mechanisms for comparatively novel systems and can also serve
to identify key pathways where the use of higher accuracy methods may be required.

Introduction
Most current computational frameworks for dealing with

heterogeneous (surface) reactions use the extended 3-parameter
Arrhenius form to describe reaction kinetics [1, 2, 3]. A number
of frameworks for the estimation of the energy barrier has been
formulated, such as the unity bond index–quadratic exponential
potential (UBI-QEP) [4] method. On the other hand, estima-
tion of adsorption pre-exponential factors within those frame-
works relies on experimental sticking coefficients, the availabil-
ity of which is a major issue in novel systems, with estimates
also common in well-studied systems, especially for reactive
species [5].

The present work focuses on developing a theoretical
framework for estimating initial Arrhenius parameters for het-
erogeneous mechanisms, leveraging the UBI-QEP method for
estimating barrier heights, and a reaction class-based method
for estimation of pre-exponential factors, combining the widely
used collision-theory for estimation of surface pre-exponential
factors [1], and a simple transition-state theory approach to
compute heterogeneous pre-exponentials.

Method
In the framework used by Vincent et al. [1], adsorption

processes are treated using sticking coefficients. Bimolecular
surface reactions are approximated by collisions based on 2-
dimensional relative velocity, simulating the diffusion of the ad-
sorbed species on the surface. Unimolecular reactions can not
be treated using collision theory, therefore a very rudimentary
transition-state estimate of kBT

h
is used.

Sticking coefficients are generally derived from collision
experiments in ultra high vacuum, where a known quantity of
gas is admitted onto a clean surface. The sticking coefficient
is then the ratio of the adsorbed over the admitted amount of
gas [6]. The two classes of adsorption processes which require
sticking coefficients have been modified to use a readily applied
transition-state theory based approach. Additionally, desorp-
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tion processes are treated more accurately and in a manner that
is consistent with adsorption. The method for calculating pre-
exponentials of homogeneous (surface) processes is unchanged
from previous work [1], as the calculation method does not re-
quire experimental data. Table 1 presents an overview of the
equations used to derive pre-exponentials in present work, com-
pared to the widely used collision-theory approach.

Table 1: Comparison of formulas for determination of pre-
exponential factors as ATβ . Partition functions highlighted in
yellow and sticking coefficients in red.
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Above, kB , NA and h are the Boltzmann, Avogadro and Planck constants, AMt

and ABs are areas of the metal and the adsorbate B respectively, x is the number
of additional empty platinum sites, T is the thermodynamic temperature, b is the
collision radius of the colliding pair, and vR and v2D are the average relative and
two-dimensional Maxwellian velocities, Γ is the site density of metal Mt.

The partition functions required in the equations above have
been determined using standard formulas [6]:

• The translational contribution is obtained using classical
methods.

• The electronic contribution is estimated as unity.
• The rotational contribution is based on moments of inertia

from optimized structures obtained with Gaussian 09 [7].
• The vibrational contribution is calculated based on vibra-

tional frequencies from the same structures.

For each species, the gas-phase, the adsorbed state, and a single



adsorption/desorption transition state partition function are re-
quired. Based on the principle of microscopic reversibility, the
transition state of the adsorption process is the same as in the
desorption process [6].

(a) (b)

Figure 1: Comparison of adsorbed state (a) and transition state
(b) of CHOH on two Pt sites.

The gas-phase vibrational frequencies are determined using
the M06-2X density functional [8] with the 6-31G(2df,p) basis
set. Adsorbed and transition states are modelled using a simpli-
fied approach with the metal surface replaced by metal atoms
(see Fig. 1). The M06 functional [8] was used, as the additional
exchange in M06-2X made convergence difficult. A basis set
of 6-311G(d,p) was used for C, O, H and the Stuttgart-Dresden
effective core potential (SDD) [9] for the surface metal atoms.

The transition state was found by a relaxed potential energy
surface (PES) scan starting from the adsorbed species, moving
along the predicted direction of desorption using 0.1 Å spac-
ing, with the metal atoms frozen. The position of the transition
state was based on the shape of the PES, ensuring it has a sin-
gle imaginary frequency acting along the direction of the break-
ing bond. Hindered rotors were treated automatically using the
Pitzer–Gwinn method [10] as implemented in Gaussian 09 [7].

The surface treatment was chosen due to the favourable
trade-off between accuracy and computational cost. While
more advanced methods are available (e.g. cluster embedding),
the current approach, coupled with UBI–QEP derived barrier
heights, provides an effective way to build reaction mechanisms
and to identify sensitive pathways that merit treatment using
more accurate (and costly) ab initio or DFT methods.

Figure 2: Overview of the reactor configuration.

Experimental Configuration
The case of partial catalytic oxidation of ethane over plat-

inum (Pt) [1] was chosen for validation purposes. It is a com-
plex system with active gas-phase and catalytic chemistries. Ex-
perimental data and simulations based on collision theory are
also available. The experimental configuration follows that of
Vincent et al. [1], schematically shown in Fig. 2. The catalytic
section is 30 mm long, and contains 3 wt% Pt over α-Al2O3

support. Eight cases from the original study have been con-
sidered for this work, the conditions are listed in Table 2, and
examine the effect of varying the O/C ratio (Cases 7, 9, 11, 12)
and superficial inlet velocity (Cases 11, 12–16).

Table 2: Experimental conditions

Case Lt O/C Uin Tin TWin Tmax
[mm] [m/s] [K] [K] [K]

7 310 0.45 2.10 420 844 1318
9 310 0.55 2.10 421 890 1353

11 310 0.65 2.10 423 936 1386
12 310 0.70 2.10 424 981 1408
13 310 0.65 3.35 418 850 1338
14 310 0.65 4.18 408 806 1307
15 310 0.65 5.86 392 740 1263
16 310 0.65 6.72 383 681 1234

Computational Configuration
The computational methods are largely unchanged from

previous work [1]. The same in-house FORTRAN 2D parabolic
code [11] has been used, simulating a single, virtual, represen-
tative axi-symmetric pore. The pore radius has been estimated
at ∼ 0.375 mm; the simulation contains 30 geometrically re-
fined cells in the radial direction, corresponding to ∼ 2 µm
resolution close to the catalytic surface. Initial axial steps are at
2 µm, with splitting applied if necessary. For reasons of con-
sistency, the gas-phase chemistry is unchanged from previous
work, despite updated gas-phase models being available [12],
and features 44 species and 271 reactions [1].

Arrhenius parameters for the surface chemistry (A and T β)
have been updated based on Table 1, with the activation ener-
gies (EA) retained from Vincent et al. [1]. The same surface
mechanism has been used, comprising 35 surface species and
284 reversible reactions. Catalyst site density (Γ) and radiative
heat loss factor (κ2) have been retained at their median values
of 7.5× 10−8 kmol m−2 and 7% respectively [1].

Results and Discussion
Figure 3 shows the effect of varying O/C ratio. The conver-

sion of both feedstocks is well represented at higher O/C ratios,
slightly above the collision–theory data, both slightly overpre-
dicting in the lowest case (O/C = 0.45). The present work im-
proves agreement with experimental data in terms of the carbon
selectivity. The oxygen selectivity deviates somewhat from the
experimental data points, mainly due to the comparatively high
CO2 yield.

The effect of varying the inlet velocity is shown in Fig. 4.
The conversion is consistent with experiment and collision the-
ory, especially below velocities of 5 m s−1. Similarly to the
O/C ratio data, carbon selectivities are improved, and oxygen
selectivities are in good agreement apart from the CO2 data.

The overall agreement with the collision-theory derived
mechanism is very good. The high CO2 selectivity can be at-
tributed to the oxygen adsorption rates, which are highly opti-
mised in the collision theory model [1]. Similarly, CO is known
to strongly adsorb on platinum and therefore the simplistic treat-
ment of surface interaction in present work might not be suffi-
cient. The over–prediction in conversion levels at low O/C and
high velocities is shared with the collision theory data.

A sensitivity study of the impact of the catalyst site density
(Γ) has been carried out. Values larger than the default 7.5 ×
10−8 kmol m−2 had no effect on simulation results. Smaller
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Figure 3: Effect of varying O/C ratio on (left) ethane and oxy-
gen conversion, (right) selectivity to major species. Diamonds
(�) represent experimental data, dashed line (−−) represents
collision-theory results, full line (—) corresponds to present
work data.
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Figure 4: Effect of varying inlet velocity on (left) ethane and
oxygen conversion, (right) selectivity to major species.
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Figure 5: Effect on oxygen selectivity to CO2 for Γ =
5.0, 6.0, 7.0 and 7.5 × 10−8 kmol m−2 (left). Effect on oxy-
gen selectivity to CO for κ2 = 0, 5, 10 and 15% (right).

values mainly affect the oxygen selectivity to CO2 (Fig. 5) and,
to lesser extent, the carbon selectivity to CH4. The impact of
the radiative heat loss factor (κ2) has also been examined for
the range between 0 and 15%. The most profound effect can be
found in the oxygen selectivity to CO (Fig. 5).
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Figure 6: Site fractions of major species for Case 11. Green
line denotes molar fraction of O2 near the surface (top). Key
reaction rates in CO and C(s3) formation (below).

Surface site fraction analysis of Case 11 (Fig. 6) shows that
more than 80% of catalytic sites remain unoccupied at all times.
Initially, oxygen is adsorbed on the surface, but between 10 and
15 mm downstream, carbon deposition starts taking place. This
change in catalytic activity can not be attributed to oxygen de-
pletion in the gas phase, as at that point the O2 mol fraction is
approximately 10 mol% (green line in top graph of Fig. 6). A
pathway analysis shows an initial dominance of ethane adsorp-
tion followed by dehydrogenation:

C2H6 + 2 Pt → C2H6(s2) (1)
C2H6(s2) + O(s) → C2H5(s) + OH(s) (119)

C2H5(s) + Pt → C2H4(s) + H(s) (150)

accompanied with production of CO2. This is a two step pro-
cess involving (1) adsorption of CO produced from CCH2(s2)
via (251) and (378) (also see Fig. 6)

CCH2(s2) + O(s) → CO + CH2(s2) (251)
CO + 2 Pt → CO(s2) (378)

and (2) surface oxidation of CHO(s) and CO(s2) to CO2(s) via
reactions (461), (389) and (475).

CHO(s) + 2 Pt → CO(s2) + H(s) (461)
CO(s2) + OH(s) → COOH(s) + 2 Pt (389)
COOH(s) + 2 Pt → CO2(s) + H(s) (475)

Consistent with the surface site fraction analysis, around
the 10 mm mark, desorption of CO becomes more favourable
than its adsorption, leading to production of C2H2(s3) from
CCH2(s2) (green line in Fig. 6) and further decomposition:

CCH2(s2) + Pt → C2H2(s3) (274)
C2H2(s3)+H2+Pt → CHCH2(s3)+H(s) (232)

CHCH2(s3) → CHCH2(s) + 2 Pt (215)
CHCH2(s) + 3 Pt → C2H2(s3) + H(s) (207)

The above hydrogenation/isomerisation chain is fast. However,
both isomers of CHCH2 can further decompose:
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CHCH2(s3) + Pt → C(s3) + CH3(s) (221)
CHCH2(s) + 3 Pt → C(s3) + CH3(s) (197)

CH3(s) + H(s) → CH4 + 2 Pt (303)

Reactions (221) and (197) are the main methyl producing chan-
nels in the latter stages of the process. Methane, upon forma-
tion, does not tend to readsorb, effectively forming a sink. Fi-
nally, carbon deposited on the surface as C(s3) does not react
further, apart from catalysing H2 adsorption in:

H2 + C(s3) + Pt → CH(s3) + H(s) (350)
CH(s3) + Pt → C(s3) + H(s) (360)

Conclusion
In present work, a revised framework for generation of sur-

face reaction mechanisms has been proposed and validated for
the case of partial catalytic oxidation of ethane over platinum.
The current transition–state theory based approach provides
good agreement with experimental data and, when compared
to a previous collision theory model [1], similar selectivity and
conversion characteristics as shown in Figs. 3 and 4. A pathway
analysis explains the decrease in CO production (Fig. 6) when
higher heat losses are imposed, the decrease of production of
CH4 and CO at higher velocities (Fig. 4) due to blow-off and
lower temperatures. The pathway leading to the experimentally
observed carbon deposition (as C(s3)) is also explained.

The results obtained are encouraging and the current ap-
proach is currently under investigation in order to provide fur-
ther validation for different experimental datasets, with vary-
ing geometries and conditions, on the C2H6/O2/Pt system, and
also on simpler systems, such as H2/O2/Pt and CH4/O2/Pt.
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Table Of Selected Reaction Rates

# Reaction A β EA

(1) C2H6 + 2 PTW = C2H6W2 1.5727E+07 0.5 0.0
(2) C2H6W2 = C2H6 + 2 PTW 4.4757E+11 1.0 36.1

(119) C2H6W2 + OW = OHW + CH2CH3W + PTW 1.5523E+11 0.5 7.9
(120) OHW + CH2CH3W + PTW = C2H6W2 + OW 1.6856E+11 0.5 34.6
(149) HW + C2H4W = CH2CH3W + PTW 4.8023E+11 0.5 22.7
(150) CH2CH3W + PTW = HW + C2H4W 9.9827E+10 0.5 26.4
(197) CHCH2W + 3 PTW = CW3 + CH3W 3.8303E+09 0.5 42.0
(198) CW3 + CH3W = CHCH2W + 3 PTW 1.7693E+11 0.5 84.9
(207) CHCH2W + 3 PTW = C2H2W3 + HW 3.8303E+09 0.5 19.0
(208) C2H2W3 + HW = CHCH2W + 3 PTW 4.9669E+11 0.5 73.6
(215) CHCH2W3 = CCH3W3 2.0837E+10 1.0 21.0
(216) CCH3W3 = CHCH2W3 2.0837E+10 1.0 78.0
(221) CHCH2W3 + HW = C2H2 + H2W + 3 PTW 4.5614E+11 0.5 71.6
(222) C2H2 + H2W + 3 PTW = CHCH2W3 + HW 3.2301E+06 1.0 0.0
(231) CCH3W3 + PTW = CW3 + CH3W 9.8722E+10 0.5 46.3
(232) CW3 + CH3W = CCH3W3 + PTW 1.7693E+11 0.5 83.2
(251) CCH2W2 + OW = CH2O + CW3 1.5359E+11 0.5 44.2
(252) CH2O + CW3 = CCH2W2 + OW 8.6783E+05 0.5 71.6
(273) C2H2W3 = C2H2 + 3 PTW 2.2271E+10 1.0 134.0
(274) C2H2 + 3 PTW = C2H2W3 3.7052E+06 1.0 0.0
(303) CH3W + HW + PTW = CH2W2 + H2W 4.0967E+11 0.5 137.7
(304) CH2W2 + H2W = CH3W + HW + PTW 3.2225E+11 0.5 5.9
(349) CHW3 + OW = CHO + 4 PTW 1.5829E+11 0.5 45.6
(350) CHO + 4 PTW = CHW3 + OW 5.4062E-01 0.0 45.0
(359) CW3 + OW = CO + 4 PTW 1.4814E+11 0.5 53.9
(360) CO + 4 PTW = CW3 + OW 2.6177E-01 0.5 92.6
(377) COW2 + OW = CO2W2 + PTW 1.4122E+11 0.5 97.4
(378) CO2W2 + PTW = COW2 + OW 7.9579E+10 0.5 154.2
(389) COW2 + H2W + PTW = COHW3 + HW 3.2125E+11 0.5 127.8
(390) COHW3 + HW = COW2 + H2W + PTW 4.3957E+11 0.5 29.0
(461) CHOW + HW = CO + H2W + PTW 4.3438E+11 0.5 35.1
(462) CO + H2W + PTW = CHOW + HW 7.1853E+02 1.0 0.0
(475) COOHW + HW + PTW = COW2 + H2OW 4.6545E+11 0.5 28.6
(476) COW2 + H2OW = COOHW + HW + PTW 1.5258E+11 0.5 86.6

Data above to be used with the extended Arrhenius
formula: k = ATβe

−EA
RT , A in s−1, and EA in

kJ mol−1. The reaction rate constants k are presented as
R = k

Γm−1

∏
[Xi], where m is the total number of Pt

sites involved in the reaction and Γ is the site density.
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