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1. Background

Beginning with the seminal paper of Born and Oppenheimer
(BO) [1] in 1927, the concept of the potential energy surface
(PES) plays a critical role in the description, simulation,
and modeling of molecular systems. It provides the basis [2]
for understanding the processes associated with the nuclear
motions in molecules. By going beyond the characteristic
stationary points and barriers, full dimensional, accurate
potential energy surfaces have a very broad range of applica-
tions in many areas of physical chemistry; for example, they
provide insight into structure, reactivity, and spectroscopy of
molecules. While the majority of stable structures on PES are
associated with the covalent or ionic bonding [3], the regions
of PES dominated by van der Waals interactions are essential
for low-temperature phenomena and molecular stacking
which are critical for understanding biomolecular structures
involving DNA and RNA molecules [4]. Furthermore, the
advances in “cold chemistry” [5] make it possible to test the
theoretical predictions (see, e.g., [6]) involving very small
barriers of <15 K. At such low temperatures the quantum
effects, for example, tunneling, play a significant role in
chemical reactivity. For instance, the large de Broglie wave-
length of ultracold molecules entirely changes the nature of
reaction dynamics [7], and energy barriers on the PES play
a different role because, in this regime, quantum tunneling
becomes the dominant reaction pathway [8]. In addition,
our understanding of potential energy surfaces has benefitted
greatly from the ability of experimentalists to study chemical
reactions and “observe” transition states in real time using
the transition-state spectroscopy [9].

Due to the recent advances in ab initio method devel-
opment [10] primarily focusing on the solution of the
nonrelativistic Schrödinger equation, the theoretical data
representing PESs is of higher quality and the cost and timing
for such calculations is considerably improved. Furthermore,
the relativistic corrections [11] can be significant and should
be included if high accuracy of PESs is needed. For instance,
the inclusion of the spin-orbit coupling effect (relativistic
phenomenon) may turn a crossing of two potential energy
curves into an avoided crossing [12]. Finally, given the raw
ab initio data, efficient fitting techniques [13] are capable
of generating excellent analytical representations of potential
energy surfaces. One example is the functional represen-
tation of a PES using the double many-body expansion
method [14]. Another important class of PESs corresponds
to the ones that are constructed to be explicitly invariant
with respect to all permutations of equivalent atoms [15,
16]. It is well recognized that one of the most stringent
criteria of the quality of the PES is its ability to reproduce
the experimental rotational-vibrational spectrum with the
“near-spectroscopic” accuracy [12] of about 10 cm−1 or
better [17]. Occasionally, the empirical refinements for ab
initio PESs are used in order to achieve a very close agreement
(<0.1 cm−1) with experiment for rovibrational transitions
[18].

In many cases the BO approximation is valid to a high
degree, and a single PES is sufficient to describe the motion
of nuclei. However, when several electronic states get close
in energy, the coupling between different potential energy
surfaces becomes significant. The crossings of several PESs
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(e.g., conical intersections) or avoided crossings require a
more refined treatment of nuclear dynamics which extends
nuclear motion to more than one BO surface [19]. The
conical intersections or “seams” [20, 21] play an important
role in photochemistry, for example, contributing to the
photostability of DNA and participating in the isomerization
process of cofactor retinal that initiates visual reception.

2. The Present Issue

The current special issue (ten papers: six reviews and four
research articles) represents an excellent collection of papers
focusing on the various aspects of potential energy surfaces.

The paper “Constructing potential energy surfaces for
polyatomic systems: recent progress and new problems” by
J. Espinosa-Garcia, M. Monge-Palacios, and J. C. Corchado
provides a comprehensive description of different methods
for constructing PESs based on electronic structure calcu-
lations, and their performance is evaluated by calculating
properties associated with chemical reaction dynamics. The
authors conclude that at the present stage the field of small
systems has become mature; however the realm of larger
polyatomic systems requires considerable improvement,
especially when dealing with relativistic (e.g., spin-orbit)
effects.

M. Ayouz and D. Babikov in their research paper “Im-
proved potential energy surface of ozone constructed using
the fitting by permutationally invariant polynomial func-
tion” illustrate the advantages of their method by study-
ing the formation of ozone at thermal energies and
its spectroscopy near the dissociation limit. The authors
demonstrate that the approach of fitting the ab initio data
by permutationally invariant polynomial functions allows
the construction of accurate global PESs for symmetric
molecules using only relatively small number of points.

The research paper “Ab initio potential energy surfaces
for both the ground ( ˜X1A′) and excited ( ˜A1A′′) electronic
states of HSiBr and the absorption and emission spectra
of HSiBr/DSiBr” by A. Li, S. Lin, and D. Xie illustrate the
high quality of the PESs by calculating the vibrational energy
levels for the ground and excited states of these challenging
systems. The latter were found to be in good agreement with
the available experimental band origins.

The surface diffusion of adsorbed atoms and molecules
plays a significant role in various surface dynamical pro-
cesses, e.g., in heterogeneous chemical reactions and for-
mation of self-assembled structures. N. Tsukahara and J.
Yoshinobu in the paper “Potential energy surface of NO
on Pt(997): adsorbed states and surface diffusion” elucidate
the PES by investigating the adsorption states and diffusion
processes of NO on Pt(997) using infrared absorption
spectroscopy (IRAS) and scanning tunneling microscopy
(STM).

The classical transition state theory (TST) has been very
popular over the years for calculating the reaction rate con-
stants, and it has been quite successful in the high-tem-
perature regime. However, at low temperatures, especially

involving light nuclei, the quantum effects become signif-
icant. Quantum instanton (QI) approximation has been
introduced as one way to quantize the TST by naturally
incorporating the quantum effects, like, for example, tunnel-
ing. For this reason, the quantum instanton approximation
has received much attention for estimating the chemical reac-
tion rate constants using full-dimensional potential energy
surfaces. The QI can be applied to quite complex molecular
systems via well-established imaginary time path integral
techniques as described by Y. Zhao and W. Wang in their
paper “Quantum instanton evaluations of the thermal rate
constants for complex systems.” The authors demonstrate
the utility of the QI method by applying it to such complex
processes like H diffusion on Ni(100) surface, and surface-
subsurface transport and interior migration for H/Ni.

The hydrogen bonding plays a significant role in living
organisms, for example, between DNA or RNA bases. The
cooperativity of hydrogen bonding and the substituent
effects are very important in stabilizing biomolecules. In this
issue, A. Ebrahimi, S. M. Habibi-Khorassani, F. B. Akher, and
A. Farrokhzadeh in the research article “The N· · ·HF inter-
actions in the X-pyridazine· · · (HF)2 complexes: substituent
effects and energy components” investigate the strength of
the hydrogen bonding between X-pyridazine (N-sites) and
HF molecules depending on the substituent. The authors
find that in all complexes the binding energies (N· · ·HF)
increase for electron-donating substituents and decrease for
electron-withdrawing substituents. Also a negative coopera-
tivity is observed for two hydrogen bond interactions.

In order to understand the entire photochemical reaction
process of a given system, it is necessary to explore several
PESs that represent ground and excited states. Within the
Franck-Condon (FC) approximation, a reaction starts from
the FC point on an excited-state surface. Then, depending on
the topography and the available excess energy, the system
may select either adiabatic or nonadiabatic pathway. In the
adiabatic case, the reacting system moves on the excited
PES surpassing transition state to yield products. In the
nonadiabatic case, the system undergoes a nonadiabatic tran-
sition (or several transitions cascading through a number of
PESs) and then moves on the PES of the lower state. In the
later case, the seams of intersection between two PESs play
an important role. S. Maeda, K. Ohno, and K. Morokuma
in the review paper “Exploring multiple potential energy
surfaces: photochemistry of small carbonyl compounds”
describe the global reaction route mapping (GRRM) method
to explore the critical regions such as transition states, conical
intersections, intersection seams, and minima associated
with multiple PESs. The authors illustrate the efficiency of
the method by documenting new nonadiabatic pathways in
the photochemistry of formaldehyde and acetone.

Enzymatic reactions exploring catalytic properties of
enzymes represent a very intense area of chemical research.
Many species encountered in enzymatic reactions, especially
metalloenzymes, may have more than one electronic state
lying close in energy. It is possible that as reaction progresses,
the relative energy separation between states may vary, and
in particular the energetic ordering of these states may
change during the reaction. Such mechanisms may include
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cases where the “switching” involves PESs of different spin
multiplicities. The likelihood of such multistate reactivity
may have important consequences in enzymatic reactions. E.
A. C. Bushnell, W. Huang, and J. Gauld in the paper “Ap-
plications of potential energy surfaces in the study of enzy-
matic reactions” explore several states of different spin mul-
tiplicities in the catalytic activation of O2 by alpha-ketoglu-
tarate-dependent dioxygenase (AlkB).

The photochemical studies where the metal atom is
photoexcited into an upper state and then reacts with a
given molecule (e.g., methane) are quite informative since
the reaction pathway and probability strongly depend on
the initial electronic state of an atom. Furthermore, the
reaction pathway frequently encounters several potential
energy surfaces (with various multiplicities) before the final
products are formed. In this issue, O. Novaro, M. del
Alba Pacheco-Blas, and J. H. Pacheco-Sánchez in the paper
“Potential energy surfaces for reactions of X metal atoms
(X = Cu, Zn, Cd, Ga, Al, Au, or Hg) with YH4 molecules
(Y = C, Si, or Ge) and transition probabilities at avoided
crossings in some cases” discuss the possible mechanisms
for the reaction of the metal atom with the gas molecules.
In the cases above, the authors show that reaction pathways
encounter many surfaces, and the transition probabilities for
going from one surface to another are calculated using time-
dependent Landau-Zener theory. The results indicate a good
agreement with the experimental data whenever they are
available.

An example of the BO approximation breakdown is
the Renner-Teller effect which is due to the fact that at
linear geometries many of the electronic states in molecules
are twofold degenerate. This results in the coupling of the
electronic motion with the nuclear motion giving rise to
the so-called rovibronic coupling. H. Ma, C. Zhang, Z.
Zhang, X. Liu, and W. Bian in their research article “New
ab initio potential energy surfaces for the Renner-Teller
coupled 11A′ and 11A′′ states of CH2” generate the analytical
representations of the PESs using a dual-level (the lower level
and the higher level which also include core and core-valence
correlation effects) strategy with the inclusion of the Renner-
Teller terms. The authors use these PESs for the quantum
dynamical calculations and demonstrate that the calculated
vibronic energy levels for the two singlet electronic states are
in excellent agreement with experiment.

Finally, we would like to thank all the authors for pro-
viding the high-quality papers and also all the reviewers who
donated their valuable time to this special issue.

Laimutis Bytautas
Joel M. Bowman

Xinchuan Huang
António J. C. Varandas
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The effects of substituents on the N· · ·HF interactions in the X-pyridazine· · · (HF)n (X = N(CH3)2, NHCH3, NH2, C2H5, CH3,
OCH3, OH, CN, OF, NO2, F, Br, Cl, and n = 1, 2) complexes have been studied at the B3LYP/6-311++G(d,p) level of theory. In all
complexes, the binding energies increase for the electron-donating substituents and decrease for the electron-withdrawing substi-
tuents. A negative cooperativity is observed for two hydrogen bond interactions. There are meaningful relationships between the
Hammett constants and the energy data and the results of population analysis in the binary and ternary complexes. Symmetryadap-
ted perturbation theory (SAPT) analysis was also carried out to unveil the nature of hydrogen bond in the complexes 2 and 3. The
electron-donating substituents increase the magnitude of the SAPT interaction energy components and the electron-withdrawing
substituents decrease those components. The highest/lowest change is observed for the Eexch/Edisp component. The effect of C2H5

(or CH3) on different components is higher than OCH3 in the complex 2 while the trend is reversed in the complex 3. It is demon-
strated that the electrostatic interaction plays a main role in the interaction, although induction and dispersion interactions are
also important.

1. Introduction

The diazine rings are building blocks of many important
natural and synthetic compounds [1]. They have been the
subject of extensive research, particularly in the pharmaceu-
tical and agrochemical areas due to their broad activities,
such as antihypertensive and anti-inflammatory activity [2–
5].

The hydrogen bond plays a crucial role in biology, chem-
istry and related disciplines [6–13]. Cooperativity is an
important characteristic of hydrogen bond interactions. The
role of hydrogen bond may be modified by the cooperativity
of hydrogen bonds in many chemical and biological systems
[14–16]. It plays an important role in controlling and reg-
ulating the processes occurring in living organisms. Many
physical and chemical properties of materials are determined
by hydrogen-bonding cooperativity [17–20]. For example,
the hydrogen bond cooperativity is relevant for sustaining

the stable conformers of biological molecules [21, 22] and
constructing the crystal structures [22, 23].

The effects of substituents on the binding energies of the
X-pyridazine· · · (HF)n (n = 1, 2) complexes (represented by
1–3 in Scheme 1) and the cooperativity of the H-bond inter-
actions have been investigated in the present study. Sub-
stituent X is located at position 4 of pyridazine ring, which
is meta relative to N2 in 1 and 2 and para relative to N1

in 1 and 3. The relationship between binding energies and
the Hammett constants have been studied for binary and
ternary complexes. Also, the cooperativity of two hydrogen
bond interactions and the strength of interactions have been
investigated by the results of atoms in molecules (AIMs) [24],
the natural bond orbital (NBO) [25], and molecular electro-
static potential (MEP) analysis. Symmetry-adapted pertur-
bation theory (SAPT) [26] has been employed to determine
the physically significant components of the total interaction
energies for the complexes 2 and 3.
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Scheme 1: The X-pyridazine· · · (HF)n complexes considered in the present work (X = N(CH3)2, NHCH3, NH2, C2H5, CH3, OCH3, OH,
CN, OF, NO2, F, Br, Cl, and n = 1, 2).

2. Methods

The geometries of the complexes were fully optimized with
the B3LYP [27] method using the 6-311++G(d,p) basis set
by the Gaussian 03 program package [28]. The single-point
calculations were carried out using the MP2 [29] and PBE1-
KCIS [30] methods in conjunction with the 6-311++G(d,p)
and aug-cc-pVDZ basis sets. The interaction energies were
corrected with the basis set superposition error (BSSE) using
the counterpoise method of Boys and Bernardi [31]. The
frequency calculations were performed at the B3LYP/6-
311++G(d,p) level of theory. The obtained wave functions
at the B3LYP/6-311++G(d,p) computational level have been
used to analyze the electron density within the AIM method-
ology by the AIM2000 program [32]. The NBO analysis has
been performed using the HF method in conjunction with
the 6-311++G(d,p) basis set using the NBO3.1 program in
the Gaussian03 package. Also, the ChelpG [33] charges were
calculated at the B3LYP/6-311++G(d,p) level of theory to
investigate the charge transfer between two units. Cube files
containing the MEP information have been generated for
complexes at the B3LYP/6-311++G(d,p) level of theory. The
freely available MOLEKEL program [34] has been used for
the visualization of the MEP data. The most negative-valued
MEP point (Vmin) can be obtained from visual inspection
of MEP data for the lone-pair region of the nitrogen atoms
in pyridazine. The B3LYP-optimized geometries with the 6-
311++G(d,p) basis set were then used to perform interaction
energy decomposition using the SAPT scheme. Molecular
integrals were first obtained with the GAMESS package [35],
and the SAPT partitioning was performed using the SAPT-
2008 program [36].

3. Results and Discussion

The most important geometrical parameters of complexes
optimized at the B3LYP/6-311++G(d,p) level of theory are
gathered in Table 1. The maximum and minimum values of
the N· · ·H bond length correspond to NO2 and N(CH3)2

substituents, respectively, in all cases. Also, the N· · ·H bond
length in the complex 1 is longer than that in the complexes
2 and 3. On the other hand, the N· · ·H bond length in the
complex 2 is longer than that in the complex 3. These results
show that the cooperativity of H-bond interactions leads to
the elongation of the N· · ·H bond lengths.

The total binding energies of complexes (ΔE) calculated
at the B3LYP/6-311++G(d,p) level of theory and corrected
for BSSE are summarized in Table 2. The results show
that the stabilization energies of the complex 3 are larger
than those of complex 2. As can be seen, the maximum
and minimum values of ΔE calculated at the B3LYP/6-
311++G(d,p) level of theory correspond to the N(CH3)2 and
NO2 substituents, respectively.

The results of single-point energy calculation at the
MP2/6-311++G (d,p), MP2/aug-cc-pVDZ, PBE1KCIS/6-
311++G(d,p), and PBE1KCIS/aug-cc-pVDZ levels of theory
on the geometries optimized at the B3LYP/6-311++G(d,p)
level of theory are also given in Table 2. The maximum and
minimum ΔE values correspond to N(CH3)2 and NO2 sub-
stituents, respectively, at all levels of theory.

The ΔE values calculated by the MP2 method increase
by 13.8 to 7.6 percent going from 6-311++G(d,p) to aug-cc-
pVDZ basis sets. The corresponding changes are in the range
of −0.51 to −0.19 kcal mol−1 for the values calculated by the
PBE1KCIS method.

The absolute values of ΔE calculated at the MP2/6-
311++G(d,p) level are 2.07 to 4.22 kcal mol−1 smaller than
those calculated at the B3LYP/6-311++G(d,p) level. The
absolute values of ΔE calculated by the PBE1KCIS method
are approximately 3.54 to 0.51 kcal mol−1 larger than the val-
ues calculated by the MP2 and B3LYP methods. The ΔE
values calculated at the PBE1KCIS/aug-cc-pVDZ level are
approximately identical with the values calculated at the
B3LYP/6-311++G(d,p) level of theory.

The BSSE-corrected binding energies of the complex 1
are lower than the sum of binding energies of the complexes
2 and 3 (see Table 2). In addition, the stabilization energies of
complexes become more negative by the electron-donating
substituents (with the exception of the OH substituent in the
complex 2) relative to the pyridazine, while the behavior is
reversed by the electron-withdrawing substituents.

The total substituent effect comprises inductive/field
effects, which have electrostatic character, and resonance
effects, which are not electrostatic in nature. Resonance
effects are strongest at para position, while the electrostatic
interactions inversely depend on distance [38, 39]. The Ham-
mett substituent constants are presented in Table 1 [37]. For
the N(CH3)2, NHCH3, NH2, CH3, and C2H5 substituents,
the σp values are more negative than the σm values, so, the
electron donation of the aforementioned substituents in the
complex 3 is higher than that in the complex 2. The high
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Table 1: The N· · ·H bond lengths optimized at the B3LYP/6-311++G(d,p) level in (Å) and the Hammett constants.

Bond length Hammett constants

Complex 1 Complex 2 Complex 3 σm σ p σtotal σI σR

N(CH3)2 1.67 (1.69) 1.64 1.63 −0.15 −0.83 −0.98 0.15 −0.98
NHCH3 1.68 (1.70) 1.65 1.63 −0.52 −0.74 −1.26 0.03 −0.73
NH2 1.68 (1.71) 1.65 1.64 −0.16 −0.66 −0.82 0.08 −0.74
CH3 1.71 (1.71) 1.66 1.66 −0.07 −0.17 −0.24 0.01 −0.18
C2H5 1.71 (1.71) 1.66 1.66 −0.07 −0.15 −0.22 0.00 −0.15
OCH3 1.70 (1.72) 1.67 1.65 0.12 −0.27 −0.15 0.29 −0.56
OH 1.71 (1.73) 1.67 1.66 0.12 −0.37 −0.25 0.30 −0.70
H 1.72 (1.72) 1.67 1.67 0.00 0.00 0.00
OF 1.73 (1.74) 1.70 1.68 0.47 0.36 0.83
CN 1.75 (1.70) 1.71 1.70 0.56 0.66 1.22 0.51 0.15
NO2 1.76 (1.76) 1.72 1.71 0.71 0.78 1.49 0.60 0.13
F 1.73 (1.74) 1.69 1.68 0.34 0.06 0.40 0.45 −0.39
Br 1.73 (1.74) 1.69 1.69 0.39 0.23 0.62 0.40 −0.22
Cl 1.73 (1.74) 1.69 1.68 0.37 0.23 0.60 0.42 −0.19

The data in the parentheses correspond to the N2 · · ·H bond length. The σ values are taken from [37].

Table 2: The binding energies (−ΔE in kcal mol−1) corrected for BSSE calculated at different levels.

Complex 1 Complex 2 Complex 3

B3LYP MP2 PBE1KCIS B3LYP MP2 PBE1KCIS B3LYP MP2 PBE1KCIS

N(CH3)2 25.75 21.90 (23.52) 26.22 (25.86) 13.92 11.90 (12.81) 14.19 (14.03) 14.48 11.72 (12.70) 14.71 (14.49)

NHCH3 25.32 21.80 (23.23) 25.81 (25.42) 13.73 12.00 (12.74) 13.99 (13.82) 14.31 11.82 (12.60) 14.54 (14.31)

NH2 24.51 20.30 (22.12) 25.06 (24.66) 13.27 11.30 (12.14) 13.55 (13.38) 13.88 11.14 (12.10) 14.15 (13.91)

CH3 22.98 19.80 (21.10) 23.44 (23.07) 12.80 10.90 (11.63) 13.03 (12.85) 12.86 10.82 (11.50) 13.08 (12.88)

C2H5 23.34 19.80 (21.44) 23.88 (23.64) 13.01 10.90 (11.86) 13.32 (13.24) 13.09 10.78 (11.80) 13.40 (13.31)

OCH3 23.19 19.90 (21.24) 23.65 (23.31) 12.61 10.90 (11.55) 12.85 (12.68) 13.20 10.99 (11.70) 13.43 (13.24)

OH 22.42 19.30 (20.69) 22.96 (22.67) 12.29 10.60 (11.34) 12.57 (12.43) 12.72 10.61 (11.30) 12.98 (12.81)

H 22.01 19.00 (20.28) 22.45 (22.07) 12.33 10.50 (11.17) 12.55 (12.35) 12.33 10.50 (11.20) 12.55 (12.35)

OF 20.10 17.60 (18.89) 20.70 (20.56) 10.99 9.59 (10.29) 11.29 (11.21) 11.56 9.82 (10.50) 11.86 (11.76)

CN 18.33 16.00 (17.10) 18.76 (18.42) 10.21 8.66 (9.26) 10.41 (10.22) 10.43 9.03 (9.62) 10.64 (10.46)

NO2 17.59 15.50 (16.74) 18.14 (17.95) 9.85 8.40 (9.04) 10.10 (9.99) 10.03 8.88 (9.50) 10.30 (10.19)

F 20.30 17.60 (18.86) 20.84 (20.57) 11.20 9.65 (10.28) 11.46 (11.31) 11.63 9.86 (10.50) 11.89 (11.75)

Br 20.28 17.70 (18.86) 20.79 (20.42) 11.16 9.63 (10.23) 11.41 (11.23) 11.51 9.89 (10.50) 11.75 (11.58)

Cl 20.29 17.70 (18.81) 20.80 (20.44) 11.18 9.65 (10.22) 11.43 (11.24) 11.55 9.91 (10.50) 11.80 (11.61)

The data in the parenthesis correspond to the aug-cc-pVDZ basis set.

electronegativity of oxygen makes the OCH3 and OH sub-
stituents electron-withdrawing by the inductive effect; this is
reflected in the positive value for σm.

Recall that the meta substituents only affect the reaction
center by the inductive effects, whereas the para substituents
affect it by both the inductive and resonance effects. Thus,
there is a satisfactory linear relationship between ΔE and
σI(R = 0.91), ΔE and σI + σR(R = 0.98), respectively, in the
complexes 2 and 3. Comparing the σ values for the meta and
para indicates that the electron-donating resonance effect
(σR) dominates over the electron-withdrawing inductive
effect (σI). Therefore, these substituents are more electron-
donating in the complex 3 in comparison to the complex
2. The σm and σp values are positive for the OF, CN, NO2,
F, Br, and Cl substituents. Thus, these substituents are elec-
tron-withdrawing in both the meta and para positions. Com-
parison between the σ values for the meta and para indicates
that the σI dominates over the σR. Since the inductive effect

is inversely related to distance, the electron-withdrawing
inductive effects are stronger in the complex 2 in comparison
with the complex 3.

The σm and σp constants can be used as appropriate para-
meters for the description of the intermolecular interaction
in the X-pyridazine· · · (HF)2 complex. The linear correla-
tion coefficient between the ΔE values and the σm, σp, and
σtotal(σm + σp) constants is equal to 0.95, 0.97, and 0.98,
respectively. This indicates that the total electrostatic effect
of the substituents as well as induction and resonance vitally
impacts the two intermolecular interactions (see Figure 1).

3.1. AIM and NBO Analysis. A way to characterize the hydro-
gen bond is AIM analysis that interprets these interactions
in terms of critical points [40, 41]. The values of electron
density (ρ) calculated at the N2 · · ·H and N1 · · ·H bond
critical points (BCPs) of complexes 1–3 are gathered in
Table 3.
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Table 3: Electron densities ρ (in e/au3) at the N· · ·H BCP in the X-
pyridazine· · · (HF)n(n = 1, 2) complexes and individual H-bond
energies E (in kcal mol−1) calculated for the complex 1.

Complex 1 Complex 2 Complex 3

ρBCP × 102 E ρBCP × 102 ρBCP × 102

N(CH3)2 5.46, 5.23 −14.41,−13.44 6.03 6.16

NHCH3 5.40, 5.15 −14.23,−13.18 5.95 5.95

NH2 5.32, 5.05 −13.85,−12.73 5.82 5.97

CH3 4.99, 4.95 −12.36,−12.21 5.69 5.69

C2H5 5.02, 5.00 −12.76,−12.67 5.73 5.74

OCH3 5.08, 4.91 −12.98,−12.29 5.60 5.79

OH 5.02, 4.79 −12.66,−11.75 5.56 5.65

H 4.83, 4.83 −12.04,−12.04 5.54 5.54

OF 4.70, 4.55 −11.37,−10.81 5.19 5.35

CN 4.45, 4.43 −10.22,−10.15 5.01 5.07

NO2 4.42, 4.45 −10.08,−10.19 4.90 4.90

F 4.71, 4.57 −11.46,−10.92 5.23 5.36

Br 4.69, 4.61 −11.33,−11.02 5.24 5.33

Cl 4.69, 4.60 −11.36,−11.02 5.25 5.35

The bold and italicized values correspond to the N1 · · ·H and N2 · · ·H
hydrogen bonds, respectively.
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Figure 1: Correlation between the binding energies (−ΔE in
kcal mol−1) and Hammett constant σtotal for the complex 1.

The maximum and minimum values correspond to the
N(CH3)2 and NO2 substituents, respectively, (with the
exception of ρN2H in the complex 1 where the minimum
value corresponds to the CN substituent). The topological
properties of ρ calculated at the BCP of the intermolecular
hydrogen bonds may be treated as a measure of the hydrogen
bond strength [42–44]. The electron-withdrawing substitu-
ents pull the lone pair of nitrogen atoms of pyridazine inside
the ring and decrease the ρ values at the N· · ·H BCP, while
the electron-donating substituents increase the ρ values and
enhance the hydrogen bond strength. The ρ values calculated
at the N· · ·H BCP in the complex 3 are higher than those in
the complex 2, and the complex 3 is more stable than the
complex 2. On the other hand, the ρ values of N· · ·H hydro-
gen bond of complex 1 are lower than the values calculated at

the N2 · · ·H and N1 · · ·H hydrogen bonds in the complexes
2 and 3. Thus, a negative cooperativity is predicted from
the comparison between ρN···H values in the complex 1 and
the complexes 2 and 3. The N· · ·H bond length decreases
linearly by the increase in the ρ values calculated at the
N· · ·H BCP for all categories (R2 � 0.99). Also, there is a
linear relationship between ρ and ΔE for all cases. A linear
relationship (R2 = 0.99) is observed between the ΔE values
calculated at the B3LYP/6-311++G(d,p) level and the ρ
values calculated at the N· · ·H BCPs in the complex 1.

Because of linear relationship between ΔE and ρNH val-
ues, the ΔE = cρNH can be used for the calculation of indi-
vidual H-bond energies in the complex 1 (see Table 4). All
individual H-bond energies calculated for the complex 1 are
lower than the values calculated for the complexes 2 and
3. Also, there is a linear relationship with high correlation
coefficient (R = 0.99) between individual H-bond energies
and the N· · ·H bond lengths.

For a better understanding of the hydrogen bond interac-
tion in the complexes 1–3, the NBO analysis has been carried
out at the HF/6-311++G(d,p) level of theory. The lpN → σ∗HF
interaction, which can be considered as a measure of charge
transfer, has been evaluated in the complexes 1–3 (see
Table 5). The donor-acceptor interaction energy (E2) value of
this interaction can be used to predict the strength of the N··
·H hydrogen bond. In all cases, the maximum and minimum
values correspond to the N(CH3)2 and NO2 substituents, res-
pectively. As can be seen in Table 4, the E2 values of the
lpN2

→ σ∗HF and lpN1
→ σ∗HF interactions in the complexes

2 and 3 are higher than those in the complex 1. So, the
negative cooperativity decreases the E2 values of lpN2

→ σ∗HF
and lpN1

→ σ∗HF donor-acceptor interactions in the complex
1 relative to the complexes 2 and 3. The electron-donating
substituents increase the electron density on the nitrogen
atoms of pyridazine ring (with the exception of OH sub-
stituent in the complex 2) and increase their inclination on
polarization of HF, which increase the E2 value of the lpN →
σ∗HF interaction. Though OH is an electron-donating sub-
stituent, but it destabilizes the complex 2 relative to the
pyridazine. This behavior is not observed for the OCH3 func-
tional group. The NBO atomic charge on the O (−0.71) of
OH substituent is more negative than O (−0.61) of the OCH3

substituent. Thus, electron-withdrawing induction effect is
predominant over the electron-donating resonance effect by
the high electronegativity of O atom in the OH substituent.
Moreover, there are good linear relationships between the E2

values and both the σtotal values and N· · ·H bond lengths.
The occupation numbers of lpN2

, lpN1
, and σ∗HF are given

in Table 4. The maximum and minimum occupancies for
lpN2

and lpN1
correspond to NO2 and N(CH3)2, respectively,

the maximum and minimum occupancies of σ∗HF correspond
to N(CH3)2 and NO2, respectively. As can be seen in Table 4,
increasing the occupation numbers of lpN2

and lpN1
is ac-

companied with the decrease in the occupation number of
σ∗HF for all complexes. The occupancies of lpN2

and lpN1
in

the complex 1 are larger than those in the complexes 2 and
3, while the occupancy of σ∗HF in the complexes 2 and 3 is
larger than that in the complex 1. Thus, the occupancy of
the first lpN/σ∗HF increases/decreases in the presence of second
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Table 4: The results of NBO analysis for the X-pyridazine· · · (HF)n (n = 1, 2) complexes at the HF/6-311++G(d,p) level of theory.

Complex 1 Complex 2 Complex 3

E2 lpN σ∗HF (× 102) E2 lpN σ∗HF (×102) E2 lpN σ∗HF (×102)

N(CH3)2 34.16, 30.47 1.911, 1.914 4.509, 5.030 39.48 1.904 5.767 42.41 1.902 6.166

NHCH3 33.46, 29.71 1.912, 1.915 4.395, 4.934 38.66 1.906 5.651 41.79 1.903 6.087

NH2 32.52, 28.72 1.913, 1.917 4.236, 4.793 37.35 1.908 5.438 40.05 1.905 5.838

CH3 28.59, 27.95 1.919, 1.920 4.148, 4.239 36.07 1.911 5.289 36.44 1.910 5.333

C2H5 28.94, 28.42 1.919, 1.919 4.213, 4.288 36.62 1.910 5.394 36.91 1.910 5.399

OCH3 29.60, 27.51 1.917, 1.920 5.604, 5.946 35.08 1.912 5.101 37.70 1.900 5.503

OH 29.01, 25.99 1.918, 1.921 3.859, 4.286 34.39 1.912 5.031 36.12 1.910 5.273

H 26.79, 26.73 1.921, 1.921 3.982, 3.982 34.69 1.912 5.093 34.69 1.912 5.093

OF 25.44, 23.61 1.922, 1.924 4.931, 5.238 30.95 1.918 4.520 32.49 1.915 4.760

CN 22.58, 22.52 1.928, 1.926 3.348, 3.352 28.57 1.919 4.200 29.04 1.921 4.259

NO2 21.48, 21.68 1.929, 1.928 4.566, 4.556 27.26 1.922 3.993 27.64 1.922 4.041

F 25.50, 23.92 1.922, 1.925 3.533, 3.785 30.95 1.918 4.520 32.63 1.914 4.774

Br 25.29, 24.36 1.923, 1.923 3.622, 3.757 31.14 1.915 4.575 32.23 1.916 4.723

Cl 25.36, 24.28 1.923, 1.923 3.602, 3.763 31.16 1.916 4.570 32.40 1.915 4.745

The E2 values are in kcal mol−1. The bold and italicized values correspond to the N1 · · ·H and N2 · · ·H bonds, respectively.

Table 5: The results of MEP analysis (Vmin×103) and charge trans-
fer (Δq × 103 in au) calculated from ChelpG charges.

Complex 1 Complex 2 Complex 3

Vmin Δq Vmin Δq Vmin Δq

N(CH3)2 97 205, 194 103 295 107 309

NHCH3 96 199, 187 101 282 106 293

NH2 94 193, 189 99 283 103 294

CH3 87 189, 195 96 294 97 291

C2H5 88 190, 200 97 292 98 296

OCH3 89 181, 204 98 288 99 295

OH 86 192, 188 92 293 96 295

H 84 194, 195 94 300 94 300

OF 79 182, 182 88 278 89 280

CN 73 175, 185 83 277 82 279

NO2 72 178, 182 81 278 80 270

F 79 186, 181 88 280 89 279

Br 80 213, 163 89 325 90 328

Cl 80 189, 176 89 275 90 285

The bold and italicized values correspond to the charge transfer from N1

and N2 atoms to HF unit, respectively.

N· · ·HF interaction. This confirms the negative coopera-
tivity in the complex 1. There is a little difference between
the occupancies of lpN2

and lpN1
in the complexes 2 and 3.

Also, the occupancy of σ∗HF in the complex 3 is larger than
that in the complex 2. Therefore, the changes of occupation
numbers of lpN2

, lpN1
, and σ∗HF are in agreement with the

binding energies in all categories. A linear relationship (R2 =
1.0) is observed between the ΔE values and the sum of E2

values of lpN1
→ σ∗HF and lpN1

→ σ∗HF in the complex 1. The
high linear correlation (R2 = 1.0) indicates the additivity of
the E2 values of two H-bond interactions.

There is also a linear relationship between the E2 values
and the occupancies of lpN2

, lpN1
, and σ∗HF. In addition,

there is a linear relationship between E2 and N· · ·H hydro-
gen bond lengths in three categories. Linear relationships are
observed for the E2 value of lpN2

→ σ∗HF versus rN2···H(R2 =
0.98) and the E2 values of lpN1

→ σ∗HF versus rN1···H(R2 =
0.99) in the complex 1.

On the base of charges calculated by the ChelpG method
(see Table 5), the charge transfer occurred from X-pyridazine
to HF unit, The electron-donating substituents promote the
charge transfer from X-pyridazine to HF unit, and enhance
the basicity of the nitrogen atoms in the X-pyridazine. In the
complex 3, the charge transfer is larger and the basicity of
N atom is higher than those in the complex 2; this can be a
reason for the stability of complex 3. On the other hand, the
charge transfer in the complex 1 is lower than that in com-
plexes 2 and 3; this is in agreement with the negative cooper-
ativity of two hydrogen bond interactions.

3.2. MEP Analysis. The MEP is an important tool in explor-
ing the nature of intermolecular interactions [45–51]. The
capability of the N2 and N1 atoms to accept hydrogen
bond was estimated through the minimum of the MEP
(Vmin) around the nitrogen atoms. As can be seen in Table 5,
the MEP values become more negative with the electron-
donating substituents. Thus, the electrostatic term depends
on the electron donation or electron withdrawal character of
the substituents. Also, a good linear relationship is observed
between the Vmin values and the σtotal values (see Figure 2).
Therefore, those values can be used to predict the Hammett
constants. The trend in the Vmin values is 3 > 2 > 1; so, those
values become less negative around the nitrogen atoms when
both interactions coexist.

The MEP, V(r), is directly related to electron density ρ(r)
through the Poisson’s equation [52]:

∇2V(r) = 4πρ(r). (1)
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tial minimum (Vmin) around the nitrogen atoms of the pyridazine
and the Hammett electronic parameters for the complex 1.
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Figure 3: Interplay between the Vmin value around the nitrogen of
pyridazine versus the sum of ρ values calculated at the N· · ·H BCPs
for complex 1.

Is there a liner relationship between Vmin and the ρ values
calculated at the HBCPs? The Vmin values become more
negative with increasing ρ values calculated at HBCPs in X-
pyridazine· · · (HF)n complexes. The linear correlation coef-
ficients between the Vmin values and the ρ values are equal
to 0.98 and 0.99, respectively, in the complexes 2 and 3. As
can be seen in Figure 3, there is a good correlation between
Vmin values and

∑
ρ values for the complex 1 (R = 1.00).

Similarly, there is a linear relationship (R = 0.99) bet-
ween Vmin and E2 of lpN → σ∗HF interaction, Vmin, and
the N2 · · ·H and N1 · · ·H bond lengths. Also, there is a
good linear correlation between Vmin values and

∑
E2 in the

complex 1 (R = 1.00).

3.3. SAPT Energy Decomposition. The SAPT analysis is a
method for investigation the nature of the intermolecular
interactions [53–55]. The SAPT method provides detailed
information on the intermolecular interaction, as this

method directly calculates magnitude of each term (electro-
static, dispersion, etc.) of the intermolecular interactions
[56]. A detailed description of SAPT and some of its appli-
cations can be found in some recent references [57–59].

To determine the nature of the hydrogen bond in the
complexes 2 and 3, the interaction energies were decomposed
into physically meaningful components, including electro-
static, induction, dispersion, and exchange energies, using
SAPT technique at the B3LYP/6-31G(d) level. It can be
seen from Table 6 that the values of electrostatic energy
(Eels), induction energy (Eind), and dispersion energy (Edisp)
are negative, whereas the exchange energy (Eexch) is positive
for all complexes. Thus, the stabilization/destabilization of
the complexes by substitution is represented simply by the
sum from Eels, Eind, and Edisp contributions. In both com-
plexes, the absolute values for these three negative terms are
largest for the N(CH3)2 substituent and are smallest for the
NO2 substituent. In the complex 3, the absolute values of Eels,
Eind, and Edisp are larger than those values in the complex
2. Thus, the complex 3 is more stable than the complex 2.
The electron-donating substituents have positive effect and
increase the magnitude of the calculated SAPT interaction
energy components (with the exception of OH substituent in
the complex 2 that decreases the magnitude of electrostatic
energy relative to pyridazine). The electron-withdrawing
substituents have negative effect and decrease the magnitude
of interaction energy components, with the exception of
Edisp in the complex 2 that slightly increases in the presence
of mentioned substituents. The dependence of the dispersion
term to the substituent is smaller than other complexes.
When position of HF changes from para to meta relative to
the substituent, the electrostatic term changes by 2.8%, the
induction term changes by 2.2%, and the dispersion term
changes by 12.5%. Thus, the dispersion energy component
of the SAPT analysis was found to be very sensitive to the
position of HF relative to the substituent.

In the complex 2, the electrostatic forces contribute about
52.0–54.6% to the total attractive interaction energy, the
induction forces are about 35.6–43.6% of the total attractive
energy, and the dispersion contribution is 9.7–11.9%. On
the other hand, the electrostatic, induction, and dispersion
contributions are 51.9–52.6%, 36.4–37.0%, and 10.5–11.7%,
respectively, in the complex 3. Thus, we believe that the
electrostatic interactions are mainly responsible for the bind-
ing energies and formation of hydrogen bonds, although the
induction and dispersion interactions are also important.
Since the electrostatic plays an important role, the polariza-
tion correlates with the electrostatic energy. The electron-
withdrawing substituents hinder the electron transfer-driven
polarization to the HF unit (which results in destabilization),
whereas the electron-donating substituents allow strong
polarization to the HF unit (which results in strong stabiliza-
tion). It is also interesting to note that the polarization for the
electron-donating and electron-withdrawing substituents in
the complex 2 is slightly weaker than that in the complex
3. In the complex 3, the electron density at the para posi-
tion is an important stabilizing factor, and thus the stabili-
zation/destabilization by substituent of a pyridazine is gov-
erned mostly by the electrostatic energy. In Figure 4, a linear
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Table 6: SAPT interaction energy decomposition (in kcal mol−1) for the complexes 2 and 3.

Complex 2 Complex 3

Eels Eind Eexch Edisp ESAPT
int Eels Eind Eexch Edisp ESAPT

int

N(CH3)2 −25.53 −17.74 34.24 −5.16 −14.18 −26.21 −18.48 35.29 −5.27 −14.67

NHCH3 −25.15 −17.41 33.69 −5.08 −13.94 −25.93 −18.29 35.00 −5.22 −14.45

NH2 −24.34 −16.81 32.71 −4.95 −13.39 −25.16 −17.66 33.94 −5.09 −13.97

CH3 −23.5 −16.35 31.87 −4.84 −12.83 −23.51 −16.40 31.90 −4.84 −12.84

C2H5 −23.73 −16.53 32.16 −4.88 −12.98 −23.75 −16.59 32.23 −4.88 −13.00

OCH3 −22.95 −15.86 31.01 −4.75 −12.55 −23.99 −16.83 32.64 −4.94 −13.11

OH −22.62 −15.72 30.90 −4.74 −12.19 −23.08 −16.16 31.54 −4.80 −12.51

H −22.80 −14.89 29.63 −4.06 −12.12 −22.70 −15.73 30.81 −4.69 −12.31

OF −20.06 −14.07 27.96 −4.41 −10.59 −21.04 −14.78 29.27 −4.54 −11.09

CN −18.92 −13.48 26.85 −4.28 −9.84 −19.37 −13.65 27.22 −4.31 −10.11

NO2 −18.05 −12.92 25.87 −4.17 −9.28 −18.64 −13.06 26.27 −4.20 −9.62

F −20.35 −14.27 28.35 −4.43 −10.71 −21.13 −14.84 29.39 −4.54 −11.12

Cl −20.52 −14.49 28.57 −4.48 −10.93 −21.13 −14.84 29.29 −4.55 −11.23

All energies are in kcal mol−1. ESAPT
int = Eels + Eind + Edisp + Eexch.

28

23

18

13

8

3
−1 0 1

R2 = 0.9555

E

σp

(a)

27

25

23

21

19

17
−0.7 −0.2 0.3 0.8

E
el

s

R2 = 0.9228

σm

(b)

Figure 4: Linear relationship between the calculated SAPT interaction energy components (•Eels, �Eind, and �Edis in kcal mol−1) and σp for
the complex 3 (a), and the electrostatic energy and σm for the complex 2 (b).

relationship with high correlation coefficient (R = 0.98) is
observed between the calculated SAPT interaction energy
components and σp in the complex 3. In the complex 2, a
linear relationship with correlation coefficient 0.96 is found
between the Eels and σm.

4. Conclusions

The results of quantum mechanical calculations indicate that
the binding energy in the complex 3 is larger than that in the
complex 2. The sum of binding energies of the complexes
2 and 3 is larger than the binding energy of the complex 1.
So, there is a negative cooperativity for two hydrogen bond
interactions.

Very good linear correlations are observed between the
binding energies and Hammett electronic parameters σtotal of
the substituents. The electron-donating substituents stabilize
and the electron-withdrawing substituents destabilize the

complexes relative to pyridazine. According to the results of
AIM analysis, the cooperativity effect decreases the electron
density at the N· · ·H BCPs in the X-pyridazine· · · (HF)2

complex.
On the basis of the results of SAPT analysis, the portion

of electrostatic force in the complex 3 is smaller than 2, while
the induction and dispersion portions are larger in the com-
plex 3. The E2 values of lpN2

→ σ∗HF and lpN1
→ σ∗HF inter-

actions in the complex 1 are smaller than those in the com-
plexes 2 and 3. Thus, the cooperativity effect decreases the E2

values of lpN2
→ σ∗HF and lpN1

→ σ∗HF interactions in the
complex 1. The occupation numbers of lpN2

and lpN1
in the

complex 1 are larger than those in the complexes 2 and 3, res-
pectively. The charge transfer, on the basis of ChelpG charges,
is in agreement with the results of NBO and AIM analysis.

There are linear relationships between the Vmin and ρBCP

values, the Vmin and the E2 values of lpN → σ∗HF interaction,
and between the Vmin and the σtotal values.
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The SAPT calculations show that the electrostatic is the
dominating interaction component in the complexes 2 and 3,
although the induction and dispersion interactions are also
important. The dispersion energy component of the SAPT
analysis was found to be very sensitive to the position of HF
relative to the substituent. There is a good correlation bet-
ween σp and the calculated SAPT interaction energy compo-
nents in the complex 3, while the linear relationship is only
found between the Eels and σm in the complex 2.
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We review ab initio studies based on quantum mechanics on the most important mechanisms of reaction leading to the C–H, Si–
H, and Ge–H bond breaking of methane, silane, and germane, respectively, by a metal atom in the lowest states in Cs symmetry:
X(2nd excited state, 1st excited state and ground state) + YH4 → H3XYH → H + XYH3 and XH + YH3. with X = Au, Zn, Cd, Hg,
Al, and G, and Y = C, Si, and Ge. Important issues considered here are (a) the role that the occupation of the d-, s-, or p-shells
of the metal atom plays in the interactions with a methane or silane or germane molecule, (b) the role of either singlet or doublet
excited states of metals on the reaction barriers, and (c) the role of transition probabilities for different families of reacting metals
with these gases, using the H–X–Y angle as a reaction coordinate. The breaking of the Y–H bond of YH4 is useful in the production
of amorphous hydrogenated films, necessary in several fields of industry.

1. Introduction

Here, an overview of potential energy surface (PES) calcula-
tions for reactions of a metal atom with a gas molecule has
been compiled. Among metal atoms, we consider cadmium,
copper, zinc, gallium, aluminum, mercury, and gold, and
among gas molecules methane, silane, and germane. The
potential energy surfaces of an YH4 molecule with a metal
atom were determined using ab initio Hartree-Fock Self-
Consistent Field (HF-SCF) calculations, where the atom
core is represented by relativistic effective core potentials
(RECPs) [1–5]. These calculations are followed by a Multi-
configurational Self Consistent Field (MC-SCF) study [6].
The correlation energy is accounted for through extensive
variational and perturbative second-order multireference
Moller-Plesset configuration interaction (MR-CI) analysis of
selected perturbations obtained by iterative process calcula-
tions using the CIPSI program package [7]. The reference

(S) spaces used for the variational CI of the molecular
states arising from the three X + CH4 asymptotes contain
between 108 and 428 determinants, which generate between
7 million and 111 million perturbed MP2 determinants near
the region of the reactants and the equilibrium geometry
of the methyl-metal-hydride intermediate, respectively. This
methodology is particularly useful in the study of systems
constituted by a few atoms.

Transition probabilities for the interaction of the lowest
excited states of the metal X with tetrahedral gas molecules
are studied through one-dimensional Landau-Zener theory.
The strategy for obtaining the reaction pathways for X +
YH4 interactions has been extensively used in references [8–
14] based on the original proposal by Chaquin et al. [15].
The initial approach (starting from 20 a.u.) of the X atom
to one Y–H bond was done in a Cs symmetry in a plane
containing the X, Y, and two hydrogen atoms. All the angles
and distances obtained by a self-consistent field approach to
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find the molecular geometry of the HXYH3 intermediate are
exhibited in Figure 1. From these parameters, θ = H–X–Y
is the first angle fixed in order to optimize the other angles
and distances for each point on a potential energy curve, and
taking steps of 10 degrees for the θ angle. When two energy
levels cross each other as a function of time, the semiclassical
theory of time-dependent Landau-Zener theory [16, 17] for
nonadiabatic transition can be utilized. Zener [17] proposed
a transition probability from one potential energy curve to
another as a linear velocity function, using the distance r
as the reaction coordinate. Whereas for an angular velocity
using the angle θ as the reaction coordinate, all developments
established by Zener are still valid, given that for determining
a time-dependent transition probability, the Schrödinger
equation must be used. Thus, the transition probability from
one-potential energy curve to another is an angular velocity
function, using the angle θ as the reaction coordinate. Our
theoretical results predict the formation of XH + YH3 or H
+ XYH3 products after breaking the intermediate HXYH3.
Some of these products are useful in the industry to get
hydrogenated amorphous films (a-Y : H) among the other
applications [18–30].

The complexity of the organometallic systems, aggre-
gates, and metallic surfaces makes it difficult to determine the
fundamental mechanisms which govern their interactions
with hydrocarbons. In this situation, one begins with a study
of the interaction of a single metallic atom with a hydrocar-
bon molecule as a model to understand the conditions that
the metallic center in these activations requires. Thus, the
study of the interaction of the different metallic atomic
states with the methane, silane, or germane molecule is
fundamental in elucidating the role of various d-, s-, or p-
orbital occupations in a metal atom.

Experimental studies [31–38] carried out on the photol-
ysis induced by the metallic atom excitation in a matrix of
methane at low temperatures show that when the C–H bond
of methane activates through photoexcited metallic atoms
deposited in a matrix at low temperatures, the process only
happens with radiation wavelengths previously known to be
absorbed in the free atom, allowing it to achieve a transition
to an excited state. The very low temperature of the matrix
fixes the position and also reduces the internal movements of
methane molecules contained in it, allowing the interaction
of C–H bonds with deposited metallic atoms.

The photochemical studies on the metal-alkane inter-
action have attracted the attention of researchers for long
time. It is worth mentioning that in 1985 the work entitled
“Activation of Methane by Photoexcited Copper Atoms
and Photochemistry of Methylcopper Hydride in Solid
Methane Matrices,” developed in Lash Miller laboratories
of the University of Toronto in Canada by the G.A Ozin
group [32] was considered in the publication analysis of
Scientific Information Institute (current contents) as the
most promising work of that year.

At room temperature and standard pressure, methane
(CH4) is a colorless, odorless, and flammable gas [39], in
fact the simplest hydrocarbon. It is the major constituent
of natural gas and is released during the decomposition of
plants or other organic compounds, as in marshes and coal
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Figure 1: The eight (θ, φ1, φ2, β, d, d1,d2, and d3) geometrical
parameters used for the optimal X + YH4 reaction pathway.

mines. Methane is the first member of the alkane series. The
strength of the carbon hydrogen covalent bond in methane
is perhaps the strongest in all hydrocarbons, and, thus, its
use as a chemical feedstock is limited. Despite the high
activation barrier for breaking the C–H bond, CH4 is still
the main starting material for manufacture of hydrogen in
steam reforming. The search for catalysts which can facilitate
C–H bond activation in methane (105 kcal mol−1 to break it)
and other low alkanes is an area of research with considerable
industrial significance [40].

Silane is a chemical compound (SiH4) analogous to
methane, and it is also a gas at room temperature which un-
dergoes spontaneous combustion in air. The name “silane” is
also given to a family of compounds that are silicon analogs
of alkane hydrocarbons. The radical SiH3 is termed silyl.
The nomenclature parallels that of alkyl radicals. Silane
may also carry certain functional group, just as alkanes do.
There is (at least in principle) silicon analog for each carbon
alkane. Silanes are useful for several industrial and medical
applications. For instance, they are used as coupling agents
to adhere glass fibers to a polymer matrix, stabilizing the
composite material. They can also be used to couple a bioin-
ert layer on a titanium implant. Other applications include
water repellents, masonry protection, control of graffiti,
applying polycrystalline silicon layers on silicon wafers when
manufacturing semiconductors, and sealants. In addition,
silane and similar compounds containing Si–H bonds are
used as reducing agents in organic and organometallic
chemistry [41–47].

Germane is the chemical compound with the formula
GeH4, and an analog of methane. It is the simplest germa-
nium hydride and one of the most useful compounds of
germanium. Like the related compounds silane and methane,
germane is tetrahedral. It burns in the air to produce GeO2

and water. Some processes for the industrial manufacture
of germane [48], in which our calculations might be useful,
are (a) chemical reduction method, (b) an electrochemical
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reduction method, and (c) a plasma-based method. The
gas decomposes near 600 K to germanium and hydrogen.
Germane is used in the semiconductor manufacturing for
epitaxial growth of germanium [49]. Organogermanium
precursors have been examined as less hazardous liquid
alternatives to germane for deposition of Ge-containing films
[50]. Germane is flammable and toxic.

The quantum chemistry studies presented here provide
valuable information about the activation of methane or
silane or germane molecules with metal atoms. Products
of these reactions are methyl CH3 or silyl SiH3 or germyl
GeH3 radicals, which are key in surface growth of amorphous
hydrogenated carbon or silicon or germane films (thin films).

Methane CH4, silane SiH4, and Germane GeH4 species
turn out to be valuable substances in the industry of the
semiconductors since the germane or silane or methane
dehydrogenation in gaseous phase is one of the most
current methods to obtain semiconductors in the form of
amorphous hydrogenated carbon (a-C : H) [51] or silicon
(a-Si : H) [52] or germane (a-Ge : H) [53] thin films. The
interaction of CH3, SiH3, or GeH3 radicals and atomic
hydrogen with the surfaces of carbon, silicon or germane
films a-C : H, a-Si : H, or a-Ge : H plays a fundamental role in
the understanding of the growth of these plasma films at low
temperature. Street [54] says that the dehydrogenated mate-
rial has a very high defect density which prevents doping,
photoconductivity, and the other desirable characteristics
of a useful semiconductor. While a real crystal contains
defects such as vacancies, interstitial, and dislocations, the
elementary defect of an amorphous semiconductor is the
coordination defect, when an atom has too many or too few
bonds [54]. Defect equilibrium is in general described by a
reaction of the type

A + B � C + D, (1)

where A–D are different configurations of point defects,
dopants, electronic charges, and so forth. The properties
of interest are the equilibrium state and the kinetics of
the reaction [54]. Calculations as those accomplished by us
mentioned previously might help to find these properties.
As an example, our calculated energy of the intermediate
corresponds to the defect formation energy Ud which deter-
mines the equilibrium defect density, as part of the kinetics
of reaction.

Methyl radical absorption on carbon or hydrocarbon
thin films is key in thin-film growth at low-temperature
plasmas (< Troom) using hydrocarbon precursor gases.

The current production procedure of amorphous hydro-
genated carbon (a-C : H) or silicon (a-Si : H) films is the
deposition by means of the decomposition of methane or
silane through glow discharges produced by radio frequency
(RF). This method is known as plasma-enhanced chemical
vapor deposition (PECVD) [55].

The breaking of the C–H bond of CH4 is useful for
generating amorphous hydrogenated carbon (a-C : H) films,
which represent a class of high-technology materials with
mechanical, optical, chemical, and electrical properties
among polymeric, graphite, and diamondoid films.

The (a-C : H) is of interest to the electronic industry as
a viable and cheap semiconductor that can be prepared in
an ample rank of layers. The fine layer of a-C : H, also well-
known as diamondoid carbon, is used as a revesting material
of hard and low friction. The polymeric film a-C : H has
a strong photoluminescence and is being developed as an
electroluminescent material. It is also used as dielectric in
metal-insulator-metal switch in screens of active matrix. The
ability of deposition near to room temperatures using cheap
methods of chemical vapor deposition (CVD) makes this
material useful for the industry. The amorphous nature of
these materials and their relative facility of deposition make
them ideals for its use in a great amount of applications such
as in panels of flat screen and diamondoid technology [56].

The a-C : H films are prepared through a glow discharge
of RF in a pure methane atmosphere at different gas pres-
sures in which the methane decomposition generates the
methyl CH3 radical, which plays a preponderant role in the
generation of amorphous hydrogenated carbon surfaces [57,
58]. The electronic industry takes profit of the previous
proceeding on the formation of diamondoid films.

Dense amorphous hydrocarbons have some of the high-
est densities among hydrocarbon and fall between crystalline
diamonds and adamantanes, according to Angus [59]; this
is the property that makes it so attractive to the electronic
industry.

In case of diamondoid formation,

(1) some excited metallic atoms break the C–H bond of
methane with the consequent production of methyl
CH3 radicals [8, 60, 61]. Knowing that a dangling
bond is an unsatisfied valence on an immobilized
atom, the methyl CH3 radicals undergo a chemisorp-
tion process controlled by the creation of dangling
bonds in the a-C : H surface by an atom H. This is a
proper process in the formation of diamondoid films
in the electronic industry [62],

(2) Ramĺrez and Sinclair [63] (and Velasco-Santos et al.,
[64]) affirm that carbonaceous natural products can
have different allotropic forms of the carbon, since
the amorphous carbon has graphite transitions at
different temperatures when some specific metals are
in contact with carbon and act as catalysts,

(3) methyl CH3 radicals can also be generated by pho-
todissociation of aromatic hydrocarbon, consequent-
ly amorphous hydrogenated carbon thin films can
be produced. Taguchi et al. [65] used two classes of
laser (ArF or KrF) and two types of aromatics (ben-
zene C6H6 or toluene C6H5–CH3) to generate dia-
mondoid films.

The breaking of Si–H bond of SiH4 is useful in manu-
facture of semiconductor films of amorphous hydrogenated
silicon (a-Si : H). Before the a-Si : H material has been
developed, the research was on amorphous silicon without
hydrogen, prepared by sputtering or by thermal evaporation.

There are at least two models for the generation of
amorphous hydrogenated silicon (a-Si : H).
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(i) In the thermodynamic approach [62, 66, 67], the
formation of dangling bonds, the principle defect in
a-Si:H, is attributed to the breaking of weak Si–Si
bonds caused by mobile H that is released from Si–
H bonds [68]:

H + weak bond←→ Si–H + broken bond. (2)

(ii) In the Matsuda-Gallagher-Perrin MGP model [66,
67], SiH3 is assumed to be the only growth precursor.
This assumption is based on the (presumed) dominance
of this radical in plasmas leading to the device-quality
a-Si : H.

The central assumption in the MGP model is that the
SiH3 reaching the a-Si : H can go to a weakly adsorbed
(physisorbed) state forming a three-center Si–H–Si bond
on a surface Si–H site. The activation of silane molecules
has received a lot of attention as much in the experimental
aspect [61, 69–72] as in the theoretical [9, 73]. The activation
of the Si–H bond is important as much in the processes
of polymerization of silane [74, 75], as in organometallic
catalytic reactions [76–78].

The growth of amorphous hydrogenated silicon films a-
Si : H in silicon substrata through PECVD in silane is widely
used in the manufacture of electronic, optoelectronic, and
photovoltaic devices. Amorphous semiconductors of thin
films are used in an ample variety of applications such as
solar cells, TFT, photoreceptors, and apparatus of images
[79].

The a-Ge : H films are prepared through a glow discharge
of RF in a pure germane atmosphere at different gas pressures
in which the germane decomposition generates the germyl
GeH3 radical, which plays a preponderant role in the
generation of amorphous hydrogenated germane surfaces
[53].

Here we stress some important results at metal-methane,
metal-silane, and metal-germane interactions grouped in
three different families (coinage metals: Cu and Au. Pseudo-
transition metals: Zn, Cd, and Hg, and metals: Al and Ga).
Castillo et al. [8, 60, 80] carried out calculations of potential
energy surfaces of the interactions copper methane and zinc
methane with the aim of determining the mechanisms of
reaction that involve the three lowest states of the copper
atom (2S, 2D, and 2P) as well as to determine the reaction
routes that govern the interaction of the three lowest states
of the zinc atom (1S, 3P, and 1P) in the process of the C–H
bond activation of the methane molecule. Luna-Garcı́a et al.
[11, 12, 81] found the interaction potential curves of the
mercury-Germane, cadmium-Germane, copper-silane, and
copper-germane in the three lowest states of each metal; he
improved a computational methodology to get the products
of the breaking of the intermediate. Pacheco-Sánchez et al.
[13, 14, 40] achieved the calculation of gallium-methane
and gallium-silane interactions as much in the ground state
as in the two lowest excited states of gallium; he extended
Landau-Zener theory [82–85] to use the angle instead of

the distance as reaction parameter in transition probability
calculations at avoided crossings. Transition probability
theory is described here when the reaction parameter is
distance or angle. In addition, our group has considered
also the following interactions: cadmium methane [86], zinc
silane [9], cadmium silane [10], mercury silane [9], gold
silane [87], and recently aluminum methane [88].

2. Transition Probability Theory

When two potential energy curves are very near to each
other, it seems that they crossover. Actually, in the apparent
crossover point, the system is degenerate, since the two
different electronic configurations have the same energy
[89]. This introduces a resonance energy that separates
the surfaces slightly, in such way that they never intersect
but only closely approach to each other before repelling.
Whereas the wave function of the molecule in a given curve
is of one character before the crossing point (CP) and of
another character after it, the wave function of the other
curve is reversed in turn; an example is given in Figure 2,
where we can see that while the wavefunction ψ1 has 6p1

character before CP at ξ0 and 6s1 character after CP at ξ0, the
wavefunction ψ2 has 6s1 character before CP at ξ0 and 6p1

character after CP at ξ0. If ξ changes with a finite velocity,
the probability that the molecule changes of a wave function
to the other when passing through the crossing point is in
such way that its electronic state is represented by a linear
combination of the type

ψ = A1(ξ)ψ1 + A2(ξ)ψ2, (3)

where ξ = r or ξ = θ according to the reaction coordinate
in study. By convenience in the calculation of A1 and A2,
the eigenfunctions ψ1 and ψ2 are expressed in terms of
two other wave functions ϕ1 and ϕ2 with energies ε1 and
ε2, respectively, which intersect when they are plotted as
functions of the internuclear distance (or angle). Due to
the fact that ϕ1 and ϕ2 are not exact eigenfunctions of the
whole Hamiltonian at the crossing point, the interaction
energy ε12 between the two states ϕ1 and ϕ2 have to be
included, then E1 = ε1 − ε12 and E2 = ε2 + ε12,
where ε12 is the difference between the exact eigenvalues E1

and E2 and the approximate eigenvalues ε1, ε2: ε12(ξ0) =
(E1(ξ0)− E2(ξ0))/2. Normalizing and orthogonalizing all the
wavefunctions involved, and following the one-dimensional
(distance as reaction coordinate) developments established
by Zener [17] for a time-dependent Schrödinger equation,
we obtain the transition probability as

P = e−2πγ, (4)

where

γ = 2π
h

ε2
12

|(d/dt)(ε1 − ε2)|2 . (5)

The denominator can be expressed as
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∣
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Figure 2: Typical graph of transition probabilities. Energy as
a function of the insertion angle θ, where the two solid lines
correspond to the avoided crossing at ξ0, and the dashed lines to the
probable transitions among potential energy surfaces.

where η = dξ/dt is the velocity (η = v or η = ω, v means
linear and ω means angular velocity) at which the system
crosses ξ = ξ0, and |s1 − s2| is the difference of the slopes
of the two potential surfaces crossing at ξ0. Finally, we have

P = e−(4π2ε2
12/hη|s1−s2|) (7)

for the transition probability of nonadiabatic behavior. The
probability for a system remaining in the initial energy
surface is then

P′ = 1− e−(4π2ε2
12/hη|s1−s2|). (8)

Rosenkewitsch [90] states that Zener [17] has obtained a
similar formula to that one obtained by Landau [16] (or (7)
above)

P ≈ e−(π/2hυ)(Δ2/F1−F2), (9)

where Δ = 2ε12, υ is the relative velocity, and F1 and F2 are
“forces” acting on the two states. Making the identification
d/dt(ε1 − ε2) = υ(F1 − F2) which corresponds to the change
of pure kinetics energy with time, we can almost have the
equation found by Zener ((7) when η = v), because the
exponent of the Landau formula also has a factor of 2π.

Explicit calculations of transition probabilities of nona-
diabatic behavior using (7) are straightforward when the
reaction coordinate is the distance [91, 92] (in these cases gas
is hydrogen and metal is ruthenium [91] and platinum [92]);
however, when the latter is the angle, it will be necessary to
calculate the angular velocity and the moment of inertia as
accomplished in references [40, 82–85, 87, 88] for tetrahedral
molecules interacting with metals.

2.1. Interactions of the Cu, Au Coinage Metals with YH4.
Castillo et al. [60] found that copper in its second excited
state (2P: 3d10 4p1) breaks the C–H bond of methane, and
its avoided crossing with the first excited state allows (2D:
3d9 4s2) to surpass a barrier of 48 kcal mol−1. We have a
transition energy of ∼83 kcal mol−1 between the states 2P
and 2D and transition energy of ∼43 kcal mol−1 between
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Figure 3: Insertion mechanism of the three lowest states of the Cu
atom (2S, 2P, and 2D) into a C–H bond of methane. 2A′ interaction
energy states as a function of the angle theta. The 4p1 character
follows the path from the second excited state to the minimum in
the X A′ state, where the final products are formed.

the states 2D and 2S (see Table 1 and Figure 3). Transition
probability (TP) values at four avoided crossings [82] are
obtained when copper is photoexcited to this second excited
state Cu (2P: 3d10 4p1), given that this copper atom is inserted
in the methane molecule. It is also noteworthy [60] that the
ground state is initially repulsive, but due to the avoided
crossings, it became attractive after surmounting a rather
high barrier. This behavior is initially exhibited at the first
minimum (69 kcal mol−1, 26◦) of the 5 2A′ state forming the
HCuCH3 intermediate, which when continuing its path has a
probability P = 0.68 of crossing towards the 4 2A′ state with
4p1 character and a probability P = 0.32 of continuing by the
same 5 2A′ state with 4s2 character. When following via 4 2A′

has a probability P = 0.61 of crossing towards the 3 2A′ state
with 4p1 character and a probability P = 0.39 of continuing
by the same 4 2A′ state with 4s2 character. When continuing
via 3 2A′, a very small potential barrier is surmounted with
a probability P = 0.65 of crossing towards the 2 2A′ state
with 4p1 character, and a probability P = 0.35 of continuing
by the same 3 2A′ state with 4s2 character. When continuing
via 2 2A′, it descends until reaching X 2A′, then it has a
probability P = 0.62 of crossing towards the X 2A′ state
with 4p1 character and a probability P = 0.38 of continuing
by the same 2 2A′ state (see Figure 3) with 4s1 character.
Finally, when continuing via X 2A′ state (with 4p1 character),
while the theoretical energy of the HCuCH3 intermediate is
14 kcal mol−1, the experimental energy is between 15 and
25 kcal mol−1. From here we can build the corresponding
potential energy surfaces leading to the products by calculat-
ing the energy against the distance [60]. These products are H
+ CuCH3 and HCu + CH3, with theoretical energies 52 and
41 kcal mol−1, respectively, and experimental energy values
46 and 40 kcal mol−1, respectively, as mentioned in Table 1.

Pacheco-Sánchez et al. [87] have found that Gold in
its second excited state (2P: 5d10 6p1), through a series
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Table 1: Coinage metal family (Cu, Au). Relative energies (kcal mol−1) of the reactants, intermediary HXYH3 and final products for
three states of the metal. X(2nd): metal in second excited state. X(1st): metal in first excited state. X(gs): metal in ground state. ΔEExp:
experimentally measured energy. ΔECal: theoretically calculated energy.

X: Metal

Y: Methane Y: Silane Y: Germane

Cua Aub Cuc Cuc

(2S, 2D, 2P) (2S, 2D, 2P) (2S, 2D, 2P) (2S, 2D, 2P)

ΔEExp ΔECal ΔEExp ΔECal ΔEExp ΔECal Expd Cal.

X(2nd) +
YH4

85 ∼83 114.3 109.8 87.8 87.7 87.8 87.7

X(1st) + YH4 34.9 ∼43 40.23 41.5 34.4 39.0 34.4 39

H + XYH3 46 52a 30.91 36.0 33.2

HX + YH3 40 41a 18.25 21.9 27.7 33.2 21.7e 27.1

HXYH3 15–25 14a 3.34 5.8 1.6

X(gs) + YH4 0 0 0 0 0 0 0 0
a
From [80]

bFrom [87]
cFrom [12]
dFrom [93]
eFrom [94].

of avoided crossings that diminish the barriers for the
ground state and first excited state, breaks the Si–H bond of
silane, finally overcoming a barrier of 24.0 kcal mol−1 of the
ground state. The experimental transition energy between
the excited state (2P: 5d10 6p1) and the ground state (2S:
5d10 6s1) is 114.28 kcal mol−1, which is comparable to the
transition energy of 109.8 kcal mol−1 calculated by Pacheco-
Sánchez et al. (Table 1). Then, the HAuSiH3 intermediate
encounters four avoided crossings between trajectories C 2A′,
B 2A′, A 2A′, and X 2A′ of the energy surfaces. When gold
is photoexcited to its second excited state 2P: 5d10 6p1,
it initially passes through the avoided crossing around
(77 kcal mol−1, 28◦) of D 2A′ state, and there are two
possibilities of the intermediate formed for following a
trajectory. Taking it to pass the avoided crossing, it has
a probability P = 0.802 [87] for crossing towards C 2A′

maintaining the 6p1 character, where it finds another avoided
crossing, and there is a probability of 0.737 for crossing
toward B 2A′ also maintaining the 6p1 character. Here it
finds another avoided crossing, and there is a probability of
0.803 of crossing toward the A 2A′ still maintaining the 6p1

character (see Figure 4). Henceforth, it finds the last avoided
crossing, and there is a probability of 0.541 of crossing to the
X 2A′ maintaining the 6p1 character too, where the products
are reached at 120◦. Finally, the intermediate with energy
3.34 kcal mol−1 evolves toward the HAu + SiH3 and AuSiH3

+ H products, whose energies are 21.9 and 30.91 kcal mol−1.
These products are of greater energy than the reactants,
something typical in an endergonic reaction in which the
reaction requires absorption of energy.

Luna-Garcı́a et al. [12] have found that copper in its
second excited state (2P: 3d10 4p1) breaks the Si–H bond
of silane, in a manner quite similar to the previous cases
surpasses a barrier of 26.0 kcal mol−1 of the ground state.
The experimental transition energy between the excited
state (2P: 3d10 4p1) and the ground state (2S: 3d10 4s1)
is 87.8 kcal mol−1, which agrees with the transition energy
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Figure 4: Au (2S, 2P, and 2D) with SiH4 interaction potential
energy curves versus the θ insertion angle towards the HAuSiH3

intermediate product. The 6p1 character follows the path from the
second excited state to the minimum in the X 2A′ state, where the
final products are formed.

of 87.7 kcal mol−1 theoretically calculated (Table 1). The
initial formation of the HCuSiH3 intermediate starts at
the minimum (70 kcal mol−1, 20◦) with 4p1 character and
encounters four avoided crossings among trajectories 4 2A′,
3 2A′, 2 2A′, and X 2A′ of the energy surfaces (see Figure 5).
Finally, due to the endergonic nature of this reaction, the
intermediate with energy 5.8 kcal mol−1 (and 4p1 character)
is divided into the HCu + SiH3 and CuSiH3 + H products
with theoretical energy values of 33.2 and 36.0 kcal mol−1,
respectively (see Table 1). In the same Table, we could only
report the experimental energy value 27.7 kcal mol−1 of HCu
+ SiH3 products.
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Luna-Garcı́a et al. [12] have found that again copper in its
excited state (2P: 3d10 4p1) breaks a Ge–H bond of germane,
overcoming a barrier of 27.0 kcal mol−1 of the ground state.
The experimental transition energy between the excited state
(2P: 3d10 4p1) and the ground state (2S: 3d10 4s1) is of
87.8 kcal mol−1, which agrees with the transition energy
of 87.7 kcal mol−1 theoretically calculated (Table 1). The
initial formation of the HCuGeH3 intermediate starts at the
minimum (72 kcal mol−1, 17◦) with 4p1 character and passes
through four avoided crossings with the trajectories 4 2A′,
3 2A′, 2 2A′, and X 2A′ of the energy surfaces (see Figure 6).
Finally the intermediate with energy 1.6 kcal mol−1 (and 4p1

character) evolves toward HCu + GeH3 and CuGeH3 +
H products with 27.1 and 33.2 kcal mol−1, respectively (see
Table 1). The latter is due to the endergonic nature of the
reaction. In the same table, there is only the experimental
energy value 21.7 kcal mol−1 of HCu + GeH3 products.

2.2. Interactions of the Zn, Cd, and Hg Pseudotransition Metals
with YH4. Castillo et al. [8] found that Zinc in its first
excited state (1P: 3d10 4s1 4p1) lying 141 kcal mol−1 high
breaks the C–H bond of methane, while the Zn ground state
presents a quite high activation barrier of 90.5 kcal mol−1

(see Figure 7, Table 2(a)). The TP of the potential energy
surfaces (2 1A′ → X 1A′) is obtained for the reaction: Zn (1P:
4s1 4p1) + CH4 → Zn (1S: 4s2) + CH4 through one avoided
crossing; thenceforth, the products of the reaction Zn + CH4

are reached. This happens when zinc is photoexcited to the
second excited state Zn (1P: 3d10 4s1 4p1), which allows this
zinc atom to be inserted in the methane molecule. The latter
effect is initially exhibited at the minimum (93 kcal mol−1,
59◦) of the 2 1A′ state forming the intermediate HZnCH3,
which when continuing its path has a probability [82] P =
0.81 of crossing towards the X 1A′ state and a probability
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P = 0.19 of continuing by the same 2 1A′ state. When
following via X 1A′ (see Figure 7), at the minimum of this
state, the product formation can be obtained [82]. Finally,
acquiring the formation of the HZnCH3 intermediate with a
calculated energy of ∼25 kcal mol−1 that passes through the
avoided crossing of 2 1A′ and X 1A′ sates, with the subsequent
formation of HZn + CH3 and ZnCH3 + H final products,
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Table 2

(a) Pseudotransition metal family (Zn, Cd) interacting with methane. Relative energies (kcal mol−1) of the reactants, intermediate HXCH3, and final
products for three lowest states of the metals.

M: metal

Zna Cdb

(1S, 3P, 1P) (1S, 3P, 1P)

ΔEExp ΔECal ΔEExp ΔECal

M(2nd) + CH4 133.7 ∼141 124.9 125.6

M(1st) + CH4 93.4 ∼94 89.3 84.9

H + MCH3 ∼93 67.9

HM + CH3 ∼82 56.6

HMCH3 ∼25 31.9c

M(gs) + CH4 0 0 0 0
a
From [80]

bFrom [86]
cFrom [95].

(b) Pseudotransition metal family (Zn, Cd, Hg) interacting with silane. Relative energies (kcal mol−1) of the reactants, the HXSiH3 intermediary and final
products for threelowest states of these metals.

M: metal

Zna Cdb Hgb

(1S, 3P, 1P) (1S, 3P, 1P) (1S, 3P, 1P)

ΔEExp ΔECal ΔEExp ΔECal ΔEExp ΔECal

M(2nd) + SiH4 133.7 141 124.9 128.5 154.6 157.6

M(1st) + SiH4 93.4 93.8 89.3 84.4 119.5 114.6

H + MSiH3 84 89.0 95.4

HM + SiH3 70.4 74 74 75.5 83.33 87.6

HMSiH3 11.5 20.7 28.0

M(gs) + SiH4 0 0 0 0 0 0
a
From [9]

bFrom [10].
(c) Pseudotransition metal family (Cd, Hg) interacting with germane. Relative energies (kcal mol−1) of the reactants, the HXGeH3 intermediary, and final
products for three lowest states of these metals.

X: metal

Cda Hga

(1S, 3P, 1P) (1S, 3P, 1P)

ΔExpb ΔECal ΔExpb ΔECal

X(2nd) + GeH4 124.9 128.5 154.6 157.6

X(1st) + GeH4 89.3 84.4 119.5 114.6

H + XGeH3 79.9 87.7

HX + GeH3 68.9 70.3 75.3 80.0

HXGeH3 13.6 21.0

X(gs) + GeH4 0 0 0 0
a
From [10]

bFrom [93].

with the corresponding energies ∼82 and ∼93, respectively;
as it can be seen in Table 2(a).

Ramı́rez-Solı́s and Castillo [86] compared the C3v versus
C2v symmetries of Cd (1S, 3P, 1P) + CH4 interactions in the
edge on geometry orientation. For C3v symmetry, they calcu-
lated two more geometry orientations. Before starting their
molecular calculations, they successfully reproduced the
lowest states of the atomic spectra of cadmium as mentioned
in Table 2(a) which corresponds to 125.6 kcal mol−1 for the
second excited state. They did not construct the potential
energy surfaces; however, they calculated the breaking of
the C–H bond of methane with the consequent formation

of an intermediate with energy of 31.9 kcal mol−1 and its
decomposition in possible products: HCd + CH3 and H +
CdCH3 with energy of 56.6 and 67.9 kcal mol−1, respectively
(see Table 2(a)).

Luna-Garcı́a et al. [9] found that Zinc in its singlet second
excited state (1P: 3d10 4s1 4p1) breaks the Si–H bond of
silane, by reversing the initially repulsive ground state curve,
thus, overcoming a barrier of ∼80 kcal mol−1 of the latter.
The experimental transition energy between the excited state
(1P: 3d10 4s1 4p1) and the singlet ground state (1S: 3d10 4s2)
is 133.7 kcal mol−1, which is comparable to the calculated
transition energy of 141.0 kcal mol−1 of the second excited
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state of Zinc calculated theoretically (Table 2(b), Figure 8).
The formation of the HZnSiH3 intermediate arising at the
minimum (81 kcal mol−1, 60◦) comes with 4p1 character
and approaches the avoided crossing between 2 1A′ and
X 1A′ states keeping 4p1 character until the end of the latter
state with an energy 11.5 kcal mol−1. Finally, due to the
endergonic nature of this reaction, the intermediate leads
toward the HZn + SiH3 and ZnSiH3 + H products with
calculated energies of 74.0 and 84.0 kcal mol−1, respectively
(see Table 2(b)). The experimental energy for HZn + SiH3

products is 70.4 kcal mol−1 in agreement with that calculated
theoretically. We have not calculated transition probabilities
yet.

Luna-Garcı́a et al. [10] found that cadmium in its singlet
second excited state (1P: 4d10 5s1 5p1) breaks the Si–H
bond of silane, creating a barrier of ∼89 kcal mol−1 for the
ground state. The experimental transition energy between
the excited state (1P: 4d10 5s1 5p1) and the ground state
(1S: 4d10 5s2) is 124.9 kcal mol−1, which is comparable to
the transition energy of 128.5 kcal mol−1 calculated theoreti-
cally (Table 2(b), Figure 9). The formation of the HCdSiH3

intermediate at the minimum (92 kcal mol−1, 45◦) comes
with 5p1 character, passes through the avoided crossing
between 2 1A′ and X 1A′ pathways, and keeps 5p1 character
until the minimum (20.7 kcal mol−1, 180◦) of the X 1A′

state is reached (see Figure 9). Finally, the intermediate
is broken reaching the HCd + SiH3 and CdSiH3 + H
products with calculated energies of 75.5 and 89 kcal mol−1,
respectively (see Table 2(b)). The experimental energy for
HCd + SiH3 is 74.0 kcal mol−1. We have not calculated
transition probabilities yet.

Luna-Garcı́a et al. [9] found that mercury in its
singlet second excited state (1P: 5d10 6s1 6p1) breaks the
Si–H bond of silane, leading to a ground state barrier
of ∼102 kcal mol−1. The experimental transition energy
between the excited state (1P: 5d10 6s1 6p1) and the singlet
ground state (1S: 5d10 6s2) is 154.6 kcal mol−1, which agrees
to the transition energy of 157.6 kcal mol−1 theoretically
calculated (see Figure 10 and Table 2(b)). The formation of
the HHgSiH3 intermediate arising at the minimum
(106 kcal mol−1, 70◦) comes with 6p1 character and passes
through an avoided crossing between trajectories 2 1A′ and
X 1A′ of the energy surfaces maintaining 6p1 character. The
transition probability [84] at the avoided crossing among the
latter states is obtained when mercury is photoexcited to the
Hg 1P: 5d10 6s1 6p1 excited state, allowing it to be inserted
in silane (SiH4) molecule. When the reaction pathway passes
the crossing point and continues its way has a probability
P = 0.79 of crossing toward curve X 1A with 6p1 character
and a probability of P = 0.21 of continuing in the same
curve 2 1A′ (see Figure 10) with 6s2 character. When going
toward the X 1A′ state, it allows the formation of a stable
intermediate at the minimum (28 kcal mol−1, 180◦) of the
state. Finally, the latter is broken and reaches either the HHg
+ SiH3 or HgSiH3 + H products with energies 87.6 and
95.4 kcal mol−1, respectively.

Luna-Garcı́a et al. [11] have found that Cadmium in
its singlet second excited state (1P: 4d10 5s1 5p1) breaks the
Ge–H bond of germane, while producing a ground state
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Figure 8: Potential energy curves of the Zn(1S, 1P) interaction with
SiH4 as a function of the insertion angle (θ) towards the HZnSiH3

intermediate product. The 4p1 character follows the path from the
second excited state to the minimum in the X 1A′ state, where the
final products are formed.

barrier of 83.6 kcal mol−1 (see Figure 11). The experimental
transition energy between the excited state (1P: 4d10 5s1

5p1) and the ground state (1S: 4d10 5s2) is 124.9 kcal mol−1,
which agrees with the transition energy of 128.5 kcal mol−1

calculated theoretically (Table 2(c)). The formation of the
HCdGeH3 intermediate at (89 kcal mol−1, 50◦) comes with
5p1 character and goes by an avoided crossing between the
2 1A′ and X 1A′ states maintaining a 5p1 character until the
next minimum at (13.6 kcal mol−1, 180◦) (see Figure 11).
Finally the intermediate is broken in the HCd + GeH3 and
CdGeH3 + H products with calculated energies 70.3 and
79.9 kcal mol−1, respectively. The experimental energy for
HCd + GeH3 is 68.9 kcal mol−1. We have not calculated the
transition probabilities yet.

Luna-Garcı́a et al. [11] have found that mercury in
its excited state (1P: 5d10 6s1 6p1) breaks the Ge–H bond
of germane, while forming a ground state barrier of
86.1 kcal mol−1. The experimental transition energy between
the excited state (1P: 5d10 6s1 6p1) and the ground state (1S:
5d10 6s2) amounts to 154.6 kcal mol−1, in good agreement
with the transition energy of 157.6 kcal mol−1 theoreti-
cally calculated (Table 2(c)). The transition probability [84]
between the PES is obtained for the reaction Hg 1P(5d10 6s1

6p1) + GeH4 → Hg 1S(5d10 6s2) + GeH4. When mercury is
photoexcited to the Hg (1P:5d10 6s1 6p1) second excited state,
the mercury atom is inserted in germane (GeH4) molecule.
This effect is observed in the minimum (90 kcal mol−1, 60◦)
of the 2 1A′ state arriving with 6p1 character, where the
HHgGeH3 intermediate is formed. When this intermediate
continues its way, it has a probability P = 0.83 of crossing
toward X 1A state with 6p1 character and a probability of
P = 0.17 of continuing in the same 2 1A′ state (see Figure 12)
with 6s2 character. When going toward the X 1A′ state, it
leads to the formation of the product at the minimum
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(21 kcal mol−1, 180◦) of the state. Finally, the intermediate
evolves towards the HHg + GeH3 and HgGeH3 + H
products with calculated energies 80 and 87.7 kcal mol−1,
respectively, while the experimental energy for HHg + GeH3

is 75.3 kcal mol−1.

2.3. Interactions of the Al, Ga Metals with YH4. Pacheco-Blas
et al. [88] found that the aluminum in its doublet second
excited state (2D: 3s2 3d1) breaks the C–H bond of methane,
as does the 2 2A′ state after surpassing an activation barrier of
14.0 kcal mol−1 (see Figure 13). The experimental transition
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Figure 11: Potential energy curves of the Cd(1S, 1P) interaction
with GeH4 as a function of the insertion angle (θ) towards the
HCdGeH3 intermediate product. The 5p1 character follows the path
from the second excited state to the minimum in the X 1A′ state,
where the final products are formed.
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energy between this second excited state (2D: 3s2 3d1) and
the ground state (2P: 3s2 3p1) is 92.5 kcal mol−1 and agrees
with the transition energy of 93.9 kcal mol−1 theoretically
calculated (see Table 3(a)). The transition probability [88]
among the corresponding PES for the reaction Al 2D(3s2

3d1) + CH4 → Al 2P(3s2 3p1) + CH4 starts with the
formation of the HAlCH3 intermediate and goes through
two avoided crossings with the 3 2A′, 2 2A′, and X 2A′ states.
When aluminum is photoexcited to its Al 2D: 3s2 3d1 second
excited state, it is inserted into a C–H bond of methane
at the minimum (87 kcal mol−1, 20◦) in the 3 2A′ state
with 3d1 character. Under these conditions, the HAlCH3

intermediate is formed. As the latter continues its path, it
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intermediate product. The 3d1 character follows the path from the
second excited state to the minimum in the X 2A′ state, where the
final products are formed.

has a probability of 0.85 of crossing toward the 2 2A′ state
with 3d1 character going to the Al 2D: 3s2 4s1 first state
and a probability of 0.15 of continuing in the same 3 2A′

state with 4s1 character. When the intermediate continues its
pathway, there is a probability of 0.89 for crossing from the
2 2A′ state to the X 2A′ with 3d1 character (see Figure 13),
where the most stable intermediate is found at θ = 120◦

and 6.5 kcal mol−1. When this occurs, the final products are
reached from the Al + CH4 reaction, that is, to say, the
intermediate is broken in the HAl + CH3 and AlCH3 + H
products with calculated energies 42.8 and 48.2 kcal mol−1,
respectively. In this case, the corresponding experimental
[36] energy is 45.0 kcal mol−1 in both cases.

Pacheco-Sánchez et al. [14] have found that gallium in
its doublet first excited state (2S: 4s2 5s1) breaks the C–H
bond of methane, producing in the lowest state an activa-
tion barrier of 53.7 kcal mol−1. The experimental transition
energy among the excited state (2S: 4s2 5s1) and the ground
state (2P: 4s2 4p1) is 69.3 kcal mol−1, in agreement with
the transition energy 72.7 kcal mol−1 theoretically calculated
(see Table 3(a)), within the 3 kcal mol−1 of tolerance. The
transition probability [14] among the corresponding PES for
the reaction Ga 2S(4s2 5s1) + CH4 → Ga 2P(4s2 4p1) +
CH4 starts with the formation of the intermediate HGaCH3

and passes through two avoided crossings with 3 2A′, 2
2A′, and X 2A′ states. When gallium is photoexcited to its
Ga 2S: 4s2 5s1 first excited state, it is inserted into a C–H
bond of methane at the minimum (60 kcal mol−1, 25◦) in
the 3 2A′ state with 5s1 character. Under these conditions,
the intermediate product HGaCH3 is formed. As the latter
continues its path, it has a probability of 0.715 [83] (the
branching fraction is 0.73 [96]) of crossing toward the
2 2A′ state with 5s1 character going to the Ga 2P: 4s2 4p1

ground state and a probability of 0.285 of continuing by the

same 3 2A′ state with 4p1 character. When the intermediate
continues its pathway, there is a probability of 0.46 for
crossing from the 2 2A′ state to X2A′ with 5s1 character (see
Figure 14), where the most stable intermediate is found at
θ = 120◦ and 6.1 kcal mol−1. Finally, this intermediate is
broken in the products HGa + CH3 and GaCH3 + H with
calculated energies 40.2 and 45.7 kcal mol−1, respectively.
The corresponding experimental energy is 38.9 kcal mol−1 in
HGa + CH3 case.

Pacheco-Sánchez et al. [13] have found that gallium in
its doublet first excited state (2S: 4s2 5s1) breaks the Si–H
bond of silane, overcoming a barrier of 51.0 kcal mol−1 of the
ground state. The experimental transition energy between
the excited state (2S: 4s2 5s1) and the ground state (2P:4s2

4p1) is 69.3 kcal mol−1, which agrees to the transition energy
of 71.7 kcal mol−1 theoretically calculated (Table 3(b)). The
transition probability [13] among the corresponding PES for
the reaction Ga 2S(4s2 5s1) + SiH4 → Ga 2P(4s2 4p1) +
SiH4 starts with the formation of the intermediary molecule
HGaSiH3 passing through two avoided crossings among
3 2A′, 2 2A′, and X 2A′ states. The probability [85] that it
crosses from 3 2A′ state to 2 2A′ state is P = 0.701 and
a probability P = 0.299 of continuing along the same
3 2A′ state. When crossing towards the 2 2A′ state in its
descent, it has a probability P = 0.685 of crossing towards
the X 2A′ state and a probability P = 0.315 of continuing
along the same 2 2A′ state (see Figure 15). Finally at the
minimum (6.1 kcal mol−1, 120◦) of the X 2A′ state, the
intermediate is broken into the HGa + SiH3 and GaSiH3 + H
products with energies 26.1 and 45.3 kcal mol−1, respectively.
The corresponding experimental energy is 24.5 kcal mol−1 in
HGa + SiH3 case.

Lefcourt and Ozin [100] optimized geometry of Al–
SiH4 interaction for 2A1 state in C2v symmetry with the
single point SCF energy and calculated that the geometry-
optimized structure does not differ very much at all from the
initial geometry, a situation that is reflected in the converged
energy which is only approximately 1/100 of a hartree lower
(∼6.21 kcal/mol) than the single-point value associated with
the starting structure. Calculations carried out on systems
having the equivalent starting geometry but inhabiting the
2B1 and 2B2 electronic states yielded final energies that were
considerably higher (0.17 and 0.31 hartree, resp.) than the
energy obtained in the 2A1 optimization.

3. Discussion

We have presented here a series of studies on X + YCH4

(X = Cu, Zn, Cd, Ga, Al, Au, Hg, and Y = C, Si, Ge)
reactions, attempting to identify possible general patterns.
The very first study presented, the Cu + CH4 reaction
was simultaneously being studied experimentally at Toronto
University in Canada [32, 33, 101–104], allowing us to
make a very close comparison and correlation between
their cryogenic experiments and our quantum mechanical
calculations. This was due to the fact that Jaime Garcia-
Prieto (a member of our group in Mexico) was working
with Professor Geoffrey Ozin at Lash Miller Lab. in Toronto
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Table 3

(a) Metal family (Al, Ga) interacting with methane. Relative energies (kcal mol−1) of the reactants, intermediary HXCH3 and final products for three lowest
states of the metal.

X: metal

Ala Gab

(2P, 2S, 2D) (2P, 2S, 2P)

ΔEExp ΔECal ΔEExp ΔECal

X(2nd) + CH4 92.5 93.9 93.1 93.7

X(1st) + CH4 72.24 73.4 69.3 72.7

H + XCH3 45.0 48.2 45.7

HX + CH3 45.0 42.8 38.9c 40.2

HXCH3 · · · 6.5 4.9d 6.1

X(gs) + CH4 0 0 0 0
a
From [88]

bFrom [14]
cFrom [97]
dFrom [98].

(b) Metal family (Al, Ga) interacting with silane. Relative energies (kcal mol−1) of the reactants, the HXSiH3 intermediary and final products for three lowest
states of the metals.

X: metal

Ala Gab

(2P, 2S, 2D) (2P, 2S, 2P)

ΔEExp ΔECal ΔEExp ΔECal

X(2nd) + SiH4 92.5 93.1 93.7

X(1st) + SiH4 72.24 69.3 71.7

H + XSiH3 45.3

HX + SiH3 24.5c 26.1

HXSiH3 6.21d 6.1

X(gs) + SiH4 0 0 0 0
a
From [88]

bFrom [13]
cFrom [97]
dFrom [99].

on the photochemical activation of Cu in methane matrices
at near-absolute zero conditions. Originally Ozin expected
the open shell Cu: 2D excited state to be responsible for
methane activation, but our calculations proved that the
higher lying 2P was the real culprit, albeit through a series of
avoided crossings a fact which was finally acknowledged in
the experimental and theoretical papers [32, 60]. Since then
our group, mainly through the late Sidonio Castillo and his
collaborators, studied a series of transition metals. We have
presented here an overview of this line of research although
we evidently must accept that the list of metals studied to
date is far from exhaustive. This notwithstanding, we provide
here enough examples of the mechanism first advanced
in our explanation of the Lash Miller Lab experiments of
the activation of methane by copper [60, 82]. In short we
have advanced a daring hypothesis avoided crossings and
transition probabilities for curves of the same symmetry play
a systematic and clear-cut role in the activation of methane,
silane, and germane. Indeed, we show the evidence that
in general, the most stable intermediate has a rather weak
binding, thus leading to the products. The potential energy
surfaces lead from the reactants climbing to this transition
state which requires moderate energies, normally derived

from photoactivation processes and finally yielding the final
products (XH + YH3 or H + XYH3). To document this, we
report the configurations and bond distances as they evolve
in each specific case. We kindly refer our readers to access our
original papers for details. In any case, our reported energies
are compatible with the spectra of reactants, intermediates,
and products. For instance, the probabilities for the Ga
+ CH4 reaction agree quite well with experimental results
[83, 96], whereas those obtained for other systems reported
here were widely discussed in the original papers [82–88].

The potential energy surfaces for the coinage metals Cu
and Au with silane are rather similar. The main difference
lies in the energies of their respective second excited states,
making their potential energy wells differ from their respec-
tive intermediate complexes onward to the final products.
To wit, in the Au + SiH4 reaction, the minimum at 120
degrees has only a depth of 3.34 kcal/mol, while for Cu +
SiH4 the minimum lies at 100 degrees and is 5.58 kcal/mol
deep. These results would make the study of the Ag +
SiH4 reaction all the more desirable, a valid proposition for
several other metals. We explicitly state here that our work
on these systems is far from complete. Take for instance
our results involving Hg which are rather different from
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Figure 14: Potential energy curves of the interaction of Ga(2P),
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Energy versus insertion angle (θ). The 5s1 character follows the path
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the other metals, thus, naturally deserving closer scrutiny.
Perhaps we may tentatively relate this peculiarity of mercury
to its particularly stable ground state 1S0 (with its closed
5d10 6s2 valence shell), from which stem the unique dense
metal liquid character of mercury, in dire contrast with its
solid metal neighbors with stable electronic arrangements. In
effect we dare propose that this line of research is both valid
and promising and needs much more work and attention,
especially so with a close collaboration with cryogenic
experiments, as we hope to establish.

Difference of PES of coinage metals interacting with
silane is due to the second excited state leading to the
reported well depths for the potentials for the ground state.
Analogously, the PES of pseudotransition metals interacting
with silane is very similar, and the main difference is the
1P singlet energy of the pseudotransition metals at the
second excited state. This causes the depth wells of potential
(11.5 kcal mol−1, 180◦) for Zn + SiH4, while for Cd + SiH4

it is (20.7 kcal mol−1, 180◦), and for Hg it is (28 kcal mol−1,
180◦), since the initial formation of the intermediate until the
product formation.

The methane complexes with Zn and Cd in the sec-
ond excited state 1P at θ = 0 has energies ∼141 and
125.6 kcal mol−1, respectively. The germane complexes with
Cd and Hg in the second excited state 1P at θ = 0 have
energies 128.5 and 157.6 kcal mol−1, respectively. The initial
excitation energy of the pseudotransition metals yields the
depth wells of potential, which is ∼25 kcal mol−1 for Zn +
CH4 and 31.9 kcal mol−1 Cd + CH4. The initial excitation
energy of the pseudotransition metals yields the depth wells
of potential, which is 13.6 and 21.0 kcal mol−1 for Cd + GeH4

and Hg + GeH4, respectively.
Finally, PES of metals Al 2D doublet and Ga 2P doublet

in the second excited state interacting with methane for
θ = 0 has energies 93.9 and 93.7 kcal mol−1, respectively.
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Figure 15: Potential energy curves of the interaction of Ga(2P),
Ga(2S), and Ga(2P) with SiH4 towards the GaSiH3 intermediate.
Energy versus insertion angle (θ). The 5s1 character followed the
path from the first excited state to the minimum in the X 2A′ state,
where the final products are formed.

The initial energy of the metals yields the depth wells
of potential, of 6.5 and 6.1 kcal mol−1 for Al + CH4 and
Ga + CH4, respectively, and 6.21 taken from reference [100]
and 6.1 kcal mol−1 for Al + SiH4 and Ga + SiH4, respectively.
While the latter result is as expected, in the previous one there
is a very small deviation. This is due to the very small energy
difference at 2nd excited state between Al and Ga, and to the
approximation error carried out by the numerical solutions
of the system. In defense of this argumentation, it is the fact
that the dissociation energy of the ionic Al+−CH4 complex
has been experimentally reported to be 2120 ± 105 cm1

(6.06 ± 0.3 kcal mol−1) [99]. Somewhat coincidentally we
have obtained the value of 6.5 kcal mol−1 for the dissociation
energy of Al + CH4 complex. It is quite remarkable that the
dissociation energies for Al+−CH4 and Al + CH4 are quite
close, and that the experimental value for this ionic Al+–CH4

reaction is the expected value for the dissociation energy of
Al–CH4.

A very important issue is to get the most stable inter-
mediate with the lowest energy on which the breaking of
the intermediate is achieved. The products of the reaction
emerge at the end from the X A′ state, calculated using the
parameter values obtained at this minimum.

The intermediate has a much lower energy than the final
products due to the endergonic nature of these reactions.
Initially, the metal needs a photoexcitation for taking it to
an excited state for being inserted in a Y–H bond of the gas
molecule, in order to surpass the activation barrier of the
ground state for the reaction. After the avoided crossings, the
deformed metastable intermediate arrives to the most stable
arrangement, having the lowest energy with the optimal
geometry. At this low energy arrangement, its internal bond
orientation produces a still strong electrostatic repulsion due
to the energy gained by the photoexcitation of the metal,
greater than the energy of the intermediate. The metal atom
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also shares its energy with the carbon and hydrogens. Thus,
the new energies of the products cannot be greater than the
initial excitation of the metal or lower than the energy of the
reactants in their ground state.

The resulting probabilities for the case of Ga + CH4 are in
agreement with previous experimental results [83], whereas
those obtained for the other cases are only theoretical
predictions.

4. Conclusions

From the theory of transition probabilities at avoided
crossings between curves of the same symmetry, we can
deduce that the character of the wave function is the same at
the beginning of the highest state path than at the minimum
of the ground state path after all avoided crossings.

The energy value of the initial state of the metal which
eventually leads to the intermediate, as well as the character
of the wavefunction is crucial for the product formation. This
character corresponds to the dominant excited state of the
metal inserting in the gas molecule and is independent of the
gas in consideration (methane, silane, or germane).

As expected the wells’ potential depth is dependent on the
energy level of the metal excited state in consideration, and
the pathway is reflected in the character of the wavefunction
revealing the electronic configuration of the corresponding
excited state. This means that the higher the energy of the
metal atom excited state, the deeper the potential energy well
at the ground state minimum.
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New ab initio potential energy surfaces (PESs) for the two lowest-lying singlet 11A′ and 11A′′ electronic states of CH2, coupled by
the Renner-Teller (RT) effect and meant for the spectroscopic study, are presented. The surfaces are constructed using a dual-level
strategy. The internally contracted multireference configuration interaction calculations with the Davidson correction, using the
aug-cc-pVQZ basis set, are employed to obtain 3042 points at the lower level. The core and core-valence correlation effects are
taken into account in the ab initio calculations with a modified optimized aug-cc-pCVQZ basis set for the higher-level points. The
analytical representations of these PESs, with the inclusion of the nonadiabatic RT terms, are obtained by the nonlinear least-
squares fit of the calculated points to three-body expansion. Quantum dynamical calculations are performed on these PESs, and
the computed vibronic energy levels for the two singlet electronic states are in excellent agreement with experiment.

1. Introduction

The CH2 biradical has been the subject of many theoretical
and experimental studies, due to its distinct electronic
characteristics and chemical and physical properties. It is the
direct chemical precursor of the widely observed CH radical
[1]. As a crucial link in the photodissociation sequence
of cometary methane, CH2 plays a significant role in the
chemistry of hydrocarbon combustion and the astrophysics
of interstellar medium [2–5].

Since Herzberg and Johns [2] carried out a detailed anal-
ysis of the high-resolution absorption spectrum of the singlet
CH2 in the near ultraviolet region half a century ago, several
groups [6–11] have observed the direct absorption spectra
or subsequent monitoring of fluorescence via laser-induced
fluorescence, stimulated emission pumping, dispersed flu-
orescence, and so forth. Experimental investigations of the
spectroscopy provided abundant and precise rovibronic

energy levels [12–16]. Recently, bands in the CH2
˜b1B1-ã1A1

transition between 12500 and 13000 cm−1 were recorded at

Doppler-limited resolution utilizing a transient frequency-
modulation (FM) laser absorption spectrometer by Chang
and coworkers [16]. An unexpected and particularly com-
plicated rovibronic structure was detected for b(1, 1, 0)1

and b(0, 3, 0)1 vibronic levels. Comparison of the calculated
spectra on the available potential energy surfaces (PESs) [17–
19] with the experimental spectra of Herzberg and Johns
[2] indicates that the labeling of some vibrational levels
is quite inconsistent, which can be ascribed to the local
perturbations from the vibrational resonances and Renner-
Teller (RT) effect.

The study of the RT effect on the vibronic levels for
nonlinear three-atom molecules has been an active area for
several decades [8, 17, 20–24]. The ˜b1B1-ã1A1 transition
of CH2, which is seen in the red and yellow parts of the
spectrum, is one of the best examples in which the RT
coupling should be observed [5]. One of the consequences of
the RT coupling is the inversion of the Ka rotational structure
in the lower component state (ã1A1) near the barrier to
linearity. As explained by Jungen et al. [25], this reordering
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of the Ka energy levels results from the transformation at
high bending levels from bent to linear configurations [8].
The two lowest-lying singlet electronic states of CH2, which
become a degenerateΔ pair at linearity, interact strongly with
each other and are coupled dynamically [17, 24].

Theoretically, some researchers [3, 4, 26] examined a
few electronic states of CH2 with state-of-the-art ab initio
methods and provided significant clues to the understanding
of the electronic structures. Bussery-Honvault and coworkers
[27] computed an ab initio global PES for the first singlet
state of CH2, where a mixed numerical and analytical
method was employed in the PES construction. This surface
shows no barrier for the C2V insertion, while a barrier
of 4319 cm−1 (12.35 kcal/mol) is present for the collinear
approach. Unfortunately, visible discrepancies were found
between the theoretical calculations on this surface and the
experimental results [28]. Later, using the same ab initio
methodology and similar fitting process, Bussery-Honvault
and coworkers [29] constructed a PES for the second singlet
state of CH2; it should be mentioned that their two lowest-
lying singlet PESs are not degenerate at linearity. Joseph
and Varandas [30] constructed a more accurate PES for the
lowest singlet state of CH2 with the DMBE scaled-external-
correlations method [31] and obtained very good agreement
with the experimental rate constants, which recommends it
for future dynamics studies [30, 32]. Furthermore, Dawes et
al. [33] constructed the lowest singlet PES using the local
interpolative moving least squares method and performed
further spectroscopic calculations, which yielded J = 0
vibrational frequencies with a root-mean-square error of a
few wavenumbers relative to available measurements.

Liu and co-workers [34] revealed various PES intersec-
tion seams among the 11A′, 21A′, 31A′, 11A′′ and 21A′′,
states in the C(1D)H2 reactive system systematically and
determined the minimum energy crossing points (MECPs)
accurately. The nonadiabatic interaction near MECPs may
play an important role in spectroscopy and dynamics [35–
40]. The lowest MECP [34] in C(1D)H2, which is only
8797 cm−1 above the CH2 11A′ minimum and much lower
in energy than all the other MECPs, is between the two low-

lying ã1A1 and ˜b1B1 states, which become the degenerate
Δg pair at linearity and hence are strongly coupled by the
RT effect. All the other MECPs [34] are above or somewhat
below the C(1D)+H2 asymptote in energy and thus are not
expected to intervene most of the vibronic spectra of the two
lowest-lying singlet electronic states. However, it is clear that
the RT coupling must be taken into account in the vibronic
energy level calculations of the two lowest-lying states.

A few PESs for the RT coupled ã1A1 and ˜b1B1 states
have been developed to simulate the vibronic structure and
electronic spectrum with the vibronic coupling included
[17, 19, 24, 41]. However, the ab initio PESs of Green Jr.
et al. [17] were empirically adjusted or shifted to fit the
experimental data; other PESs [19, 24, 41] were constructed
by fitting experimental data and a few ab initio points [13].
However, there are therefore accurate and fully ab initio PESs
for the two lowest-lying singlet electronic states 11A′ and
11A′′ of CH2 with the RT terms required.

So far most of the ab initio work concerning CH2 has
been based on the traditional correlated ab initio electronic
structure calculations, that is, the so-called frozen core
approximation, in which correlation effects involving the
electrons in 1s core orbital of carbon are neglected. However,
as noted by Peterson and Dunning [42], if the goals of a cal-
culation are to obtain chemical accuracy of thermochemical
properties, the effects of correlating the electrons in the core
orbital generally must be addressed in the calculations. Of
course, ab initio calculations including correlation effects of
core electrons are very time-consuming. In this work, not
only appropriate active space but also an optimized basis
set with additional functions for describing core and core-
valence correlation effects (called CV) is employed in our
ab initio calculations, which can also guarantee that the
two lowest-lying singlet PESs are degenerate at linearity. We
further construct fully ab initio PESs for the two lowest-
lying singlet electronic states 11A′ and 11A′′ of CH2 with the
inclusion of the nonadiabatic RT terms.

The organization of the present article is as follows.
Section 2 describes the ab initio electronic structure calcula-
tions. The fitting of the ab initio energy points is presented in
Section 3. The fitted PESs of CH2 (called MZB) and vibronic
energy level calculations are discussed in Section 4. Finally, a
summary is given in Section 5.

2. Electronic Structure and
ab Initio Calculations

2.1. Electronic Structure. For computational convenience, the
molecule is placed in the yz plane, and the electronic config-
uration of ground state is (1a1)↑↓(2a1)↑↓(1b2)↑↓(3a1)↑(1b1)↑.
The (1a1) and (2a1) molecular orbitals (MOs) mostly have
carbon 1s and 2s characters, respectively. The (3a1), (1b1),
and (1b2) MOs mainly have the carbon 2p character lying
along the twofold z axis, perpendicular and parallel with
respect to the yz plane, respectively. In the Cs symmetry, the
a1 and b2 orbitals become the a′ orbitals, and the b1 and a2

orbitals become the a′′ orbitals.
The electronic configurations of CH2 can be represented

as shown in Table 1 in the C2V or Cs symmetry.

The ˜X3B1 and ˜b1B1 states, which share the same spatial
orbital configuration with two open-shell electrons parallelly
or antiparallelly distributed in the outer 3a1 and 1b1 orbitals,
correspond to the triplet and singlet configurations, respec-
tively. While the ã1A1 and c̃1A1 states correspond primarily
to configurations with double occupation of the 3a1 or 1b1

orbital, they could be appropriately described by the two
main configuration wave functions. The two CI coefficients
C1 and C2 for ã1A1 have opposite signs with |C1| ≥ |C2|,
while those for the c̃1A1 state have the same sign with |C3| ≤
|C4|. Hence, multireference methods are required for an
accurate ab initio description of the above excited states. The

ã1A1 and ˜b1B1 states become the degenerate 11Δg pair at
linearity and hence are strongly mixed by the RT coupling,
which is important to the vibronic calculations. The c̃1A1

state correlates with the 11Σ+
g state at linearity. The next

two states, 11A2 and 11B2, become the degenerate 11Πu pair
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Table 1

˜X3B1:(1a1)↑↓(2a1)↑↓(1b2)↑↓(3a1)↑(1b1)↑ X3A′′:(1a′)↑↓(2a′)↑↓(3a′)↑↓(4a′)↑(1a′′)↑

ã1A1:C1(1a1)↑↓(2a1)↑↓(1b2)↑↓(3a1)↑↓(1b1)0+ 11A′:C1(1a′)↑↓(2a′)↑↓(3a′)↑↓(4a′)↑↓(1a′′)0+

C2(1a1)↑↓(2a1)↑↓(1b2)↑↓(3a1)0(1b1)↑↓ C2(1a′)↑↓(2a′)↑↓(3a′)↑↓(4a′)0(1a′′)↑↓

˜b1B1:(1a1)↑↓(2a1)↑↓(1b2)↑↓(3a1)↑(1b1)↓ 11A′′:(1a′)↑↓(2a′)↑↓(3a′)↑↓(4a′)↑(1a′′)↓

c̃1A1:C3(1a1)↑↓(2a1)↑↓(1b2)↑↓(3a1)↑↓(1b1)0+ 21A′:C3(1a′)↑↓(2a′)↑↓(3a′)↑↓(4a′)↑↓(1a′′)0+

C4(1a1)↑↓(2a1)↑↓(1b2)↑↓(3a1)0(1b1)↑↓ C4(1a′)↑↓(2a′)↑↓(3a′)↑↓(4a′)0(1a′′)↑↓

11A2:(1a1)↑↓(2a1)↑↓(1b2)↑(3a1)↑↓(1b1)↓ 21A′′:(1a′)↑↓(2a′)↑↓(3a′)↑(4a′)↑↓(1a′′)↓

11B2:(1a1)↑↓(2a1)↑↓(1b2)↑(3a1)↓(1b1)↑↓ 31A′:(1a′)↑↓(2a′)↑↓(3a′)↑(4a′)↓(1a′′)↑↓

at linearity. The spin-orbit coupling between the ˜X3B1 and
singlet states is small in the well region and thus is neglected
in this work.

2.2. ab Initio Calculations. Two levels of ab initio calculations
were performed for the PES construction which involves
a dual-level strategy [43]. The electronic energies in the
lower-level calculations are calculated with the state-averaged
complete active space self-consistent field (SA-CASSCF) and
internally contracted multireference configuration interac-
tion (icMRCI) methods [44–47]. The active space consists
of six electrons distributed among seven orbitals, which
correspond to all valence electrons and valence orbitals and
one additional 3s orbital of carbon which is of Rydberg
character. The carbon 1s orbital is not correlated but
optimized at the SA-CASSCF level. To get a good description
of the two lowest-lying singlet states, especially in view
of the importance of correct degeneracy between 11A′

and 11A′′ at linear geometries and the influence of PES
intersections, we simultaneously consider the five singlet
states which correlate with the C(1D)+H2 asymptote in the
present ab initio calculations. Consequently, the SA-CASSCF
calculations including three and two roots in the A′ and A′′

symmetries are carried out to obtain the orbitals for further
icMRCI calculations. The Davidson correction (denoted
as +Q) is employed to include the correlation energy
due to higher excitations. Dunning’s correlation-consistent
polarized valence quadruple-zeta basis set augmented with
diffuse functions (aug-cc-pVQZ) is used.

In the higher-level calculations, the methods and algo-
rithm are the same as the lower-level, but the active space
and basis set are different. The active space consists of all
electrons distributed among eight orbitals, which include 1s,
all valence, and 3s orbital of carbon. The carbon 1s orbital
is correlated and also optimized at the SA-CASSCF level.
To obtain the CV contribution to the energies, the aug-cc-
pVQZ basis set for C atom is modified. The details of this
scheme could be found elsewhere [42, 48–51], and only a
brief outline will be given here. The seven inner 1s functions
are contracted to two functions using the coefficients from
the aug-cc-pVQZ basis set. The outer five s functions are
uncontracted as the six p functions. Two tight d and f
functions are added to the (3d, 2f, 1g) polarized set given by
Peterson and Dunning [42] and Woon and Dunning [48].
The additional functions are even tempered extensions of
the valence sets, and the exponents of the added functions

are 5.262 and 14.984 for the d functions and 4.152 and
12.147 for the f functions which are obtained by successively
multiplying the corresponding tightest functions by the ratio
of the first two compact functions [50, 51]. This core basis
set, developed to treat both core and valence correlations, is
of the form (12s6p5d4f1g)/[7s6p5d4f1g] and is designated as
optACVQZ, which is much smaller than Dunning’s standard
aug-cc-pCVQZ [42, 48, 49] and gives a good description of
core electrons [50, 51].

For the ab initio calculation of nonadiabatic terms, the
SA-CASSCF method is used. The active space is the same
as that of the lower-level energy calculations, and the basis
set employed here is the uncontracted aug-cc-pVQZ basis.
The nonadiabatic terms, required for calculating for the
RT coupling, are the matrix elements of electronic orbital
angular momentum ̂L, and they are obtained as expectation
values over the SA-CASSCF wave functions. The RT coupling
takes effect when the molecule approaches linearity, that is,
lies on the z-axis, hence the matrix elements of ̂Lx and ̂Ly

can be neglected. The details of the RT Hamiltonian have
been discussed in another publication [52]. So, three matrix
elements of electronic angular momentum (designated as

Labz , Laazz , and Lbbzz ) are calculated, where 〈ã1A1 | ̂Lz | ˜b1B1〉 =
−i�Labz , 〈ã1A1 | ̂L2

z | ã1A1〉 = �
2Laazz , 〈˜b1B1 | ̂L2

z | ˜b1B1〉 =
�

2Lbbzz .
All ab initio calculations reported in the present work

were carried out using the MOLPRO2006.1 package of ab
initio programs [53].

2.3. PES Grid. In order to cover the region of spectro-
scopic interest with two deep potential wells, ab initio
calculations at icMRCI(6e, 7o)+Q/AVQZ and icMRCI(8e,
8o)+Q/optACVQZ levels were performed at 3042 and 273
symmetry unique geometries, respectively. These were cho-
sen carefully to accurately represent the dynamically impor-
tant regions, particularly the vicinities of the minimum and
near linearity. As pointed out by Liu and co-workers [34], the
11Π pair (31A′ and 21A′′) states conically cross not only the
11Δ pair (11A′ and 11A′′) states at around 3.4 bohr, but also
the 11Σ+

g state (21A′) at 3.1 bohr in the stretching potential
curves of linear H–C–H (with one of the C–H bond lengths
fixed at 2.1 bohr).

We concentrate on the geometries with the CH bond
length smaller than 3.0 bohrs in the process of the present
PES construction. Dozens of geometries are also selected for
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the description of the higher energy regions. In the impor-
tant regions, points were computed with small increments of
0.1–0.5 bohrs for bond length and 2.0–5.0◦ for bond angle,
while in other regions coarser grids of 1.0-2.0 bohrs and
10.0–20.0◦ were used. Geometries with energies higher than
100 kcal/mol above the global minimum of ã1A1 were not
totally neglected but assigned a very small weight. In the
calculations of icMRCI(8e, 8o)/optACVQZ, the grids were
chosen as the following: 1.4, 1.8, 2.0, 2.05, 2.2, 2.6, and
3.0 bohrs for CH distance; 80, 100, 120, 143, 155, 175, and
180◦ for ∠HCH. In the calculations for the nonadiabatic
coupling terms, almost the same grids were selected as those
used in the higher-level calculations.

3. Fit of the Potential Energy Surfaces

To construct the PESs for the 11A′ and 11A′′ states of CH2,
we choose three-body expansion functional forms for the
analytical representation of the PESs with respect to the
internal coordinates (R1,R2, θ) using a dual-level strategy,
and nonadiabatic coupling terms are also taken into account.
The idea of the dual-level strategy is to use two levels of
ab initio calculations so as to reduce the number of higher-
level points needed for fitting [43], and the basic scheme
is as follows. First, a set of lower-level ab initio points
without the CV effect, which are calculated at the icMRCI(6e,
7o)+Q/AVQZ level, is generated to construct a zeroth-order
PES, V 0

x (x = a, b stands for the 11A′ and 11A′′ states of
CH2, resp.). Then, a set of higher-level points with the CV
effect, calculated at the icMRCI(8e, 8o)+Q/optACVQZ level,
is generated, and the data set of the energy differences of the
two levels is used to construct a surface, V core

x . And it should
be noted that the energies of the lower level are obtained
from V 0

x , instead of the ab initio calculations. In addition,
the nonadiabatic coupling terms, Labz , Laazz , and Lbbzz (� = 1
hereafter), are fitted into functions in the third stage for the
future calculations. Each of these steps will now be described
in more details as follows. The final adiabatic potential V is
expressed as

V = V 0
x + V core

x . (1)

By applying the Levenberg-Marquardt technique for the
nonlinear optimization, it was found that there are numerical
problems for M ≥ 11 due to near linear dependence of
the parameters, and thus quadruple precision arithmetic
was needed to obtain convergence [54]. To improve the
fit, energy points below 60 kcal/mol relative to the PES
minimum are weighted by a factor of 100, and energy points
over 100 kcal/mol are weighted by 0.1. To accurately fit the
intersection seam of the two lowest-lying singlet PESs at the
linear configurations, all the points with ∠HCH larger than
170◦ are weighted by a factor of 100.

3.1. Analytical Representation of V 0. For the analytical
representation of V 0, the calculated energy points were fitted
to a three-body expansion in curvilinear coordinates, which

are believed to match the shape of the adiabatic PESs. For
both electronic states, a Morse-type coordinate

ρ = 1− e−α(R−R0) (2)

was used for the CH stretching mode, where (R − R0)
is the displacement from the equilibrium geometry of the
corresponding electronic state. For the angular coordinate,
several types of polynomials were tested, including cos(βθ),
cos(β(π − θ)), cos(β(θ − θ0)), and [(θ − θ0) + β(θ − θ0)2 +
β(θ − θ0)3]. Finally, cos(β(π − θ)) was employed to describe
the ∠HCH bending:

V 0
x =

∑

i jk

Cx
i jkρ

i
1ρ

j
2ρ

k
3

=
∑

i jk

Cx
i jk

[

1− e−α1(R1−Rx
0)
]i[

1− e−α2(R2−Rx
0)
] j

× [cos
(

β(π − θ)
)]k

.

(3)

The parameters α1, α2, β, and the Cijk are determined
by performing unequally weighted least squares fit to the ab
initio data.

3.2. Analytical Representation of V core. The core correlation
surface V core was constructed in a similar way to the con-
struction of V 0, and the surfaces can be expressed as

V core
x = Cx

000 + exp
{

α
[

(

R1 − Rx
0

)2 +
(

R2 − Rx
0

)2
]}

×
∑

i jk

Cx
i jkρ

i
1ρ

j
2ρ

k
3

= Cx
000 + exp

{

α
[

(

R1 − Rx
0

)2 +
(

R2 − Rx
0

)2
]}

×
∑

i jk

Cx
i jk

[
(

R1 − Rx
0

)

Rx
0

]i[(
R1 − Rx

0

)

Rx
0

] j

× [cos(θ)− cos
(

θx0
)]k

.

(4)

3.3. Analytical Representation of the Nonadiabatic Coupling
Terms. To fit the matrix elements of ̂Lz and ̂L2

z into analytical
representations, several types of polynomials have been
tested, and the following one provides a good description of
the nonadiabatic coupling terms, Labz , Laa

zz , and Lbbzz :

C000 + cos2
(

θ

2

)

×
∑

i jk

Cn
i jk

[

1− e−α1R1

]i[

1− e−α2R2

] j[
β(π − θ)

]k
.

(5)

In the analytical representation above, the cos2(θ/2) guar-
antees that Laazz and Lbbzz have a correct behavior at linearity.
Several types of cos functions instead of β(π − θ) were
tested as angular coordinate, but very good results were not
obtained. β(π − θ) is found to be suitable for the description
of the bending mode.
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Figure 1: (a) Contour plot for the 11A′ PES of CH2 as a function of RCH1 and RCH2 (bohr) with ∠HCH fixed at the equilibrium value 102.45◦.
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Many test calculations were performed with different
polynomial orders M, and the dependences are shown
in Table S1 (see Table S1 in the Supplementary Material
available online at doi: 10.1155/2012/236750). Although, the
RMS errors in the fit become smaller as M goes higher, we
choose M = 10 for the fit of V 0 due to numerical problems.
The complete set of parameters amounts to a total of 286
linear coefficients and 3 nonlinear coefficients. The fit for
V 0 has RMS errors of 31.88 and 142.88 cm−1 for the 11A′

and 11A′′ states, respectively. Below 60 kcal/mol, the RMS
errors are 6.64 and 5.94 cm−1, respectively. In the fit of V core,
M is taken as 6. The complete set of parameters amounts
to a total of 85 linear coefficients. The fit for V core has
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Figure 3: Contour plot (cm−1) for V core of the ã1A1 state of CH2 as
a function of RCH and ∠HCH.

RMS errors of 14.29 and 68.21 cm−1 for the 11A′ and 11A′′

states, respectively. Below 60 kcal/mol, the RMS errors are
3.15 and 11.89 cm−1, respectively. The numerical values of
all parameters to generate the surfaces and coupling terms
reported in the present study are presented in Tables S2, S3,
and S4.

4. Features of the Fitted Surfaces and
Vibronic Energy Level Calculations

4.1. Adiabatic PESs. Figure 1 presents the contour plots for
CH bonds stretching of our PESs keeping ∠HCH fixed at

102.45◦ for the ã1A1 state, 144.36◦ for the ˜b1B1 state. We
found the fitted potentials to be smooth and without any
artificial oscillations. The degeneracy of the two lowest-
lying singlet adiabatic potentials is illustrated in Figure 2.
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They are contour plots as functions of RCH and ∠HCH.
Our fitted PESs for the two singlet states are degenerate
at RCH = (1.6, 2.6) bohrs with ∠HCH = 180◦. The PES
difference at linear geometries in higher energy regions (with
energies higher than 60 kcal/mol above the global minimum
of ã1A1) is due to the PES fitting error. To further improve
the behavior of our PESs at linear geometries, we used an
assumed angle dependence switching function to smoothly
connect the two states above at linearity. Thus, this function
is defined as follows:

f sw = 1
2

cos4(π − θ){1− tanh[200(1 + cos θ)]}. (6)

Two adiabatic potentials for the ã1A1 and ˜b1B1 states of
CH2, which are going to be degenerate at linearity, are repre-
sented as follows:

Va =
(

V 0
a + V core

a

)

+
[(

V 0
b + V core

b

)

− (V 0
a + V core

a

)

]

f sw,

Vb =
(

V 0
b + V core

b

)

−
[(

V 0
b + V core

b

)

− (V 0
a + V core

a

)

]

f sw.

(7)

From the experimental side, a wide number of studies
have led to the determination of accurate equilibrium

geometries for the ã1A1 and ˜b1B1 states of CH2. Geometries
and relative energies of minima obtained from our work
along with the available experimental and other theoretical
values are given in Table 2. We find the PES minimum of the
ã1A1 state on our PESs to be located at RCH = 2.092 bohrs
and ∠HCH = 102.45◦. Obviously, these results are in very
good agreement with the experimental value CH2 available,
RCH = 2.092 ± 0.004 bohrs and ∠HCH = 102.38◦. Despite
the ground singlet state being widely studied, there have

been limited research on the first excited singlet state ˜b1B1.

Table 2: Geometries and relative energies of the minima of the two
lowest-lying singlet states of CH2. Re is the equilibrium interatomic
distance, and θe is the equilibrium ∠HCH.

Geometries Relative energies
(kcal·mol−1)∗Re

(bohr)
θe

(degree)

ã1A1

Ab initio without
corea 2.0965 102.10 −100.54

Ab initio with coreb 2.0914 102.38 −100.70

Our PESsc 2.0920 102.45 −100.70

Liu et al.d 2.098 102.0 −100.3

Flores and Gdanitze 2.0917 102.31

Bussery-Honvault
et al.f

2.09 102.5 −99.7

DMBEg 2.09 102.4 −99.75

Exp.h 2.099 102.38

Exp.i
2.092±
0.004

102.4±
0.4

˜b1B1

Ab initio without
corea 2.0316 143.12 −77.71

Ab initio with coreb 2.0300 144.60 −77.96

Our PESsc 2.0300 144.36 −77.97

Liu et al.d 2.032 143.2 −76.8

Flores and Gdanitze 2.0165 143.39

Bussery-Honvault
et al.f

2.02 141 −79.9

Exp.h 1.990
140±

15

Exp.j 2.052 139.30
∗

Energies are relative to the C(1D)+H2 asymptote.
aOur ab initio values using icMRCI(6e, 7o)+Q/AVQZ.
bOur ab initio values using icMRCI(8e, 8o)+Q/optACVQZ.
cFrom our PESs.
dAb initio values using icMRCI(6e, 7o)/AVQZ from [34].
eAb initio values using icMR-ACPF(8e, 7o)/ACVQZ from [55].
f PES values from [27, 29].
gPES values from [30].
hExperimental values from [2].
iExperimental values from [11].
jExperimental values from [56].

As can be seen, this state is the open-shell singlet analog
of the ˜X3B1 state. As expected, its molecular orbitals and
Mulliken atomic distributions are very similar to those of
the ground state, which makes the ab initio calculation more

difficult. The PES minimum for the ˜b1B1 state on our PESs
is located at RCH = 2.030 bohrs and ∠HCH = 144.36◦. In
Figure 3, we have plotted the contours of the core corrections
V core, as functions of RCH and ∠HCH of the ã1A1 state.
The CV effects have a geometry dependence, and the shifts
can be positive or negative. The core correlations varies
from −400 to 300 cm−1. The inclusion of core and core-
valence correlation decreases the bond lengths by 0.0051 and
0.0016 bohrs and increases the bond angle by 0.28 and 1.48◦

for the ã1A1 and ˜b1B1 states, respectively.
The 11Δg state of HCH at linear configuration, splitting

into the two lowest-lying singlet electronic excited states
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Figure 5: The stretching potential curves of the five singlet states (11A′, 21A′, 31A′, 11A′′, and 21A′′ state) of CH2 as functions of the
bond length RCH2 with the ∠HCH fixed at (a) 180◦, (b) 175◦, and (c) 160◦, respectively; The Renner-Teller terms Labz , Laazz , Lbbzz , and L22

zz

(〈21A′ | ̂L2
z | 21A′〉) as functions of the bond length RCH2 with ∠HCH fixed at (d) 180◦, (e) 175◦, and (f) 160◦, respectively. RCH1 is fixed at

2.09 bohrs, and the zero energy is taken at the CH2 (11A′) minimum.

ã1A1 and ˜b1B1 as the molecule is bent, is a prime example
of the vibronic RT effect. In this case, the splitting will
be proportional to ρn, where n = 2Λ and Λ (Λ= 1 for
Π, and 2 for Δ state) is the eigenvalue of ̂Lz, the axial
component of electronic angular momentum at linearity.
Although the other two higher excited states (31A′ and 21A′′)
calculated with icMRCI(6e, 7o)+Q/AVQZ are not involved
in the present PESs, it is clearly seen that in this region
the ab initio computed PECs show the ρ2 behavior for the
doubly degenerate Π pair (31A′ and 21A′′) in Figure 4. The
energy splittings between 11Δg pair and 11Πg pair states go
quartically and quadratically, respectively, when approaching
linearity.

While the energy changes with the CH bond stretched,
the degeneracy of the 11A′ and 11A′′ (or 31A′ and 21A′′)
of CH2 is not lifted so long as the molecule is linear. The
barrier to linearity plays a very important role in quantum
mechanical calculations of vibronic energy levels when the
RT effect is considered [18]. The height of the barrier to
linearity in ã1A1 CH2 has been a long standing source
of controversy. The range of reported barrier heights for
linearity in the ã1A1 state of CH2 is quite large, varying
from 8000 to 10000 cm−1 , which is summarized in Table 3.
Herzberg and Johns originally gave a value of 8000 cm−1,

estimated from the spacing of the ˜b1B1 bending vibrational
levels [2]. Duxbury and Jungen [56] obtained a barrier of
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Figure 6: Contour plots for the Renner-Teller terms of CH2 for the two lowest-lying singlet electronic states as functions of RCH and ∠HCH:
(a) Labz , (b) Laazz , and (c) Lbbzz .

9800 cm−1 by fitting a bending potential function to the
(0, v2, 0) levels. An earlier ab initio calculation gave a barrier
height of 9600 cm−1 [57]. Kalemos et al. [3] calculated
this value to be 9217.7 cm−1. In 2009, the DMBE PES
predicted 9644 cm−1 in agreement with the experimental
determination of 9800 cm−1 [56].

Green Jr. et al. [17] calculated an ab initio value of
9125 cm−1 and empirically adjusted it to about 8800 cm−1

according to the visible spectra around 15000 cm−1. And this
value is in very good agreement with the derived value of
8600 ± 400 cm−1 from the experiment by Hartland et al.
[8]. The value of 8666 cm−1 was obtained from the PESs
constructed by Gu et al. [19] via fitting experimental data and
a few ab initio points. Liu et al. gave the value as 8797 cm−1

based upon the icMRCI(6e, 7o)+Q/AVQZ calculations with
three reference states in the A′ symmetry. Our ab initio
calculation at the same level with five reference states gives
the barrier to linearity as 8895.1 cm−1, but when the core
correlation is taken into account, we obtain the ab initio
calculated barrier to linearity as 8735.8 cm−1. The core

correlations reduce this value by 160 cm−1. It may be due
to the fact that the 1s electron is affected when the valence
orbitals change from sp2 hybridization at the minimum area
to sp hybridization at linearity. Our PESs predict a height of
8715.02 and 760.2 cm−1 for the barriers to linearity in the

ã1A1 and ˜b1B1 states of CH2, respectively.

4.2. Renner-Teller Nonadiabatic Coupling Terms. The fit of
the RT nonadiabatic coupling terms has an RMS error of
0.0060, 0.0225, and 0.0148 for Labz , Laazz , and Lbbzz , respec-
tively. The polynomial order M is taken as 9. Note that
〈11A′|̂Lz|11A′′〉 is imaginary and its absolute value is thus
used. Figures 5(a), 5(b), and 5(c) describe the stretching
potential curves of the five singlet states (11A′, 21A′, 31A′,
11A′′ and 21A′′ state) of CH2 as functions of bond length
RCH2 , with RCH1 fixed at 2.09 bohrs and ∠HCH at 180◦,
175◦ and 160◦, respectively; at linearity, 11A′ and 11A′′ states
become a degenerate Δ pair. Due to the conical intersection
between Π and Δ at RCH2 = 3.38 bohrs, Labz , Laazz , and Lbbzz in
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Table 3: The barrier to linearity of the ã1A1 and ˜b1B1 states.

Barrier to linearity
Note

ã1A1 (cm−1) ˜b1B1 (cm−1)

9073.5 885.2
Our calculation at icMRCI(6e,
7o)/AVQZ

8895.1 907.3
Our calculation at icMRCI(6e,
7o)+Q/AVQZ

8735.8 706.2
Our calculation at icMRCI(8e,
8o)+Q/optACVQZ

8715.1 760.2 Our PESs

8800
The empirically adjusted value
based on the visible spectraa

8797 Ab initio valueb

8666 725
The fit of empirically spectra and ab
initio calculationsc

8600± 400 The derived value from experimentd

8000 The derived value from experimente

9217.7 953.2 Ab initio valuef

9644 Ab initio valueg

9451.1 1193.0 Othersh

9750.0± 71.0 1616.6± 94 Othersi

9600 Othersj

9870 Othersk

9144 879 Othersl

9356 1049 Othersm

a
From Ref. [17]. bFrom [34]. cFrom [8]. dFrom [19]. eFrom [2]. f From

[3]. gFrom [30]. hFrom [5]. iFrom [56]. jFrom [57]. kFrom [7]. lFrom
[41].mFrom [24].

Figure 5(d), which shows the dependence of the electronic
matrix elements with RCH2 stretching, are almost constants
(2, 4, and 4) for RCH2 < 3.38 bohrs due to quantization
of the electronic angular momenta (Labz = 2, Laa,bb

zz =
4 for the Δ state); however, they change rapidly to 1 at
RCH2 ≈ 3.38 bohrs. Almost similar changing could be found
in Figures 5(e) and 5(f) with ∠HCH = 175 and 160◦ due
to the PESs intersections. And much more interesting rapid
changing can also be found in the other three states (21A′,
31A′, and 21A′′), for example, 〈21A′ | ̂L2

z | 21A′〉, but this is
beyond the subject of the present work.

In Figure 6, the contour plots for Labz , Laazz , and Lbbzz of the

ã1A1 and ˜b1B1 states of CH2 as function of CH stretching and
∠HCH bending are presented. It is well noticed that along
the HCH axis, the values of Labz � 2 and Laa,bb

zz � 4 but
then as the molecule deviates from linearity the values of Labz
and Laazz decrease, and the values of Lbbzz increase at the short
RCH region but decrease at the long RCH region. The values
of Labz and Laa,bb

zz begin to drop rapidly and monotonically
to 1 at RCH = 3.1 bohrs due to the Δ/Π PES intersection
at linearity. Figure 7 shows the variation of the electronic
matrix elements for the two lowest-lying singlet electronic
states as functions of the bending angle ∠HCH, with the
CH-distance optimized for the ã1A1 state. It is shown that, as
the molecule bends, the curve of Labz decreases monotonically

Table 4: The calculated J = 0 vibronic energy levels of the ã1A1 and
˜b1B1 states on our ab initio PESs employing the MCTDH method,
compared with other theoretical results and experimental values.
The energy levels are in cm−1, relative to the zero point energy of
the ã1A1 state.

ã/˜b ν1 ν2 ν3
Green Jr.

et al.a
Gu et al.b Ours Expt.

ã 0 1 0 1356 1351.2 1350.9 1352.6d

ã 0 2 0 2675 2664.1 2666.9 2667.7d

ã 1 0 0 2808 2807.5 2808.9 2806.0e

ã 0 0 1 2863 2864.5 2862.5 2865.0e

ã 0 3 0 3962 3945.6 3950.6 3950.5d

ã 1 1 0 4159 4156.5 4150.4 4152.8f

ã 0 4 0 5216 5191.5 5199.2 5196.6d

ã 1 2 0 5452 5437.6 5444.1 5444.9f

ã 2 0 0 5538 5529.3 5529.3 5531.4f

ã 0 5 0 6430 6397.9 6406.8 6403.0d,f

ã 1 3 0 6706.4 6712.0 6714.1f

˜b 0 0 0 8383 8354 8349 8350h

˜b 0 1 0 9566 9537 9534 9537h

˜b 0 2 0 10848 10831 10828 10827h,i

˜b 0 3 0 12231 12226 12220 12220g,i,j

˜b 0 4 0 13681 13684 13673 13678g

˜b 1 2 0 13850 13840 13835 13834g

˜b 1 3 0 15116 15121 15106 15114g

˜b 0 5 0 15317 15326 15313 15319g

˜b 2 2 0 16749 16749 16738 16742k

˜b 0 6 0 16929 16948 16934 16941c,g

˜b 1 5 0 18186 18201 18182 18192k

˜b 0 7 0 18590 18617 18603 18610c,g

a
From [17]. bFrom [19].cFrom [58]. dFrom [8]. eFrom [11]. f From [59].

gFrom [2]. hFrom [10]. iFrom [12]. jFrom [9]. kFrom [60].

from 2, that of Lbbzz rises from 4 basically in a monotonic way,
but that of Laazz first goes down from 4 and then goes up.

4.3. Vibronic Energy Level Calculations. We have calculated

the vibronic energy levels of the ã1A1 and ˜b1B1 states on
our ab initio PESs employing the block improved relaxation
scheme [61, 62] in the multiconfiguration time-dependent
Hartree (MCTDH) method [63–65]. The J = 0 energy
results are listed in Table 4 and are compared with experi-
ments and calculations by other groups. The variation of the
electronic matrix elements with geometry is not considered,
and other groups also adopted this treatment in previous
calculations. For consistency, the energy levels in Table 4 are
labeled by the bent molecular notation (ν1, ν2, ν3).

Our calculated results are in excellent agreement with
the experimental values, reflecting the accuracy of the

constructed ab initio PESs. For the energy level of ˜b(0, 2, 0),
our result 10828 cm−1 is closer to the experimental value
10827 cm−1 from Sears et al. [10, 12] than 10823 cm−1 from
Herzberg and Johns [2]. The experimental results from Sears
et al. are more reliable [10, 12, 16]. Compared with the



10 Advances in Physical Chemistry

E
le

ct
ro

n
ic

 m
at

ri
x 

el
em

en
ts

Bending angle of HCH (radian)

4

3.5

3

2.5

2

1.5

Lab
z

Laa
zz

Lbb
zz

O
pt

im
iz

ed
 C

H
-d

is
ta

n
ce

 (
bo

h
r)

2.15

2.1

2.05

2

1.95

CH-distance

5

4.5

0 0.25 0.5 0.75 1 1.25 1.5

Figure 7: The Renner-Teller terms (Labz , Laazz , and Lbbzz ) of CH2 for the
two lowest-lying singlet electronic states as functions of the bending
angle ∠HCH, with the CH-distance optimized for the ã1A1 state.

calculated results from Green Jr. et al., our results are closer
to experiment [17]. Generally speaking, our results are in
slightly better agreement with the experimental values than
the results of Gu et al. [19], and it should be noted that the
semiempirical PESs used by Gu et al. were adjusted according
to the experimental values while ours are fully ab initio ones.

5. Summary

In this work, we report fully ab initio PESs for the RT coupled
11A′ and 11A′′ states of CH2 suitable for the spectroscopic
study, based on the icMRCI+Q method using the AVQZ and
a kind of optimized ACVQZ basis sets. The core and core-
valence correlation effects are included, which are necessary
for an accurate quantum chemical description of the CH2

electronic states. The analytical representations of the two
lowest-lying singlet PESs, with the inclusion of the matrix
elements of electronic angular momentum Labz , Laazz , and
Lbbzz , are obtained by fitting. The obtained PESs are smooth,
and the two adiabatic potentials are exactly degenerate at
linearity. The minimal energy structures and the barriers to
linearity predicted by our PESs are in excellent agreement
with available experimental data. Furthermore, the MCTDH
quantum dynamical calculations are carried out on these
new PESs, and the calculated vibronic energy levels are in
excellent agreement with the experimental values. Further
work on the construction of the global PESs for the 11A′ and
11A′′ states, suitable for the C(1D)+H2 reactive scattering
studies, is in progress, and various PES intersections as
revealed in our previous work [34], in particular conical
intersections, will be included.
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Chemical Physics, vol. 91, no. 11, pp. 6566–6578, 1989.

[12] G. E. Hall, A. V. Komissarov, and T. J. Sears, “Doppler-resolved
spectroscopy as an assignment tool in the spectrum of singlet
methylene,” The Journal of Physical Chemistry A, vol. 108, no.
39, pp. 7922–7927, 2004.

[13] A. J. Marr, T. J. Sears, and B. C. Chang, “Near-infrared
spectroscopy of CH2 by frequency modulated diode laser
absorption,” The Journal of Chemical Physics, vol. 109, no. 9,
pp. 3431–3442, 1998.

[14] Z. Wang, Y. Kim, G. E. Hall, and T. J. Sears, “State mixing and
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MCTDH Package, Version 8.2, 2000, University of Heidelberg,
Germany. H.-D. Meyer, Version 8.3, 2002, Version 8.4, 2007,
http://mctdh.uni-hd.de.



Hindawi Publishing Corporation
Advances in Physical Chemistry
Volume 2012, Article ID 867409, 15 pages
doi:10.1155/2012/867409

Review Article

Applications of Potential Energy Surfaces in the Study of
Enzymatic Reactions

Eric A. C. Bushnell, WenJuan Huang, and James W. Gauld

Department of Chemistry and Biochemistry, University of Windsor, Windsor, ON, Canada N9B 3P4

Correspondence should be addressed to James W. Gauld, gauld@uwindsor.ca

Received 26 June 2011; Revised 23 August 2011; Accepted 29 August 2011

Academic Editor: Laimutis Bytautas

Copyright © 2012 Eric A. C. Bushnell et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

From a generated PES, one can determine the relative energies of species involved, the sequence in which they occur, and the
activation barrier(s) associated with individual steps or the overall mechanism. Furthermore, they can provide more insights than
a simple indication of a path of sequential mechanistic structures and their energetic relationships. The investigation into the
activation of O2 by alpha-ketoglutarate-dependent dioxygenase (AlkB) clearly shows the opportunity for spin inversion, where
one can see that the lowest energy product may be formed via several possible routes. In the investigation of uroporphyrinogen
decarboxylase III (UROD), the use of QM/MM methods allowed for the inclusion of the anisotropic protein environment
providing greater insight into the rate-limiting barrier. Lastly, the mechanism of 6-phospho-α-glucosidase (GlvA) was discussed
using different active site models. In particular, a continuum model PES was compared to the gas-phase PES.

1. Introduction

For a chemical reaction, enzymatic or nonenzymatic, the
reactants, intermediates, and products all exist on a multidi-
mensional surface. With this surface, a reaction is perfectly
described by the statistical average of all possible paths
from reactants to products via all possible intermediates [1].
However, a system with N atoms would require computing a
(3N-6)-dimensional surface. Hence, if X number of points
are to be computed for each of the (3N-6) dimensions,
then X3N-6 calculations must be done [1]. Thus, such an
undertaking is usually only computationally feasible for
chemical models that consist of a few atoms. In contrast,
studies on enzymatic mechanisms often necessarily require
large chemical models consisting of important active site
functional groups and cofactors and the substrate. Indeed,
the cluster-based approach for investigating biochemical
reactions typically use chemical models containing 200
atoms or more [2]. Thus, for such systems, it is impossible to
determine the complete PES. Instead, a “slice” of the surface
is typically constructed that involves only two coordinates,
energy and reaction coordinate, and is commonly referred to
as the PES [3].

The use and applicability of such “reduced-dimension-
ality” PESs reflects the fact that chemists and biochemists
are usually only interested in key, mechanistically relevant
structures including, for example, the (i) isolated reactants,
(ii) reactive complex, (iii) transition structures (TS), (iv)
intermediate(s), (v) product complex, and (vi) the separated
products (Figure 1) [1]. It is noted that in general, compu-
tational studies on enzymatic reactions are investigated with
the enzyme-substrate complex already formed. This is due
in part to the inherent difficulties associated with modeling
substrate binding and product release such as, for instance,
consideration of clathrate waters. Furthermore, as previously
stated [4], in some cases substrate binding is “seldom the
most interesting part of the potential surface”.

A “reduced dimensionality” PES can provide a consid-
erable amount of information and insight into a chemical
system. For example, a common goal of computational
chemistry is the accurate determination of the thermochem-
istry of a particular system. From a PES, one can determine
the relative energies of species involved, the sequence in
which they occur, and the activation barrier(s) associated
with individual steps or the overall mechanism. Conse-
quently, one can determine if a reaction step or pathway is
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Figure 1: A generic PES showing (i) isolated reactants, (ii) reactive
complex, (iii) TSs, (iv) intermediate complex, (v) product complex,
and (vi) separated products.

feasible under the given conditions. With the appropriate
corrections, these potential energies can be converted to
enthalpies or free energies as has been previously discussed
in detail [3]. For enzyme-catalysed reactions, free energy
barriers between 55–75 kJ mol−1 are typical with the upper
thermodynamic limit generally held to be 84–105 kJ mol−1

[4]. For barriers greater than 40 kJ mol−1, transition state
theory is sufficiently accurate to enable determination of
the associated rate constant, albeit perhaps to within several
orders of magnitude (1) [4]

k = kBT
h

e−ΔG‡/RT. (1)

The reliability and accuracy of any PES is dependent on
the computational model used; that is, the choice of compu-
tational method plus chemical model. A common approach,
in particular for investigations of enzymatic processes, is
the use of “cluster chemical models” in combination with
a reliable quantum mechanical (QM) or density functional
theory (DFT) methods. Typically, in such cases, only those
regions of the active site-substrate complex involved in bond
making and breaking processes and active site residues or
functional groups that play a direct role are included [5].
For the study of biocatalytic processes, DFT methods, in
particular, B3LYP, are presently the most widely used [6–
8]. This is due to the fact that they include electron cor-
relation effects yet are computationally less expensive than
more conventional wave function-based electron correlation
methods. Hence, they can be applied to comparatively large
chemical models [4, 9]. Furthermore, they have been shown
to often be able to provide accurate and reliable structures
and thermochemistry. Indeed, B3LYP has been shown to
often be highly accurate [5] with relative energy errors
for 1st and 2nd row atom and transition metal-containing
systems of just ∼13.0 and ∼21.0 kJ mol−1, respectively [4].
The surrounding protein environment, more specifically its
general polarity, is then included via use of a polarizable
continuum model (e.g., IEF-PCM) [10, 11].

More recently, QM/MM methods have been increasingly
applied to the elucidation of enzymatic reaction PESs. This
is due in part to the fact that (i) they are able to model a
greater portion of the enzyme through their combined use
of QM and molecular mechanics (MM) methods, and thus
(ii) are able to model the polar and steric nonhomogeneity
of the protein environment surrounding the active site.
Furthermore, the computed energetics of the system have

been shown to often converge faster with increasing chemical
model size than for the above cluster/QM-based approach
[12]. In addition, the role of the residues and mechanism
is also less sensitive to increasing or varying model size
[13]. However, QM/MM-based approaches suffer some of
the same limitations as the alternative cluster/DFT approach
such as the fact that the dynamic behaviour of the enzyme is
not fully taken into account [13, 14]. The application of these
methods to the elucidation of enzymatic pathways has been
previously reviewed; see, for example, Senn and Thiel [15]
and Llano and Gauld [16].

There are computational techniques available to deter-
mine a statistical average of possible alternative pathways
of an enzymatic reaction [1, 3, 12, 17]. One common
approach is to use a semiempirical (SE) method to describe
the QM layer, while an MM method is used to describe
the outer layer. The use of SE methods is due to the fact
that extensive sampling of the protein, substrate, and solvent
must be performed in order to calculate the free energies.
This sampling requires large numbers of calculations that
also include the inner layer, hence the need for highly
efficient methods that describe this region. Alternatively,
the CPMD method typically describes the inner layer using
DFT methods. However, due to the added computational
costs, simulation timescales are limited to 0.1 ns, significantly
shorter than those noted above using SE methods [18].
In addition, QM/MM MD can also be used to determine
free energies. Similar to CPMD, QM/MM MD uses DFT
methods to describe the inner layer, where the complete
QM/MM model is simulated for a period of time [19].
For electron transfer (ET) processes, a combined QM/MM
and MD approach can be used to obtain free energies [20].
More specifically, structures of the ET reactant and product
are obtained using QM/MM. An MD simulation is then
run on these structures, where the equilibrium averages of
the MD trajectories are used to calculate the free energies.
It is noted that Zhang et al. [13] investigated the effects
of structural fluctuations on the reaction energy barrier
in the catalytic mechanism of acetylcholinesterase. Using
eight different starting conformations obtained from a 1 ns
MD simulation, they found that while the enzyme-substrate
structural fluctuations led to differences in the calculated
barrier of approximately±8 kJ mol−1, the mechanistic details
remained very consistent.

Potential energy surfaces, however, can provide more
insights than a simple indication of a path of sequential
mechanistic structures and their energetic relationships. For
example, species found along an enzymatic mechanism
may have more than one electronic state that lie close in
energy and within the boundaries imposed by the “enzyme
thermodynamic limit” (see above), particularly in the case
of metalloenzymes. Often, such species contain one or more
unpaired electrons. Importantly, however, it is possible that
as a reaction progresses, the energy differences between states
may vary, and in fact, may even change in their energetic
ordering. Thus, a mechanism may proceed via “switching”
between states, that is, undergoing a spin inversion (SI). Such
reactions are termed multistate reactions (MSR). Hence, in
the case of MSR pathways, a fundamental property is that
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Scheme 1: Examples of alkylated nucleobases known to be repaired under physiological conditions by the AlkB family of enzymes [21].

the PES for each state may cross or may remain in close prox-
imity due to the near degeneracy of the d-orbitals of metals
within the complex [22]. The ability in changing of states
may have a significant impact on the reaction. For example,
for a given transition metal complex, a particular reaction
may have a significant barrier, and thus may not feasibly
occur. However, for another possible state of the complex,
this reaction may have a markedly lower barrier such that
it may now be feasible. While SI is typically forbidden, it
has been suggested that it may be common in transition
metal chemistry [23] and by extension, metalloenzymes. The
points at which SI may occur on a full-dimensionality PES
are challenging to describe accurately due to the possibility of
strong spin-orbit coupling between the two states. However,
these crossing points are not generally at stationary points
[23]. Fortunately, modern computational tools are good
at locating stationary points [23]. Thus, one can map a
“reduced-dimensionality” PES for each state, and where they
cross indicates a possible region in which SI may occur [23].

In this present paper, some of the ways in which PESs may
be exploited to provide insights into enzymatic mechanisms
and some factors that may influence their accuracy and
reliability are discussed. These are illustrated through a
review of several enzymatic systems that we have recently
examined. More specifically, this article highlights three
major topics in the application of PES in the elucidation
of enzymatic mechanisms through examples: (i) the use
of multistate reactivity PESs in elucidating possible path-
ways of O2 activation in the nonheme iron DNA repair
metalloenzyme alpha-ketoglutarate-dependent dioxygenase
(AlkB) and the movement of electrons within the active site
during the reactions progression [21], (ii) how differences in
model and method (QM versus QM/MM) choice influence
the mechanistic PES of Uroporphyrinogen Decarboxylase
III (UROD), a key “protein-only” enzyme in porphyrin
biosynthesis, [24, 25], and (iii) the influence of solvation
and the use of “broken” PESs in investigations on the mech-
anism of the NAD+ and Mn2+ dependent metalloenzyme 6-
phospho-α-glucosidase (GlvA) [26].

2. Multistate Reactivity Potential Energy
Surfaces: Activation of O2 in AlkB

An organisms “blueprint” is encoded in its DNA, in par-
ticular the sequence of its nucleobases. Thus, the fidelity
and integrity of these DNA components is essential to
its proper functioning and genetic transmission. However,
both internal (e.g., metabolic byproducts) and external (e.g.,

radiation) factors can damage nucleobases via depurination,
oxidation or deamination processes [27–34]. Alternatively,
they may be alkylated at their oxygen or nitrogen centres
[35]. Consequently, cells have developed several approaches
to mediate or repair such alkylation damage [36–40]. In
particular, the AlkB family of enzymes have evolved a novel
mechanism by which they oxidatively dealkylate several such
damaged nucleobases, specifically 1-meA, 3-meC, 3-meT,
and 1-meG (Scheme 1).

The AlkB proteins belong to the α-ketoglutarate-Fe(II)-
dependent dioxygenase superfamily but are the only mem-
bers to catalyze oxidative dealkylation [41, 42]. More
specifically, they are nonheme iron containing proteins in
which the Fe(II) ion is ligated by a facial triad of residues
consisting of two histidines (His131, and His187) and an
aspartate (Asp133) [43, 44]. In addition, they also require
α-ketoglutarate (α-KG) as a cosubstrate [41, 42] that is
converted to succinate during the mechanistic activation of
O2.

The overall mechanism of AlkB is thought to occur in
three stages: [21] (i) O2 activation to give an ferryl-oxo
(FeIV= O) moiety, (ii) reorientation of the FeIV = O oxygen
from the axial to an equatorial position, and (iii) oxidative
dealkylation of the alkylated nucleobase [45]. It is noted that
a reorientation of the FeIV = O has been suggested to occur
in other enzymes of this superfamily such as the clavaminate
synthase [46], while the dealkylation step has been previously
computationally studied [21].

The overall proposed mechanism by which the O2 moiety
is activated with concomitant oxidation of α-KG to succinate
and CO2 is shown in Scheme 2. In particular, following
binding of α-KG and O2, a self-redox process results in
formation of a ferric-superoxide FeIII-O2

•− species [47, 48].
This then nucleophilically attacks the α-keto group of α-
KG, resulting in its decarboxylation (i.e., loss of CO2) and
the formation of succinate with concomitant generation of
an “axial-positioned” FeIV = O intermediate. However, the
exact details by which the electrons released from the α-KG
cosubstrate are used in the O2 activation process, as well as
the influence of the systems electronic state upon the choice
of preferred pathway, remain unclear.

We examined [21] this key stage using a cluster/DFT-
based computational model. In particular, optimized geome-
tries were obtained at the PB-SCRF-B3LYP/LACVP(d) level
of theory with a dielectric constant of 4.0. Frequency
calculations were performed on these structures in order
to characterize them as minima or transition states. Rela-
tive total energies were calculated via single-point energy
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calculations at the PB-SCRF/B3LYP/LACV3P+(d,p) level of
theory based on the above geometries. All calculations were
performed using the Gaussian 03 [49] and Jaguar 5.5 [50]
software packages. For the chemical model, the coordinates
of the key active site residues and groups were obtained from
a crystal structure of AlkB (PDB: 2FD8) and is shown in
Scheme 3 [45]. In order to maintain integrity of the model, a
minimum number of atoms remote from the reactive regions
were held fixed at their crystal structure positions. Complete
computational details are provided in the article by Liu et al.
[21].

The potential energy surfaces obtained for activation of
O2 in AlkB to give the highly reactive oxo- and oxyl-type
intermediates (IC4) are shown in Figure 2. It should be noted
that the oxidation state of the Fe centre in each complex was
in part determined by calculating its spin density [21]. In
addition, in order to provide further insights into electron
transfer processes, a stylized electronic representation of
the bond making/breaking region is also shown for the
minimum energy path. Assuming the commonality of spin
changes in transition metal chemistry, this minimum energy
path involves spin inversion from the septet to quintet surface
[23].

The preferred mode for O2 binding to the Fe(II) centre
is end-on (η1). Four overall spin combinations are possible
for the resulting dioxygen-bound α-KG−Fe(II) active-site
complex (RC): singlet, triplet, quintet, and septet. The overall
spin-triplet complex, 3RC, was chosen to be the reference
energy level throughout this work.

In both the singlet and triplet states, O2 binding has
occurred without electron transfer from the Fe(II) to O2

moiety. The spin-singlet state, 1RC, lies significantly higher
in energy than 3RC by 57.1 kJ mol−1 (not shown). This is
likely due to less favourable antiferromagnetic alignment
of the unpaired electrons of 1O2( 1Σ+

g ) with the low-spin

Fe(II) centre in 1RC, compared to 3O2( 3Σ−g ) with the high-

spin Fe(II) centre in 3RC [21]. In contrast, in the quintet
and septet spin states, O2 binding occurs with charge
transfer. That is, a high-spin sextet Fe(III) ion (S = 5/2) is
formed with concomitant reduction of 3O2 (valence elec-
tron configuration σ2

x π
2
yπ

2
z π
∗1
y π∗1

z σ∗0
x in a fragment orbital

picture) to O2
•−(σ2

x π
2
yπ

2
z π
∗2
y π∗1

z σ∗0
x ). Importantly, the spin-

septet 7[FeIII-O2
•−] complex ( 7RC) lies 12.5 kJ mol−1 lower

in energy than 3RC, while the spin-quintet complex 5RC is
just 5.7 kJ mol−1 higher in energy than 3RC.
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While 3RC was chosen as the “reference relative energy”
for all complexes, the mechanistic details of the spin-triplet
PES are not discussed herein due to its considerably higher
activation barriers compared to the spin-quintet and spin-
septet surfaces (Figure 2).

For 7RC, the lowest energy reactant complex, the first
step is nucleophilic attack of the ferric-superoxide (7[FeIII-
O2
•−]) group at the pyruvate’s C2-carbon. It is noted that

the ability of FeIII-O2
•− to act as a strong nucleophile has

been previously investigated by both experimental [51–54]
and theoretical [55–58] studies. This step proceeds via 7TSI
with a barrier of only 19.1 kJ mol−1 to give the intermediate
complex 7IC1 lying just 1.8 kJ mol−1 lower in energy than
7TSI (Figure 2). In 7IC1, the O2 moiety forms a peroxy
bridge between Fe(III) and the pyruvate cosubstrates C2-
centre [21]. In the subsequent step, the cosubstrate’s C2–
COO− bond is cleaved with the electrons formally moving
into the Fe-peroxo moiety. As a result, the iron is reduced to
Fe(II), while the peroxy moiety now has a charge of −2, and
consequently, its O–O bond lengthens considerably. This step
proceeds via 7TS2 with a barrier of 34.4 kJ mol−1 to give the
ferric-peroxide intermediate 7IC2 lying 15.9 kJ mol−1 higher
than 7IC1. The peroxide O–O bond is then cleaved with
concomitant two-electron oxidation of the Fe(II) centre to
Fe(IV) via 7TS4 at a cost of just 5.7 kJ mol−1 with respect to
7IC2. The resulting Fe(IV)-oxo-type product complex 7IC4
is considerably lower in energy than 3RC by 168.6 kJ mol−1.
Thus, overall, this pathway is enzymatically feasible.

On the quintet-state PES, the first step is also found
to be nucleophilic attack of the 5[FeIII-O2

•−] group at the
cosubstrate’s C2 centre. However, this now occurs with
decarboxylation of the pyruvate and concomitant reduction
of both Fe(III) and O2

•− to Fe(II) and O2
2−, respectively.

Importantly, this reaction proceeds via 5TSI with a barrier
of only 32.4 kJ mol−1 to give the energetically very low
lying intermediate 5IC2 (−160.8 kJ mol−1). Based on their

structural similarity, it is suggested that 7IC1 could be re-
garded as the reaction-coordinate equivalent of 5TSI [21].
Subsequently, 5IC2 can undergo a stepwise two-electron
transfer from Fe(II) to the O–O unit [21]. The first electron
transfer occurs via 5TS3 without a barrier. It is noted
that optimized structures are obtained by minimization of
the electronic energy at 0 K. As a result, on flat PESs the
inclusion of energy corrections via, for example, single-
point calculations, enthalpy, or Gibb’s free energy corrections
can result in TSs having lower relative energies than the
reactant or product which it interconnects. This is typically
taken to indicate that the particular reaction essentially
occurs without a barrier. In the resulting intermediate 5IC3,
the electron has transferred from the Fe(II) into the σ∗o–o
orbital. As a result, the peroxo moiety, in a fragment MO
picture, has the electronic configuration σ2

x π
2
yπ

2
z π
∗2
y π∗2

z σ∗1
x .

The second electron transfer proceeds via 5TS4 at a cost of
7.1 kJ mol−1 to give the ferryl-oxo product complex. 5IC4 is
the ferryl-oxo compound and is found to lie 25.3 kJ mol−1

lower in energy than 5IC3. This one-electron oxidation of
Fe(III) again promotes an electron into to the σ∗o–o orbital,
thus giving the peroxo moiety the highly unstable electron
configuration σ2

x π
2
yπ

2
z π
∗2
y π∗2

z σ∗2
x and resulting in scission of

the O–O linkage. The complex 5IC4 lies significantly lower
in energy than 3RC by 220.1 kJ mol−1. Importantly, however,
it is also markedly lower in energy than both 7IC4 and 3IC4
by at least 40.8 kJ mol−1 (Figure 2).

Thus, by elucidating the pathways for the various possible
spin states one can see that the lowest energy product 5IC4
may in fact be formed via several possible low energy routes.
In particular, it may occur either at the beginning of the
mechanism via an initial spin inversion from 7RC to 5RC,
and thus providing a pathway with an overall barrier of
50.6 kJ mol−1. Alternatively, spin inversion may occur along
the pathway, for example, as 7IC1 reacts and proceeds to-
wards 7TS2 and thus to directly give 5IC2, allowing for
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cleavage of the peroxo O–O bond with a possible pathway
barrier of less than 50.6 kJ mol−1. Importantly, spin inversion
would enable the mechanism to access and proceed via
considerably more exoergic intermediates, for example, 5IC2
lies 181.3 kJ mol−1 lower in energy than 7IC2 [21]. The
probability of SI occurring at a crossing-point is determined
by the strength of spin-orbit coupling between the two states.
Fortunately, as noted in the introduction, such crossing-
points are not generally stationary points [23]. In addition, it
is rarely found that the spin-orbit coupling is so strong that
it affects the adiabatic energies of the PESs of the two states
[23].

3. Effects of Explicitly Modeling the Protein
Environment on the Catalytic Mechanism of
Uroporphyrinogen Decarboxylase III

Porphyrin is an important biomolecule for all organisms. It
plays a range of diverse key roles in, for example, proteins and
enzymes involved in ligand transport, electron transfer, light
harvesting, and redox mechanisms [62–65]. Within cells, its
biosynthesis occurs via a multistage multienzymatic process
in which Uroporphyrinogen Decarboxylase III (UROD)
catalyses the first branching point, the fifth step. Specifically,
it catalyses the sequential nonsymmetric decarboxylation of
the four acetates of uroporphyrinogen III (URO-III) to give
coproporphyrinogen III (CP-III) [62–64, 66].

UROD exists as a homodimer, and it has been shown
experimentally that each active site is independent from the
other [24]. Three electrostatic regions have been identified

within each active site: a negative, a polar-positive, and
a hydrophobic region [62]. The negatively charged region
contains an invariant aspartyl (hUROD: Asp86) that is
thought to help orientate the substrate for catalysis as
well as stabilize various mechanistic intermediates [62, 67].
Helping in substrate binding and recognition, the polar-
positive region contains several residues that interact with the
carboxylates of URO-III [67, 68]. Importantly, of these polar-
positive residues, it has been found that one or more active-
site arginyl residues (hUROD: Arg37, Arg41 and Arg50)
are catalytically essential [62, 68–71]. While all four acetate
decarboxylations are believed to involve the same catalytic
residues, unfortunately, the exact mechanistic role of various
active site residues remains unclear.

A general mechanism has been proposed for decarboxy-
lation of the pyrrole-acetate and is shown in Scheme 4 [59–
61]. Specifically, two acids are thought to be involved. In
the first step, an acid (HA) protonates the C2 carbon of
the pyrrole ring. This destabilizes the carboxylate group,
resulting in cleavage of the C3′–C3′′OO− bond, that is,
decarboxylation. The second acid (HB) then protonates the
newly formed methylene C3′ carbon, while the first acid,
now in its conjugate base form (A−), abstracts a proton from
the–C2H2

+–group, thus regenerating HA.
Several experimental X-ray crystal structure and kinetic

studies, based on this “blueprint”, have proposed possible
identities for the two mechanistic acids. Specifically, from
enzyme X-ray structures they obtained coupled with manual
docking of the substrate, Martins et al. [64] suggested that
HA is Asp86, while HB is Tyr164. In contrast, based on
a X-ray crystal structure of a UROD· · ·product complex,
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Phillips et al. [67] suggested that HA is an H2O but were
unable to conclusively determine HB. More recently, Lewis
and Wolfenden, [69] using kinetics and pKa measurements,
suggested that HA and HB are Asp86 and Arg37, respectively.

Silva and Ramos [25] performed a computational
investigation on the first acetate decarboxylation of URO-
III as catalysed by UROD. More specifically, they used a
cluster/DFT-type approach with a chemical model consisting
of the aspartyl (Asp86) and arginyl (Arg37) R-groups
and 1,3,4-methyl-2-acetyl pyrrole for the URO-II substrate
(Figure 3). This model was derived from a crystal structure
of a UROD· · ·product complex [67]. A PCM-solvation
approach was used to model the general affects of the
surrounding protein environment. Using this computational
model, they concluded that decarboxylation could proceed
in accordance with the “blueprint” mechanism and that it
was thermodynamically and enzymatically feasible with an
overall barrier of 89.5 kJ mol−1 [25]. Notably, this energy
corresponded to the initial step, that is, proton transfer
from Arg37 onto C2 of the substrate pyrrole ring. Thus,
the R-group guanidinium of the active-site residue Arg37
was concluded to be both suitably positioned and capable of
acting as the general acid HA that protonates the substrate’s
C2 centre. They further concluded that the second proton,
from HB, is donated by the solvent. However, based on the
experimental observation that stereochemistry is retained
at the C3′ centre from which the CO2 is lost, it has been
concluded that HB must be an active site residue [59, 60, 72].

We reexamined the catalytic mechanism of UROD using
an alternate computational approach. In particular, it was
investigated [24] through combined QM and MM methods
in the ONIOM formalism with mechanical embedding
[73–81] as implemented in the Gaussian 03 [44] program
suite. Such an approach enabled us to consider the role
of a second arginyl (Arg50) residue as well to take into
account the anisotropic environment surrounding the active
site. The resulting QM/MM chemical model included the
substrate URO-III and all active site residues immediately
surrounding it, that is, first-shell residues (Figure 3). In

addition, for those portions of the substrate exposed to
solvent, the first solvation shell was retained. A subset of
the complete model centered on the reactive region of
the active site was then selected for the high-level QM
treatment consisting of two arginyls (Arg37 and 50), an
aspartyl (Asp86) residue, and the first substrate pyrrole that
is decarboxylated [24]. Optimized geometries were obtained
at the ONIOM(B3LYP/6-31G(d):AMBER94) level of theory
[82]. However, in order to obtain more reliable calculated
relative Gibbs free energies, single-point energy calculations
on the above optimized structures were performed at the
ONIOM(B3LYP/6-311+G(2df,p):AMBER94) level of theory.
The free energies were obtained by adding the necessary
energy corrections calculated at standard ambient tempera-
ture and pressure (SATP) as implemented in Gaussian 03.

Using this larger and more complete model, the initial
step is again proton transfer from the guanidinium of Arg37
onto the C2 centre of the substrate pyrrole. However, this
step now occurs via TS1 at a cost of 43.1 kJ mol−1 relative to
the initial substrate-bound active site complex RC (Figure 4).
This is approximately half the size of the barrier for this initial
step obtained by Silva and Ramos [25] using a cluster/DFT
approach. Experimentally, human UROD has been measured
to have a kcat value of 0.16 s−1 [5, 69, 83], corresponding
to an overall barrier of 77.4 kJ mol−1. Thus, the smaller
cluster/DFT approach would appear to give better agreement
than the above larger and more extensive QM/MM-based
approach. However, as summarized by Juárez et al. [84],
decarboxylation of URO-III generating the 7-carboxylate
intermediate, that is, the first decarboxylation, is most likely
not the rate-limiting step. In fact, for several variants of
UROD, the rate-limiting step appears to be the decarboxy-
lation of the 7-carboxylate intermediate, that is, the second
acetate decarboxylation. It is noted that for UROD from
various species, the experimentally determined barriers for
the first decarboxylation lie in the range of 8.4–51.5 kJ mol−1

[68, 84]. Thus, the QM/MM calculated barrier is in fact in
better agreement with related experimentally reported values
for the decarboxylation of ring D.
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The resulting C2-protonated intermediate (I1) lies high-
er in energy than RC by just 6.3 kJ mol−1. Importantly, with
the explicit addition of the protein environment (as opposed
to the use of a PCM approach), a stabilizing effect occurs.
This stabilizing effect is seen to reduce the relative energy of
I1 by 41.0 kJ mol−1 in comparison to that obtained using the
cluster/DFT approach in which I1 was calculated to lie higher
in energy than RC by 47.3 kJ mol−1 [25].

Following protonation of C2 by Arg37, the next step is the
decarboxylation of the acetate moiety (Scheme 4). Using a
cluster/DFT-based approach, Silva and Ramos [25] obtained
a barrier for this step of 82.4 kJ mol−1. Furthermore, based
on the optimized structures obtained, they concluded that
the release of CO2 was hindered by the hydrogen bond
interaction between the carboxylate of Asp86 and the pyrrole
ring’s HN moiety. In contrast, using a QM/MM-based
approach, we found that this occurs via TS2 with a relative
energy barrier lower than that of I1 (again due to inclusion
of single-point energy and Gibb’s free energy corrections;
see section on Multistate Reactivity PESs) [24]. That is, the
loss of CO2 from the acetate essentially occurs without a
barrier. Furthermore, a more complete and explicit inclusion
of the protein environment enables a lengthening of the
Asp86· · ·C2-protonated pyrrole interaction. In turn, this
leads to a destabilization of the C2-protonated pyrrole and
thus enhancement of the rate of decarboxylation [25].

The subsequent and final step is protonation of the newly
formed methylene carbon from which the CO2 was lost.
Unfortunately, direct comparison of the results obtained
using the cluster/DFT-based [25] and QM/MM-based [24]
approaches for this step is not possible. Using the former
approach, the proton transferred to C′3 was proposed
to originate from the solvent. In contrast, for the latter
QM/MM-based study, it was found that a second arginyl
active site residue (Arg50) could act as the second required
mechanistic acid HB (Scheme 4) that protonates the methy-
lene carbon. Furthermore, the barrier for this step was just
3.1 kJ mol−1 [24]. It is noted that the identification of an

active site residue as HB is supported by experimental con-
clusions based on the observed retention of stereochemistry
at the pyrrole-CH3 group formed [59–61].

4. Elucidating the Catalytic Redox
Mechanism and “Driving Force” in
6-Phospho-α-Glucosidase (GlvA)

In aqueous solution under standard conditions, glycosidic
bonds are remarkably resistant to hydrolysis [85–89]. Glyco-
side hydrolases (GH) are the family of enzymes that catalyse
their hydrolytic cleavage within organisms and, in fact, are
amongst some of the most efficient enzymes known [90–
100]. In general, these enzymes are highly stereospecific;
however, the GH4 subfamily is able to catalyse the hydrolysis
of either or both α- and β-glycosidic bonds [101, 102]. The
enzyme 6-phospho-α-glucosidase (GlvA) is a member of this
subfamily that uses NAD+ and a divalent Mn2+ as cofactors
in its redox mechanism of glycosidic bond cleavage [97, 103,
104]. In particular, the mechanism has been proposed to
proceed via two half-reactions shown in Scheme 5 [99, 105–
107]. The first is thought to be initiated by proton transfer
from the C3-OH group to an Mn2+ bound hydroxyl and
hydride transfer from C3–H to the NAD+ moiety, ultimately
resulting in cleavage of the glycosidic bond at C1. The cleaved
product moiety ROH is then replaced within the active site
by a water molecule. The second half-reaction is believed to
essentially be the reverse of the first with the H2O moiety in
place of the ROH.

In order to investigate the proposed [99, 105–107] cat-
alytic mechanism of GlvA, we employed [26] a cluster/DFT-
based approach in which a large active site model was
used with the surrounding protein simply modeled using
a PCM-based solvation method. In particular, optimized
geometries were obtained at the B3LYP/6-31G(d) 5D level
of theory. Relative energies were obtained at the B3LYP/6-
311+G(2df,p)//B3LYP/6-31G(d) 5D level of theory (i.e., gas-
phase). Corrections for the surrounding environment were
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obtained at the same level of theory using the integral
equation formalism (IEF-) PCM method with a dielectric
constant of ε = 4.0; a value typically used to model the
polarity of an internal protein environment [26]. The
chemical model used (Scheme 6) was derived from an X-
ray crystal structure of GlvA cocrystallized with the substrate
analog 6-phospho-β-glucose bound within its active site
(PDB ID: 1U8X) [100]. The coordinates of proposed key
mechanistic residues were then extracted, and a minimum
number of atoms remote from the reaction region were held
fixed at these positions in order to maintain integrity of the
model during computations. Full computational details are
provided in [22].

The PESs obtained for the two half-reactions are illus-
trated in Figure 5. The relative energies given in parenthesis
were obtained in the gas phase, that is, without use of the
PCM-based approach to model the general effects of the
surrounding polar protein environment, and are included
for comparison (see below). The catalytic mechanism of
GlvA is initiated by an oxidation of the glucopyranose
ring at the 3-position. Specifically, the 3′–OH group first
transfers its proton to the metal bound hydroxide ligand
(Mn2+ · · ·OH−) to give a metal-bound water and a now
negatively charged 3′–O− moiety on the sugar ring (IC1).
This step occurs with a barrier of 22.7 kJ mol−1 when
within the protein environment (“solution phase”), while the
resulting intermediate IC1 lies 46.3 kJ mol−1 lower in energy
than the RC. This is then followed by a hydride transfer from
the 3′C–H group to the pro-R face of the C4 centre of the
NAD+ [26] cofactor via TS2 at a cost of 80.8 kJ mol−1 with

respect to IC1. This results in the formation of the 3-keto
intermediate IC2 which lies only slightly higher in energy
than IC1 by 7.2 kJ mol−1.

With the formation of IC2, a double bond has now
been introduced into the substrate via the formation of a
keto group. In the subsequent steps, the double bond is
then effectively shifted around the ring via a series of keto-
enol tautomerizations coupled with proton transfers. First,
a glutamyl-tyrosyl catalytic diad deprotonates the 2′C–H
group of IC2 via TS3 to form the enolate (2′C = 3′C–
O−) containing intermediate IC3 (Figure 5). The barrier for
this process is 54.0 kJ mol−1, while IC3 lies 14.6 kJ mol−1

lower in energy than RC. This is subsequently followed by
proton abstraction from the C2–OH group by an adjacent
aspartyl (Asp172) residue. Simultaneously, however, the
Asp172 donates its proton to the leaving CH3O− moiety.
Importantly, it is in this step that the actual cleavage of the
glycosidic bond occurs via TS4 at cost of only 58.9 kJ mol−1

with respect to IC3. NBO and second-order perturbation
analyses were used to analyse the “driving force” that leads
to this greatly reduced barrier for heterolytic glycosidic bond
cleavage and the regioselectivity of GlvA [22]. In particular, it
was found that in the first half-reaction, electronic destabiliz-
ing effects within the sugar ring are enhanced due to several
electron delocalizations that strongly favour the heterolytic
cleavage of glycosidic bonds. Furthermore, this effect was
greater in the case of axial (α) compared to equatorial (β)
glycosidic bonds. It is noted that the first half-reaction is
exothermic as the resulting product complex IC4· · ·MeOH
lies 29.9 kJ mol−1, respectively, lower in energy than RC.
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For the second half-reaction, the cleaved MeOH moiety
must first be replaced by a water to give IC4· · ·H2O. By
comparing the energies of [IC4· · ·MeOH + H2O] versus
[IC4· · ·H2O + MeOH], it is found that this replacement
is slightly exothermic by 7.3 kJ mol−1. Thus, while this
exchange requires a “splitting” of the calculated overall PES,
one is still able to maintain an energetic relationship between
the two surfaces. With the formation of IC4· · ·H2O the
second half-reaction is effectively the reverse of the first half-
reaction [26]. For instance, it is initiated by nucleophilic
attack of the water oxygen at the C1 centre of IC4. This
occurs via TS5 at a cost of 77.7 kJ mol−1 in which the
attacking H2O simultaneously transfers a proton to the
Asp172 residue which itself transfers its proton onto the
C2–O− oxyanion centre. Similar to the analogous complex
IC3, the resulting intermediate IC5 lies only slightly lower in
energy than RC by 18.4 kJ mol−1. In the subsequent step, the
C2 centre is reprotonated by the catalytic tyrosyl-glutamyl
diad via TS6 at a cost of 79.5 kJ mol−1 to give the keto
intermediate IC6 lying 39.6 kJ mol−1 lower in energy than
RC. The last two steps in the overall mechanism begin
with a hydride transfer from the NADH moiety onto the
C3 centre via TS7, with a barrier of 72.2 kJ mol−1, to give
the oxyanionic intermediate IC7. Notably, both IC7 and
the preceding intermediate IC6 are essentially thermoneutral
with their analogous first half-reaction complex IC2 and IC1,
respectively (see Figure 5). The next and final step is a proton
transfer from the metal-bound H2O onto the newly formed
C3–O− group via TS8 at a cost of 98.6 kJ mol−1. The overall
mechanism is slightly exothermic, with the product-bound
active site complex PC lying just 4.0 kJ mol−1 lower in energy
than RC.

Comparison of the above “solution-phase” relative ener-
gies with the gas-phase energies enables one to gain insight
the role and effect of the general protein environment.
It can be seen from Figure 5 that the effect of the polar
environment is not systematic. For example, inclusion of
the polar environment stabilizes IC1 and TS7 by 17.3
and 42.3 kJ mol−1, respectively, but destabilizes IC2 and
TS4 by 0.5 and 10.0 kJ mol−1. In general, however, larger
effects are observed for transition structures; the observed
absolute changes in relative energies for TSs range from
3.3–42.3 kJ mol−1 while for the intermediates and product
complexes, they range from 0.5–27.3 kJ mol−1.

More importantly, however, the inclusion of the general
protein environment can have marked effect on the catalytic
mechanism. For example, in the gas phase the overall
mechanism is endothermic with the PC lying 11.4 kJ mol−1

higher in energy than RC. However, in the “solution-phase”,
it is now slightly exothermic by 4.0 kJ mol−1 (Figure 5).
Moreover, with the inclusion of the protein environment
the rate-limiting step has changed. Specifically, in the gas
phase, the proton transfer from the Mn2+-bound water
to the 3′C–O− group via TS8 represents the rate-limiting
step with a reaction barrier relative to RC of 78.3 kJ mol−1.
However, with inclusion of the protein environment (i.e., use
of a PCM-based approach), the energy of TS8 is reduced
significantly by ∼26.2 kJ mol−1 to 52.1 kJ mol−1 respect to
RC. As a consequence, TS6 (61.1 kJ mol−1) now has the
highest energy relative to RC. Thus, reprotonation of C2
by the catalytic tyrosyl-glutamyl diad has become the rate-
limiting step. In agreement with experiment, glycosidic bond
cleavage is not the rate-controlling step.
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Figure 5: Potential energy surfaces for the catalytic mechanism of redox hydrolysis of αGlc1Me by GlvA. Single-point energies calculated in
solvation and gas phase (parenthesis).

5. Summary

Potential energy surfaces (PESs) are powerful tools for elu-
cidating the catalytic mechanisms of enzymes. Indeed, they
can be more than a simple indication of a path of sequential
mechanistic structures and their energetic relationships. In
this paper the application of the tools and techniques of
computational chemistry in combination with PES investi-
gations has been described. Through a review of several of
our recently published studies on enzymatic systems, how
such an approach may be applied in order to provide deeper
insights into the movement of electrons during the course of
a reaction, the mechanistic role of active site residues and the
surrounding environment, and the utility of multistate PESs
in metalloenzymes has been highlighted. In addition, some
of the challenges that these studies may encounter, such as
appropriate choice of computational model on the reliability
and accuracy of a PES, have also been discussed.

For example, the catalytic activation of O2 by AlkB to
give the highly reactive oxo- and oxyl-type intermediates was
examined for several possible spin states. It was found that

at least in the initial steps of the process, multiple states were
close in energy with each other and, furthermore, within the
enzymatic thermochemical limit. As a result, and considering
the likelihood of spin changes in transition metal chemistry,
several minimum energy pathways to give the lowest energy
product complex 5IC4 were identified, each involving spin
inversion (SI) from a septet to quintet PES [23]. Importantly,
SI enables the catalytic mechanism of AlkB to access and
proceed via highly exoergic intermediates.

For the enzyme UROD, a comparison was made of its
catalytic mechanism as elucidated using a combined QM
and MM method in the ONIOM formalism with mechanical
embedding and a cluster/DFT+PCM approach. [25] Use
of a QM/MM approach enables one to more directly and
extensively model the anisotropic environment surrounding
an enzyme active site. In the case of UROD, with the
QM/MM-based approach, it was found that the stabilizing
effect of the surrounding environment provided a significant
reduction in both the calculated rate-limiting proton transfer
as well as the barrier for acetate decarboxylation. In fact,
the more accurate inclusion of the environment enabled us
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[19] to obtain an energy for the rate-limiting barrier in good
agreement with related experimentally determined values.

The applicability of cluster/DFT-based approaches to the
study of enzymatic systems was examined further using the
case of the glycosidic hydrolase GlvA. In particular, such an
approach was shown to be able to provide reliable and accu-
rate insights when used in combination with a well-chosen
chemical model. Inclusion of the general effects (polarity)
of the environment surrounding the active site was shown
to be important in choosing a suitable model. Indeed, its
inclusion had significant effects on the mechanism obtained
such as shifting it from an overall endothermic to exothermic
process. More importantly, however, the rate-limiting step
changed. Specifically, in the gas phase, a proton transfer from
a metal-bound water to the 3′C–O− group represented the
rate-limiting step. However, with the inclusion of the polar
protein environment using a PCM-based approach, the rate-
limiting step was instead protonation of the sugar ring’s C2
centre by the catalytic tyrosyl-glutamyl diad.
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Quantum instanton (QI) approximation is recently proposed for the evaluations of the chemical reaction rate constants with use
of full dimensional potential energy surfaces. Its strategy is to use the instanton mechanism and to approximate time-dependent
quantum dynamics to the imaginary time propagation of the quantities of partition function. It thus incorporates the properties
of the instanton idea and the quantum effect of partition function and can be applied to chemical reactions of complex systems.
In this paper, we present the QI approach and its applications to several complex systems mainly done by us. The concrete systems
include, (1) the reaction of H + CH4 → H2 + CH3, (2) the reaction of H + SiH4 → H2 + SiH3, (3) H diffusion on Ni(100) surface;
and (4) surface-subsurface transport and interior migration for H/Ni. Available experimental and other theoretical data are also
presented for the purpose of comparison.

1. Introduction

The accurate and efficient evaluation of chemical reaction
rate constant is one of prime objectives of theoretical reaction
dynamics. Since rigorous quantum mechanical approaches
are limited to small molecular (several atoms) reactions, a
variety of approximation approaches have been proposed.
Benefited from the small recrossing dynamics at not-too-
high temperatures, the transition state theories (TSTs), origi-
nally proposed by Eyring [1, 2] and Wigner [3], have become
a possible and popular way to estimate rate constants. Due to
their practical simplicity, they have been broadly applied to
numerous reactions. The TST is inherently a classical theory
and suitable at sufficiently high temperatures, where the
classical description of nuclear motions may be adequate. At
low temperatures, especially for the reactions involving the
motions of light atoms (i.e., hydrogen), however, quantum
effects become quite significant. To make the TST still valid
for such low temperature reactions, many approaches have
been proposed to quantize it [4–14]. However, there is no
absolutely unambiguous way to do it.

To develop a more accurate and less ad hoc quantum
version of TST, with a specific focus on the tunneling
regime, Miller et al. [15–17] have proposed a quantum
instanton (QI) approach recently. The QI is based on an
earlier semiclassical (SC) TST [18] that became known as
the instanton [19, 20]. The similarity between the QI and
SC instanton lies in using the steepest descent approximation
to evaluate relevant integrals in the quantum rate formula,
while the crucial difference is that the Boltzmann operator
is evaluated by the quantum mechanics and semiclassical
approximation, respectively. The QI theory thus incorporates
the tunneling, corner cutting [21–24], and anharmonicity
correctly and is expected to overcome the quantitative
deficiency of the SC instanton model. In particular, the QI
theory considers all tunneling paths and automatically gives
each path its naturally weight factor from the quantum
Boltzmann operator, instead of choosing a single optimal
tunneling path, which is taken into account in the SC
instanton and TSTs with SC tunneling corrections. Indeed,
it has been numerically demonstrated that the QI pre-
dicts accurate quantum rates for one-dimensional and
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two-dimensional models within 20% error over a wide
temperature range, from the deep tunneling to overbarrier
regimes.

A lot of developments and applications [25–39] have
been made since the QI theory is proposed. The original
QI [15] involves the second time derivative of the flux-flux
correlation at time zero. It has been further improved [29]
by taking into account the higher derivatives of the flux-flux
function. For the 1D and collinear reactions, the improved
model is considerable accuracy, giving the rates to within
5%–10% errors. For a practical purpose, a simple and general
way for choosing dividing surfaces used in the QI is suggested
[31], namely, using the family of (hyper)planes normal to the
minimum energy path at various distances s. A “simplest”
QI model [26] has also been suggested with one dividing
surface, slightly less accurate than the original QI. To reveal
the relationship with conventional TSTs, the classical limit of
the QI has been derived [37]. It is found that the classical
TST is just a special case of the QI in high temperature limit;
moreover, the quantum correction of the prefactor is more
important than that of the activation energy in the TST.

Since the QI solely involves the Boltzmann operator and
its relevant quantities, it can be applied to quite complex
molecular systems (from gas phase [17, 37], liquid [28], to
surface [38, 39]) via well-established imaginary time path
integral techniques. The first implementation of QI with
path integral Monte Carlo and adaptive umbrella sampling
techniques is applied to the three-dimensional hydrogen
exchange reaction D + H2 → HD + H [16]. Soon, the
techniques are further extended to the reaction of H+CH4 →
H2 + CH3 [17]. The thermodynamic integration with respect
to the mass of the isotope and the inverse temperature is also
proposed to compute the kinetic isotope effects [30] and rate
constants [34] directly. To improve the convergence of the
Monte Carlo simulation, the efficient “virial” estimators [32]
have been derived from the logarithmic derivatives of the
partition function and the delta-delta correlation functions,
and it is found that their statistical errors do not increase with
the number of discrete time slices in the path integral. Most
recently, the QI has been compared with other conventional
approaches [36] for an intramolecular proton transfer on a
full-dimensional potential energy surface that incorporates
high-levels ab initio calculations along the reaction path. The
obtained kinetic isotope effects from the QI are in reasonable
agreement with those from the path-integral quantum TST.

In this paper, we firstly illustrate the QI formula and
its path integral representation. Then, we display several
applications, which are mainly done by ourselves. The
systems include two gas phase reactions H + CH4 → H2 +
CH3 [17] and H + SiH4 → H2 + SiH3 [37], H diffusion on
Ni(100) surface [38], and surface-subsurface transport and
interior migration for H/Ni [39].

2. Method

In this section, we summarize the rate formula for the
QI evaluation. The detailed derivation can be found in
[15–17]. The QI model proposes the following thermal rate

constant:

kQI = 1
Qr

√
π�

2

Cf f (0)

ΔH
(

β
) . (1)

Here, Qr is the reactant partition function per unit volume.
Cf f (0) is zero time value of the flux-flux correlation
function
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where β is the inverse temperature 1/(kBT), ̂H is the
Hamiltonian operator of the reaction system, and ̂Fa and ̂Fb
are the flux operators given by

̂Fγ = i
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with γ = a, b. In (3), h is the step-side function, r represents
the Cartesian coordinates of the reaction system, and sa(r)
and sb(r) define two separate dividing surfaces via the
equations sa(r) = 0 and sb(r) = 0, both sa(r) and sb(r) being
positive (negative) on the product (reactant) side of the
dividing surfaces.

ΔH(β) in (1) is a specific type of energy variance given by
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In order to get the correct free particle (high temperature)
limit (that would be 25% too large otherwise), an ad hoc
term is added to ΔH(β),ΔH mod (β) = ΔH(β) + (

√
π −√

2)/β, which has very little effect in the low temperature
regime. Cdd(0) and C̈dd(0) are zero time value and its second
time derivative, respectively, of the “delta-delta” correlation
function

Cdd(t) = tr
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where the generalized delta-function operator is
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Here, N is the total number of atoms, ∇i = ∂/∂ri, ri denotes
the Cartesian coordinates of the ith atom, and mi is its atomic
mass.

The dividing surfaces are determined by the stationary
condition

∂

∂ck
Cdd(0; {ck}) = 0, (7)

where {ck} is a collection of parameters that is involved in the
location of the dividing surfaces. This condition originates
from the SC instanton model, and the resulting dividing
surfaces correspond qualitatively to the turning points of the
periodic orbit that runs on an upside down PES in imaginary
time (see Appendix A in [15, 18]).
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Since all the relevant quantities in the QI expression (1)
involved only the quantum Boltzmann operator, they can be
readily evaluated using imaginary time path integral Monte
Carlo (PIMC) [40] method.

We begin with the simplest quantity, Cdd(0), which can
be discretized according to the standard procedure [41–43]
to give

Cdd(0) = C
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where C is a multiplicative constant, P the number of
imaginary time slices, and r(s) = (r(s)

1 , r(s)
2 , . . . , r(s)

N ) the
Cartesian coordinates of the system associated with the sth
time slice. Φ({r(s)}) is the discretized action given by
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where r(0) = r(P) and {r(s)} represents {r(1), r(2), . . . , r(P)}.
Path integral expressions for Cf f (0) and C̈dd(0) are some-
what more complicated but can be obtained in a straightfor-
ward manner. The appropriate expressions are
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(12)

with f being the total number of degrees of freedom (i.e.,
f = 3N).

In realistic calculations, we rewrite (1) as the product of
several ratios

kQI =
√
π�

2
Cdd(0)
Qr

Cf f (0)

Cdd(0)
1

ΔH
(

β
) . (13)

The terms of Cf f (0)/Cdd(0) and ΔH are directly calcu-
lated as a constrained average over the same ensemble of
paths [16, 17]

Cf f (0)

Cdd(0)
= 〈

fv
〉

,

ΔH2 = 1
2

〈

F2 + G
〉

,

(14)

with

〈· · · 〉 =
∫

dr(1)
∫

dr(2) · · · ∫ dr(P)Δ
(

sa
(

r(0)
))

Δ
(

sb
(

r(P/2)
))

exp
[

−βΦ
({

r(s)
})]

(· · · )
∫

dr(1)
∫

dr(2) · · · ∫ dr(P)Δ(sa(r(0)))Δ(sb(r(P/2))) exp
[−βΦ({

r(s)
})] . (15)

The evaluation of Cdd(0)/Qr , however, meets a chal-
lenge because the Cdd(0) is the quantity associated with
the transition state, while Qr with the asymptotic reactant
domain, we evaluate it using adaptive umbrella sampling
techniques [44].

The QI approximation uses the short-time informa-
tion of the flux-flux correlation function. Predescu and
Miller [45] demonstrate that in the classical limit, Wigner’s
variational principle and the quantum variational criterion

based on the minimization of flux-flux correlation function
produce the same optimal surface. Recently, Wang et al. [37]
have shown that in the classical limit, the QI formula is the
same as the classical transition state theory. These situations
motivate us to write the QI formula (13) as the Arrhenius
form

kQI = AQI · e−βΔF . (16)
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Here, the free energy ΔF is defined by

ΔF = −1
β
· log

(

Cdd(0)
Qr

)

. (17)

This two-dimensional free energy is related to Qr (the
reactant partition function) and Cdd(0; ξa, ξb), and it is
corresponding to the quality of probability density at
(ξa, ξb). Cdd(0; ξa, ξb) has a similar property to the partition
function at the transition state. The prefactor is given by

AQI =
√
π

2

Cf f (0)

Cdd(0)
�

ΔH
. (18)

The advantage of (16) allows us to investigate the respective
quantum contributions to the rates from the quantum free
energy and prefactor by comparing their quantum and
classical values, since other factors such as the vibrational-
rotational coupling and anharmonicity are automatically
involved.

3. Results and Discussions

3.1. The Reaction of H + CH4 → H2 + CH3. The H + CH4

reaction is a prototype of polyatomic hydrogen abstraction
reaction. Quantum dynamical studies of this reaction have
become possible only recently, because it involves 12 internal
degrees of freedom and thus poses difficulties to quantum
dynamics calculations as well as construction of the potential
surface. We apply the QI methodology to this reaction using
the potential energy surface constructed by Espinosa-Garcı́a
[46]. All calculations are performed in terms of the Cartesian
coordinates of all the atoms (i.e., 18 degrees of freedom).

In the path integral simulations, the number of imagi-
nary time slices P is chosen to be 20 and 100 at temperatures
T = 1000 K and 200 K, respectively, while 3 × 107 Monte
Carlo cycles are run to achieve <10% statistical convergence.

3.1.1. Reaction Coordinate. For this reaction, we define
a generalized reaction coordinate s(r; ξ), where ξ is an
adjustable parameter that shifts the location of the dividing
surface (defined by s(r; ξ) = 0). s(r; ξ) is defined by a linear
interpolation between two constituent reaction coordinates
s0(r) and s1(r) through the parameter ξ,

s(r; ξ) = ξ · s1(r) + (1− ξ) · s0(r). (19)

s1(r) is a reaction coordinate whose dividing surface is
designed to pass through the top of the classical potential
barrier, which is defined here as

s1(r) = max
{

sα(r), sβ(r), sγ(r), sδ(r)
}

, (20)

with sx(r)(x = α,β, γ, δ) being the reaction coordinate that
describes the abstraction process of one of the methane
hydrogens Hx by the incident one H

sx(r)=r(C−Hx)−r(Hx −H)−
[

r†(C−Hx)−r†(Hx −H)
]

,

(21)

where r(X − Y) denotes the interatomic distance between
atoms X and Y and r†(X − Y) is the value at the transition
state geometry. s0(r), on the other hand, describes a dividing
surface that is located far in the asymptotic reactant valley,
which is given by

s0(r) = R∞ − |R|. (22)

Here, R is the scattering vector that connects the incident
hydrogen and the center of mass of the methane. R∞ is an
adjustable parameter which is chosen to be 9 Å in order to
guarantee that the interaction potential energy between H
and CH4 is negligible.

Now, the term Cdd(0) (5) becomes a function of two
parameters, ξa and ξb, as follows:

Cdd(0; ξa, ξb) = tr
[

e−β ̂H/2Δ(s(r̂; ξa))× e−β ̂H/2Δ(s(r̂; ξb))
]

,

(23)

and thus, one seeks a stationary point of Cdd(0; ξa, ξb) in the
two-dimensional (ξa, ξb) space to obtain the corresponding
“optimal” values.

3.1.2. Free Energy Surface. The quantity Cdd(0; ξa, ξb) varies
exponentially as a function of (ξa, ξb), it is convenient to
define a quantum “free energy surface” as follows:

F(ξa, ξb) = −kBT logCdd(0; ξa, ξb), (24)

and locate the saddle point of F(ξa, ξb) by visual inspection.
Figure 1 shows the free energy surfaces for the H + CH4

reaction. It exhibits a barrier-like profile along the direction
ξ = (ξa + ξb)/2, while it grows approximately quadratically
with the increasing of the absolute value of Δξ = ξa − ξb.
From this figure, it is seen that at a higher temperature T =
1000 K (Figure 1(a)), there appears only a single saddle point
at (ξ,Δξ) = (1.02, 0.0), while at a low temperature T = 200 K
(Figure 1(b)), the saddle point bifurcates into a distinct pair
at (ξ,Δξ) = (1.1, ±0.35), which indicates the existence of
nonnegligible tunneling effects in the rate constant [15, 16].

3.1.3. Rate Constants. Having obtained the “optimal” values
of the (ξa, ξb) at each temperature, one can now compute the
quantum instanton rate by combining various quantities as
in (8). The calculated QI rates are tabulated in Table 1 as well
as other theoretical and experimental ones.

Comparing the quantum instanton rates with others, we
find that kQI is in good agreement with the experimental data
more specifically, it is closer to the rates obtained by Baulch
et al. [47] than those by Sutherland et al. [48], and kQI agrees
with kCVT/μOMT within 10% for the temperature range T =
600–2000 K, but it becomes somewhat larger than the latter
as the temperature is decreased (the deviation becomes 30%
and 55% for T = 500 and 300 K, resp.). It should be noted
that the differences between kQI and kCVT/μOMT are much
smaller than the uncertainty of the experimental data.

Figure 2 displays the Arrhenius plots of the rate con-
stants. In Figure 2, we also plot the accurate quantum
dynamics results of MCTDH (the multiconfigurational
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Figure 1: Local topography of the quantum free energy surface defined by (24) near the top of the barrier. (a) T = 1000 K; (b) T = 200 K.
The cross symbols show the location of the saddle points. The values of ξa and ξb at the saddle points are used as input for computing the
quantum instanton rate.

Table 1: Theoretical and experimental rate constants obtained for the H + CH4 → H2 + CH3 reaction. (ξa, ξb) is the saddle point of
the quantum free energy surface. kQI is the quantum instanton rate constant. kCVT/μOMT is the rate constant of the canonical variational
theory with microcanonical optimized multidimensional tunneling (CVT/μOMT) [46]. kaexp t and kbexp t are the experimental Arrhenius fits,
k(T) = 2.18× 10−20T3.0 exp(−4045/T)[47] and k(T) = 6.78 × 10−21T3.156 exp(−4406/T) [48], respectively. Unit: cm3s−1 for rates.

T (K) (ξa, ξb) kQI kCVT/μOMT kaexp t kbexp t

200 (0.93, 1.28) 3.30 (−22) 2.87 (−22) 3.36 (−23)

300 (1.05, 1.05) 7.80 (−19) 5.03 (−19) 8.20 (−19) 1.86 (−19)

400 (1.05, 1.05) 6.00 (−17) 4.16 (−17) 5.66 (−17) 1.82 (−17)

500 (1.04, 1.04) 9.00 (−16) 6.96 (−16) 8.35 (−16) 3.33 (−16)

600 (1.03, 1.03) 5.42 (−15) 5.00 (−15) 5.56 (−15) 2.57 (−15)

700 (1.02, 1.02) 2.40 (−14) 2.31 (−14) 1.19 (−14)

800 (1.02, 1.02) 7.13 (−14) 6.72 (−14) 7.10 (−14) 4.00 (−14)

900 (1.02, 1.02) 1.85 (−13) 1.78 (−13) 1.07 (−13)

1000 (1.02, 1.02) 3.97 (−13) 3.58 (−13) 3.82 (−13) 2.43 (−13)

2000 (1.00, 1.00) 1.52 (−11) 1.70 (−11) 2.31 (−11) 1.96 (−11)

time-dependent Hartree approach) [49]. Compared to the
MCTDH ones, our QI rate constants are larger by factors
of about 2 to 3 over the temperature range 300–400 K.
This difference may partly be due to the recrossing effect
which is not considered in QI theory and partly arise from
the use of the J-shifting approximation and the neglect of
the vibrational angular momenta Hamiltonian in MCTDH
method [49].

3.2. The Reaction of H + SiH4 → H2 + SiH3. The H + SiH4

reaction is an important step in the radical mechanism of
thermal decomposition of monosilane. We calculate the rates
and kinetic isotope effects (KIEs) of this reaction with the
quantum instanton method in full Cartesian space, on the
basis of analytical potential energy surface constructed by
Espinosa-Garcı́a et al. [50].

The reaction coordinate of H + SiH4 has the same form
as that of H + CH4 (Section 3.1.1). In our QI calculations,

the number of time slices, P, is set to be 20 (1000 K) and
120 (200 K) for the quantum evaluations. In our classical
evaluations, the formula is the same as QI, but the number
of time slices in the path integral is set to be 1. The number
of Monte Carlo is about (6−10)×106 for computing a single
ensemble average, and it converges the relevant quantities
within 10% statistical errors.

3.2.1. Free Energy and Prefactor. We have rewritten the QI
formula (8) in the Arrhenius form (16), which consists of
the free energy and prefactor. In this section, we calculate
the corresponding quantum and classical quantities so as to
investigate the respective quantum contributions to the rates
from the quantum free energy and prefactor. Our calculated
results are plotted in Figures 3 and 4.

Now, we look into the quantum effects from both
the free energy and prefactor. Figure 3 plots the quantum
and classical free energies as a function of temperature
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Figure 2: Arrhenius plots of the thermal rate constant for the
H + CH4 → H2 + CH3 reaction. The solid line is the quantum
instanton rate. Dotted and dashed lines are the Arrhenius fits of the
experimental data from [47, 48], respectively. The dot-dashed line
is the result of the multiconfigurational time-dependent Hartree
approach (MCTDH) [49]. The open squares are the results of
the canonical variational theory with microcanonical optimized
multidimensional tunneling (CVT/μOMT) [46].

200 400 600 800 1000

−6

−4

−2

0

2

T (K)

−β
Δ
F

Figure 3: The temperature dependence of the free energy. The
solid and dotted lines correspond to the quantum and classical
calculations, respectively.

at the optimized stationary point. One immediately observes
that the quantum effect becomes significant at T < 600 K,
whereas both quantum and classical results nearly coincide at
T > 600 K. As expected, the quantum effect always decreases
the classical free energy. The difference of the contributions
to the rates is about 40% at 200 K.

Figure 4 shows the temperature dependence of the
quantum and classical prefactors. Compared with Figure 3,
one easily finds that this quantum contribution is much
larger than that for the free energy correction. Even at 1000 K,
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Figure 4: The temperature dependence of the prefactor. The
solid and dotted lines correspond to the quantum and classical
calculations, respectively.
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Figure 5: Arrhenius plot of the thermal rate constants for the
H+SiH4 reaction. Solid line, the QI results; dashed line, the classical
VTST results; dotted line, CVT/CD-SCSAG results from [50]; dot-
dashed, the values from the conventional TST with a simple Wigner
tunneling factor [51]; filled squares are the experimental values
from [52].

the difference is observable. At 200 K, the difference is about
several orders of magnitude.

In the QI theory, it is not possible to explicitly distinguish
the quantum contributions from the partition function
and nuclear tunneling, but we can conclude that it is
insufficient to estimate the accurate rate by only replacing
the activation energy in the TST with its quantum analog,
because the quantum prefactor plays more important rule in
determining the quantum rate.

3.2.2. Rate Constants. In Table 2, we summarize the rate
constants obtained from the QI theory and classical VTST
(this kind of results are performed by setting the time slices
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Table 2: Rate constants for the H+SiH4 reaction (cm3s−1). The CVT/CD-SCSAG results from [50]. DD is the conventional TST with simple
Wigner tunneling factor [51]. Expt. is the experimental Arrhenius fits, k(T) = 1.78 × 10−10 exp(−3820/RT) (T = 290–660 K) [52].

T (K) Present QI VTST CVT/CD-SCSAG DD Expt.

200 4.82 (−14) 8.88 (−16) 3.07 (−14) 6.1 (−15)

300 2.74 (−13) 1.38 (−14) 2.09 (−13) 1.7 (−13) 2.81 (−13)

400 9.67 (−13) 4.32 (−13) 7.96 (−13) 9.1 (−13) 1.43 (−12)

500 2.37 (−12) 1.23 (−12) 2.11 (−12) 2.7 (−12) 3.78 (−12)

600 3.99 (−12) 2.55 (−12) 4.43 (−12) 5.9 (−12) 7.18 (−12)

700 7.60 (−12) 5.18 (−12) 8.00 (−12)

800 1.18 (−11) 8.63 (−12)

900 1.76 (−11) 1.29 (−11)

1000 2.39 (−11) 1.99 (−11) 2.80 (−11)

in the path integral to be 1 in the QI calculations) as
well as those from the canonical variational TST with the
centrifugal-dominant small curvature SC adiabatic ground-
state (CVT/CD-SCSAG) approach [50], the conventional
TST with simple Wigner tunneling factor [51] and the
experiment [52]. The corresponding Arrhenius plots are
displayed in Figure 5.

Table 2 and Figure 5 display comparable results of the
CVT/CD-SCSAG to the QI values, with 36% maximal errors
at 200 K and a slightly different Arrhenius slope. Both results
are in good agreement with experimental data in the tested
temperature range. This manifests that the PES used is
reasonable accurate. However, the values from the classical
VTST are always smaller than the QI results especially in the
deep tunneling regions. The conventional TST results have
similar tendency to those from the classical VTST. Although
the classical VTST can be much improved by evaluating
the partition functions quantum mechanically, we do not
focus on this improvement. However, it is noted that the
anharmonicity, rotational-vibrational coupling are involved
in the classical simulation. It is thus expected that these large
errors come from the pure quantum effects.

3.2.3. Kinetic Isotope Effects. Kinetic isotope effect (KIE) is
the characteristic of chemical reactions which may reveal the
quantum effect. We consider the following isotopic reactions:

(R1) H + SiH4 −→ SiH3 + H2

(R2) D + SiH4 −→ SiH3 + HD

(R3) H + SiD4 −→ SiD3 + HD.

(25)

The calculated values are tabulated in Table 3.
The KIEs of kQI(R1)/kQI(R2) and kQI(R1)/kQI(R3) in the

temperature range of 200–1000 K are summarized in Table 3.
Besides the QI values, this table also displays comparable
results of the CVT/CD-SCSAG [50]. It is easily found that
the k(R1)/k(R2) KIEs predicted by the QI are smaller
than 1, in agreement with the CVT/CD-SCSAG values.
The detailed comparison reveals that the CVT/CD-SCSAG
predicts smaller values than those from QI theory. Again,
the maximal error occurs at 200 K and is about 23%. For
k(R1)/k(R3) KIEs, we find that although both approaches

predict the values larger than 1 at 200 to 1000 K, the QI values
are smaller than those from CVT/CD-SCSAG. Espinosa-
Garcı́a and coworkers [50] have pointed out that the
CVT/CD-SCSAG rates may have been overestimated because
of the high vibrational and tunneling contributions. This
manifests that the QI approach indeed correctly accounts for
the quantum effects.

3.3. H Diffusion on Ni(100) Surface. Diffusion plays a
fundamental role in surface process. It reveals characteristics
about the underlying surface potential and is intimately
involved in determining the kinetics of surface catalyzed
chemical reactions. The hydrogen atom and its isotopes
are ideal candidates to exhibit quantum tunneling behavior
due to their small masses. We explore the evaluation of
the quantum instanton approximation to the process of
H diffusion on Ni(100) surface using the EAM4 potential
energy surface constructed by Truong and Truhlar [53].

In the path integral calculations, the numbers of time
slices, P and Pbath, for the degrees of freedom of H and
quantized Ni atoms, respectively, are set to (P,Pbath) =
(24–40, 6–8) in the temperature range of 40–300 K. The
number of Monte Carlo cycle employed is (1–10) ×106,
which converges most of the relevant quantities within 10%
statistical error (some of the statistical errors are within 20%
below 100 K).

3.3.1. Model. Nickel crystallizes in a face-centered-cubic
(fcc) lattice structure. The structural model used consists of
162 Ni atoms over four layers: 40 atoms are in each of the first
and third layers, and 41 atoms are in each of the second and
fourth layers.

Figure 6 shows the platform and profile chart of Ni(100)
lattice. In the simulations, 89 Ni atoms (orange), in the four
sides of the bulk metal and the bottom layer, are fixed. The
48 atoms (blue) closest to the fixed ones are considered to
be movable and treated classically. The last 25 ones (red),
surrounding the reactant and product sites and lying directly
beneath the reactant and product sites, are treated quantum
mechanically.

In our calculations, the lattice (see Figure 6) is rotated by
45 degrees counterclockwise, and we chose the x coordinate
of H atom (along the reaction path) to be reaction coordi-
nate.
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Table 3: The kinetic isotope effects (KIEs) at different temperatures. CVT is the CVT/CD-SCSAG values from [50].

T (K) QI KIE (R1/R2) CVT KIE (R1/R2) QI KIE (R1/R3) CVT KIE (R1/R3)

200 0.56 0.69 30.10 33.60

300 0.73 0.71 8.57 9.81

400 0.77 0.76 4.39 5.07

500 0.85 0.81 3.11 3.46

600 0.90 0.84 2.41 2.72

700 0.92 0.86 2.15 2.32

800 0.94 1.78

900 0.94 1.68

1000 0.95 0.90 1.64 1.80

Figure 6: The platform and profile chart of H diffusion on Ni(100)
lattice. The gray circles represent H atom on different surface sites,
and the orange circles represent the fixed Ni atoms. Blue circles are
Ni atoms treated classically, while the red ones are treated quantum
mechanically.

3.3.2. Probability Distribution of Paths. The path integral
has an advantage that the paths of the particles can display
the character of the diffusive process. We extract the prob-
ability distributions for the paths of H and Ni atoms (two
reaction coordinate beads (x0 and xP/2) of H path are fixed at
the two dividing surfaces) for the purpose of guaranteeing
the instanton property (the instanton is a periodic orbit
between the two dividing surfaces). The dividing surfaces can
be obtained from the free energy surface (24), their values at
different temperatures are shown in Table 4.

Figure 7 displays the probability distributions for both
H and Ni atoms at several temperatures. It is found that
the probability distribution of H is localized at 300 K, and
it becomes more and more delocalized as the temperature
decreases. Below 80 K, the distribution rapidly becomes
obvious in both sides of the transition state, and the path
begins to continuously distribute between the two hollow
sites at lower temperatures. This phenomenon indicates that

H

300 K 80 K

60 K 40 K

Ni

Ni

Ni
⟨0

01
⟩

⟨010⟩

Figure 7: Distribution of H and Ni quantum paths on the surface
with two reaction coordinate beads (x0 and xP/2) of H path fixed
at the two dividing surfaces. Labels of <010> and <001> denote
the crystal directions of nickel. The probabilities are normalized for
both H and Ni.

H tunneling becomes remarkable at the temperatures lower
than 80 K. The probability distributions of Ni atoms have
small changes in the whole temperature range, and they seem
to be frozen at very low temperature.

3.3.3. Diffusion Coefficients. According to the hopping model
[54], the diffusion coefficient D is related to the rates through

D = kQI · b2, (26)

where b is the hop length and is equal to 2.489 Å for the
Ni(100) surface. We have calculated the diffusion coefficients
at temperatures ranging from 40 to 300 K, and the results are
plotted in Figure 8.

We plot two kinds of QI diffusion coefficients in Figure 8,
one is the result on a rigid lattice, the other is the result on a
quantized lattice. At high temperatures, these two kinds of
diffusion coefficients are nearly the same; however, at low
temperatures, the ones on a rigid lattice are bigger than that



Advances in Physical Chemistry 9

Table 4: The positions of two dividing surfaces. (Unit in Å. The position 0.00 corresponds to the bridge site and the positions ±1.24 Å
correspond to two hollow sites.)

T (K) 300 80 60 50 40

x†a 0.00 0.00 −0.75 −1.00 −1.08

x†b 0.00 0.00 0.75 1.00 1.08
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Figure 8: Arrhenius plots of the diffusion coefficients in the range
40–300 K. Solid line: the QI results for the quantized lattice; dotted
line: the QI results for the rigid lattice; dashed line: the CVT/SCSAG
results for the rigid lattice [55]. Pluses, circles, squares, and crosses
are experimental results of Lee et al. [58], George et al. [56], Mullins
et al. [57], and Lin and Gomer [59], respectively.

on a quantized lattice, and this is mainly due to the fact that
the free energy on a quantized lattice is higher than that on
a rigid lattice [38]. Comparing the QI diffusion coefficients
with the CVT/SCSAG ones [55] on a rigid lattice, we find that
our QI results on a rigid lattice are very similar to those from
the CVT/SCSAG. Now, we compare the present theoretical
results with experimental ones. It is found that the QI results
as well as the CVT/SCSAG results are in good agreement
with the experiments of George et al. [56] and Mullins et
al. [57] at 200 K and 300 K. However, at low temperatures,
the theoretical results are significantly larger than Lee et al.
[58] and Lin and Gomer [59]. The experimental transition
temperature (100 K–160 K) is also different from the present
calculations. The QI predicts it to be 70 K for the quantized
lattice, while it is about 66 K for the rigid lattice obtained
from both the QI and the CVT/SCSAG approaches. These
discrepancies between theories and experiments may be
attributed to the interaction potential. It is likely that the
accuracy of the potential energy surfaces needs further
improvement.

3.4. Surface-Subsurface Transport and Interior Migration for
H/Ni. A full-dimensional potential energy surface (EAM6),

Ni
Ni1

Ni2

Ni3

Ahcp Afcc

Tesub
Ocsub

Ni

Figure 9: A lattice model with a few Ni atoms for the circle
reaction processes of hydrogen. Ahcp, Afcc, Ocsub, and Tesub are the
abbreviations for a hcp hollow site, a fcc hollow site, a subsurface
octahedral vacancy, and a subsurface tetrahedral vacancy, respec-
tively. The black lines stand for the directions of the reaction paths.
The atoms of Ni1, Ni2, and Ni3 colored in orange are specially used
to determine the reaction coordinate of the process Ocsub → Tesub.

constructed by Wonchoba and Truhlar [60], using the
embedded diatomics-in-molecules (EDIMs) [61] potential
energy function, is used in this QI calculations.

In path integral calculations, the numbers of time slices,
P and Pbath for the degrees of freedom of the H and quantized
Ni atoms, respectively, are set to (P,Pbath) = (30−40, 6−8) in
the temperature range of 100–400 K. The number of Monte
Carlo is about (2− 6)× 106 for computing a single ensemble
average. It converges most of the values within 10% statistical
errors (some of the statistical errors are within 20% at 100 K).

3.4.1. Model. Figures 9 and 10 show H diffusion processes
in the nickel crystal with a face-centered-cubic (fcc) lattice
structure. For a given rate process, we construct a lattice cell
(each cell contains more than 200 Ni atoms) in which all
atoms are treated to be movable to incorporate the effect of
the crystal fluctuation on the rates. To be concrete, the Ni
atoms in the four sides of the bulk metal and at the bottom
layers are fixed, the Ni atoms surrounding the reactant and
product sites and lying along the reaction path are treated
quantum mechanically, and the others are treated classically.
It should be noted that the lattice for the interior diffusion
process has a structure of sphere and the outer layers are
fixed.

In the QI calculations, we need to define the reaction
coordinate operators ŝ (6). For the systems considered in
this section, the hydrogen coordinates are essentially good
choices. We thus adopt the following reaction coordinates for
different rate processes. In the H diffusion on Ni(111) surface
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Ni

Ni6

Ni5

Ni4

Teinte

Ni
inteOcinteOc

Figure 10: A lattice model with a few Ni atoms for the process
of H diffusion in interior of bulk Ni. Ocinte and Teinte are the
abbreviations for an interior octahedral vacancy and an interior
tetrahedral vacancy, respectively. The black lines stand for the
general directions of the reaction paths. The atoms of Ni4, Ni5, and
Ni6 colored in orange are specially used to determine the reaction
coordinate of the process Ocinte → Teinte.

from a hcp site to a fcc site (Ahcp → Afcc), the x coordinate of
the H atom is chosen, whose direction is showed in Figure 9
as the black line connecting the Ahcp site to Afcc site. In the
H resurfacing from a subsurface octahedral vacancy to the
fcc site (Ocsub → Afcc) and from a subsurface tetrahedral
vacancy to the hcp site (Tesub → Ahcp), the z coordinate
of the H atom (vertical to Ni(111) surface) is taken. In the
H diffusion between the adjacent subsurface octahedral and
tetrahedral vacancies (Ocsub → Tesub) and between the
adjacent interior octahedral vacancy and interior tetrahedral
vacancy (Ocinte → Teinte), the reaction coordinates are along
the directions that perpendicular to the planes of Ni1–Ni2–
Ni3 and Ni4–Ni5–Ni6, respectively.

3.4.2. Free Energy and Prefactor. In order to investigate the
quantized Ni lattice effect on the rates, we have recast the QI
formula in (1) into Arrhenius form, which consists of the free
energy and the prefactor (17) and (18).

In the free energy calculations, firstly, we calculate the
free energy profile for each step of the H hopping paths,
Ahcp → Afcc → Ocsub → Tesub → Ahcp and Ocinte →
Teinte → Ocinte, with the reaction coordinate defined in
Section 3.4.1. Then, we connect these free energy profiles one
by one, the final free energy profiles for the whole processes
are displayed in Figures 11 and 12.

Figures 11 and 12 display the calculated free energy
profiles for the surface-subsurface and interior processes,
respectively, with the quantized lattice, the classical lattice
and the rigid one at room temperature (300 K). The
corresponding free energy barriers, prefactors, and rates are
tabulated in Table 5.

Figures 11 and 12 clearly show that the classical lattices
always reduce the free energy barriers compared with the
rigid lattices, however, the differences between the free
energy barriers with the quantized lattices and the ones with
the classical lattices are very small. For different processes;
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Figure 11: Free energy profiles with respect to the processes in
Figure 9 at 300 K. The green, the red, and the blue lines correspond
to the rigid, classical, and quantized lattices, respectively.
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Figure 12: Free energy profiles with respect to the processes in
Figure 10 at 300 K. The green, the red, and the blue lines correspond
to the rigid, classical, and quantized lattices, respectively.

however, the relaxation effect on the free energies is very
different. For hydrogen diffusion on Ni(111), the classical
lattice only slightly lowers the free energy barrier, while it
decreases the barriers by more than one-half in subsurface
and interior processes. More careful analysis from Figure 11
reveals that the two preferred Ni(111) surface binding
sites, that is, hcp and fcc hollows have symmetric wells,
manifesting that the motions of Ni atoms in the layer beneath
the surface have little influence on the surface free energies
despite the fact that the Ni atoms beneath the hcp and fcc
hollows have different arrangements. It is also found that
the Ocsub site has a deeper well than the Tesub site and the
well of the Tesub site nearly disappears as relaxed Ni atoms



Advances in Physical Chemistry 11

are considered. It manifests that the hydrogen at the Tesub

site is very unstable and can easily move to the Ocsub site or
resurface to the hcp site. In the interior processes, although
the hydrogen in the Teinte site is much less stable than in the
Ocinte site (see Figure 12), the well at the Teinte is obvious.
One thus expects that a two-step reaction process can be used
for the reaction from one Ocinte to the other.

Next, we consider the prefactor. Table 5 shows that the
prefactors of the classical lattices are much smaller than those
of rigid ones except for the process of H diffusion on Ni(111),
and the prefactors of quantized lattices are always smaller
than that of classical ones, but their amplitudes have the same
order. This may be explained by the fact that the quantum
motions of the lattice atoms can induce the dissipative effect
on the tunneling degrees of freedom [62, 63], because the
prefactor essentially incorporates the dynamical effect. It is
well known that pure dissipation in the overdamping regime
always hinders the reaction rates for a given reaction barrier.
The present results thus are consistent with above analysis.

The rate is determined by both the prefactor and the
free energy barrier. In Table 5, the rate with the rigid lattice
is smaller than the one on the classical lattice, which is
because the prefactor changes a little and the free energy
determines the rate. However, the rate with the quantized
lattice is smaller than that of the classical lattice, which is
due to the fact that quantized lattice has a smaller prefactor
while the free energies are similar. Generally speaking, for
the quantized lattices, the rates are lower by 20%–40% when
compared to the ones on the classical lattices.

Another important feature of the free energy is its
temperature dependence. Figure 13 displays the free energy
profiles with both H- and Ni-treated quantum mechanically
at several temperatures. Generally speaking, the free energies
have a slight difference at 300 K and 400 K, whereas this
difference becomes pronounced for 100 K and 200 K, and
the barrier positions move to the directions of shallow well
for asymmetric reactions. These properties can be explained
by the hydrogen tunneling effect. At lower temperatures,
the tunneling plays a more important role. Indeed, the
barrier heights decrease with decreasing temperature except
for Ocsub → Tesub among 200 K to 400 K. This special case
may be due to the special structure of the lattice. The thermal
average displacements of Ni1 and Ni3 (in Figure 9) vertical
to the Ni(111) surface increase with increasing temperature.
Thus, H goes through reaction bottleneck easier at a higher
temperature, which makes the barrier decrease. Figure 13
also displays that the free energy barriers of Ocinte → Teinte

change little in the temperature range of 200–400 K, while
those of the Teinte → Ocinte become smaller and smaller
with decreasing temperature. The corresponding free energy
barriers are 0.47, 1.09, 1.47, and 1.66 kcal/mol at 100, 200,
300, and 400 K, respectively. It manifests that the diffusing H
atom may not equilibrate in the interior tetrahedral vacancy
at very low temperatures.

3.4.3. Surface-Subsurface Transport. In the resurfacing pro-
cess, Tesub → Ahcp does not show an obvious barrier
(see Figure 11), as the lattice atoms are treated quantum

mechanically. This step thus can be thought as a barrierless
process. Table 6 tabulates the rate constants for the other
resurfacing and subsurface processes in the temperature
range of 100 to 600 K. We also list the available CVT/SCT
results for Ocsub → Afcc and its reverse reaction [60]. Again,
the CVT/SCT rates are close to the QI rates except at 100 K.
We think our much bigger rate constant at 100 K is due to the
contribution of tunneling.

3.4.4. Interior Migration. In the interior of bulk Ni, the
two most stable sites to cage H are symmetric octahedral
vacancies (see Figure 12). H diffusion between them has
been measured experimentally [64–67]. Several theoretical
calculations have also been proposed to investigate this
diffusion process. Wimmer et al. [68] calculate the diffusion
coefficient via two-step reactions Ocinte → Teinte → Ocinte

by using a transition state theory together with accurate ab
initio energies, while Wonchoba and Truhlar [60] consider
the kinetic step as a direct process with a double maximum
barrier and calculate the diffusion coefficient using the
CVT/SCT. In the present QI calculations, Figure 13 has
explicitly shown that the free energies have a well at the
tetrahedral site from 200 K to 400 K. It is thus reasonable to
assume that the diffusing H atom temporarily equilibrates in
the tetrahedral site before jumping forward or backward to a
neighboring octahedral site. The free energy well, however,
becomes very shallow at 100 K. In this case, the direct
reaction from the octahedral site to the other one may be
acceptable. Here, we only calculate the diffusion coefficients
via the two kinetic steps at 200–400 K.

The temperature dependence of the diffusion coefficients
are commonly fitted to the Arrhenius equation

D(T) = D0 · exp
[−Ea
RT

]

, (27)

where R is the gas constant and D0 and Ea are the pre-
exponential factor and the activation energy, respectively.
The QI calculations predict D0 = 3.93 × 10−3 cm2s−1

and Ea = 10.26 kcal/mol. In the calculations, the rates of
Ocinte → Teinte are used to obtain the diffusion coefficients
for Ocinte → Ocinte, because this process is much slower than
that of Teinte → Ocinte and it determines the total reaction
rates.

Table 7 tabulates the pre-exponential factors and acti-
vation energies coming from available experiments and
theories. It is found that both D0 and Ea from the QI
calculations are close to Ebisuzaki’s experimental data [65].
Further tracking down the comparisons with experiments is
nontrivial, because the accuracy of the diffusion coefficients
is much dependent of the potential energy surface. However,
we may make a quantitative comparison for the QI and
CVT/SCT results. With use of the diffusion coefficients
from 295 K to 300 K obtained by the CVT/SCT, Wonchoba
and Truhlar [60] predict 11.1 kcal/mol for Ea, and 1.3 ×
10−3 cm2s−1 for D0, respectively. These values are observably
different from the QI calculations. Ea and D0 are 0.8 kcal/mol
larger and 3 times smaller than those from the QI calcu-
lations, respectively. The origin of these differences can be
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Table 5: Free energies, prefactors, and rate constants.

Process (300 K) ΔF (kcal/mol) AQI (s−1) kQI (s−1)

a 2.19 1.58 (13) 4.07 (11)
Afcc → Ahcp b 2.14 1.61 (13) 4.49 (11)

c 2.14 1.27 (13) 3.47 (11)

a 33.06 6.87 (13) 6.22 (−11)
Afcc → Ocsub b 13.79 2.85 (13) 2.64 (3)

c 13.75 2.29 (13) 2.23 (3)

a 20.00 6.44 (13) 1.83 (−1)
Ocsub → Afcc b 5.40 2.10 (13) 2.62 (9)

c 5.40 1.72 (13) 2.15 (9)

a 34.92 4.29 (13) 1.67 (−12)
Ahcp → Tesub b 14.92

c 14.87

Tesub → Ahcp a 3.25 5.13 (13) 2.28 (11)

a 26.19 5.23 (13) 4.31 (−6)
Ocsub → Tesub b 7.83 1.86 (13) 3.51 (7)

c 7.86 1.45 (13) 2.74 (7)

a 7.83 8.17 (13) 1.51 (8)
Tesub → Ocsub b 1.75 1.91 (13) 1.05 (12)

c 1.73 1.49 (13) 8.22 (11)

a 27.82 5.12 (13) 2.86 (−7)
Ocinte → Teinte b 11.14 2.50 (13) 1.90 (5)

c 11.17 1.75 (13) 1.32 (5)

a 7.07 7.80 (13) 6.16 (8)
Teinte → Ocinte b 1.52 2.06 (13) 1.60 (12)

c 1.47 1.53 (13) 1.36 (12)

a: The results for a rigid lattice.
b: The results for a classical lattice.
c: The results for a quantized lattice.

Table 6: Rate constants (Unit: s−1. Powers of 10 are in parentheses) for surface-subsurface processes. aThe QI results with a quantized lattice.
bThe CVT/SCT results from [60].

100 K 200 K 300 K 400 K 600 K

Afcc → Ocsub
a 3.81 (−14) 1.14 (−1) 2.23 (3) 5.48 (5) 2.43 (8)

Afcc → Ocsub
b 1.09 (−15) 1.23 (−1) 9.72 (3) 3.36 (6) 1.16 (9)

Ocsub → Afcc
a 1.17 (6) 4.59 (7) 2.15 (9) 1.23 (10) 1.02 (11)

Ocsub → Afcc
b 1.62 (5) 7.36 (7) 2.93 (9) 2.33 (10) 2.15 (11)

Ocsub → Tesub
a 2.78 (−4) 1.99 (4) 2.74 (7) 1.18 (9) 2.49 (10)

Tesub → Ocsub
a 7.24 (8) 4.68 (10) 8.22 (11) 2.00 (12) 4.13 (12)

Table 7: Arrhenius parameters for H diffusion in interior of bulk Ni. aThe QI diffusion coefficients for Ocinte → Ocinte. bFrom [60]. cFrom
[68]. dFrom [64]. eFrom [65]. f From [66]. gFrom [67].

D0 (cm2s−1) Ea (kcal/mol)

Present QIa 200–400 K 3.93 (−3) 10.26

295–300 K 1.3 (−3) 11.1

Wonchobab (theoretical data) 300–627 K 7.8 (−4) 10.9

627–1650 K 4.4 (−4) 10.2

Wimmerc (theoretical data) 273–1000 K 3.84 (−2) 10.92

Yamakawad (experimental data) 220–350 K 1.9 (−3) 8.89

Ebisuzakie (experimental data) 470–690 K 5.22 (−3) 9.56

Eichenauerf (experimental data) 660–930 K 6.73 (−3) 9.47

Katzg (experimental data) 670–1270 K 7.04 (−3) 9.43
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Figure 13: The temperature dependence of the free energies. The blue, the black, the red, and the green lines correspond to free energy
profiles at 100 K, 200 K, 300 K, and 400 K, respectively.

explained by that Wonchoba and Truhlar have treated the
processes Ocinte → Teinte and Teinte → Ocinte as a single
kinetic step rather than as two kinetic steps, which results
in a much longer tunneling path than that of the two steps.
Compared with the results reported by Wimmer et al. [68],
the activation energy is about 0.6 kcal/mol larger than the
present one, and the pre-exponential factor is 10 times larger,
which is also larger than all available experimental data.
These differences may come from both the different potential
energy surfaces and rate methods.

4. Conclusion

We have presented the basic principle of the quantum instan-
ton (QI) approximation and its applications to chemical
reactions from gas phase to surface systems. The applications
demonstrate that the QI method makes it possible to treat
hundreds of atoms because of the well-established techniques
of imaginary time path integrals. For instance, more than 200

atoms have been incorporated in the present study of the H
diffusion processes.

The QI approximation is a kind of “quantum transition
state theory” in that there is no account of “recrossing”
dynamics in the description. The recrossing effects on the
quantum instanton rate constants have been quantified for
several collinear reaction by Ceotto and Miller [25], and it is
found especially evident for the collinear heavy-light-heavy
reactions. Fortunately, the recrossing effects become gener-
ally less important in higher dimensions [69]. Therefore, the
QI approach may become a suitable tool for the calculation
of chemical reaction rate constants of complex systems.

Compared to conventional TST theories, the QI approx-
imation involves two dividing surfaces, which are quantum
analogs of the two turning point surfaces of the imaginary
time trajectory in the semiclassical instanton theory. At
high-temperature limit, these dividing surfaces coalesce into
the one, the same as the dividing surface from Wigner’s
variational principle. In this case, the QI approximation
becomes exactly the same as the classical TST. As the
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tunneling corrections are incorporated, the CVT rates are
consistent with the QI rates except at deep tunneling regime,
where QI rates are generally greater than the rates from CVT
with various tunneling corrections, since the CVT method
uses an optimized tunneling path, while the QI method
considers all tunneling paths and automatically gives each
path its natural weight by the quantum Boltzmann factor.
For the reaction of H + CH4 → H2 + CH3, accurate
quantum dynamics rate constants are obtained with the
MCTDH method. Compared to the MCTDH ones, the QI
rate constants are larger by factors of about 2 to 3 over
the temperature range 300–400 K. This difference may partly
be due to the recrossing effect which is not considered in
QI theory and partly arise from the use of the J-shifting
approximation and the neglect of the vibrational angular
momenta Hamiltonian in MCTDH method.
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New global potential energy surface for the ground electronic state of ozone is constructed at the complete basis set level of
the multireference configuration interaction theory. A method of fitting the data points by analytical permutationally invariant
polynomial function is adopted. A small set of 500 points is preoptimized using the old surface of ozone. In this procedure the
positions of points in the configuration space are chosen such that the RMS deviation of the fit is minimized. New ab initio
calculations are carried out at these points and are used to build new surface. Additional points are added to the vicinity of the
minimum energy path in order to improve accuracy of the fit, particularly in the region where the surface of ozone exhibits a
shallow van der Waals well. New surface can be used to study formation of ozone at thermal energies and its spectroscopy near the
dissociation threshold.

1. Introduction

The global potential energy surface (PES) for the ground
electronic state of ozone,

O3

(

˜X
)

−→ O
(

3P
)

+ O2

(

3Σ−g
)

, (1)

is now 10 years old. The old PES was based on the ab initio
calculations of the electronic structure at the icMRCI+Q/cc-
pVQZ level of theory using CASSCF(12,9) active space and
was represented by a 3D-spline interpolation of the data on a
structured rectangular grid [1, 2].

The ab initio data obtained at that level of theory
contained two serious deficiencies. First, the computed
dissociation energy De = 1.027 eV was too low—about
847 cm−1 lower than the experimental value available at that
time (see below). Second, the surface exhibited an artificial
barrier on its way to dissociation—about 47 cm−1 above the
threshold. In the improved, most popular version of that
surface [3] an analytic correction function was added to the
spline in order to (i) eliminate the barrier by taking into
account the results of more accurate ab initio calculations [4,
5] carried out along the one-dimensional minimum energy

path to dissociation (MEP) and (ii) make the surface deeper
in order to reproduce experimental value of the dissociation
energy available at that time [6], De = 1.132 eV.

More accurate ab initio calculations of the electronic
structure of O3 were impossible 10 years ago but have
become quite feasible nowadays. Furthermore, according to
new experimental information [7, 8], the surface must be
somewhat deeper, De = 1.143 eV. Clearly, there is an oppor-
tunity and a need of improving the existing PES of ozone.

During the last decade several attempts have been made
[8–10] to assess the level of theory needed to construct an
accurate PES of O3 and obtain correct value of the disso-
ciation energy without any empirical corrections, directly
from the ab initio calculations. The main conclusion from
the previous work was that the most important effect is due
to the basis set size. It was also suggested that extrapolation
to the complete basis set (CBS) limit might be necessary.
In this paper we use new ab initio results obtained at
the icMRCI+Q/CBS level of theory using CASSCF(12,9).
Extrapolation to the CBS limit is done based on calculations
with aug-cc-pVQZ and aug-cc-pV5Z basis sets at every point
of the PES. Details of the electronic structure calculations will
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be reported elsewhere [11]; here the focus is on construction
of the accurate global analytic fit of the ab initio data points.

The problem is twofold. First, the ab initio points are
still very expensive computationally. At the level of theory
indicated above, the CPU time per point is about 5 hours.
If the old method is employed (which is building a spline
of data on a structured 3D grid), the number of points
required is on order of 6,000. Simple math tells us that
such calculations are still quite expensive. Furthermore,
incorporation of larger active space and inclusion of spin-
orbit correction would further increase the computational
cost, quite dramatically. Thus, reduction of the number of
points computed ab initio is highly desirable. Second, the
potential energy surface of ozone is rather complicated. In
addition to the deep covalent well, it contains a shallow van
der Waals (vdW) well in the asymptotic region of the PES.
The vdW well is separated from the main well by a reef-like
structure with top of the reef slightly below the dissociation
threshold. Accurate reproduction of these features by the
fitting function is highly desirable, because they are expected
to affect the dynamics and spectroscopy of ozone.

The ozone molecule contains three electronically identi-
cal atoms, and its PES possesses the corresponding symme-
try. It is wise to utilize this symmetry in order to construct an
efficient and accurate analytic representation of the PES. We
found that the fitting approach of Braams and Bowman [12]
allows obtaining accurate representation of ozone PES with
as few as 500–600 data points. If such small number of points
is indeed sufficient, the electronic structure calculations can
be carried out at a very high level of theory, which offers a
very attractive method of building accurate PES of ozone and
other highly symmetric molecules.

Note that the fitting approach of Braams and Bowman
[12] does not require a structured grid. The data points
can be anywhere on the PES. In this work we propose a
simple and general method for generating a small set of
optimally placed points. Two reasonable criteria for choosing
good points are (a) minimizing RMS of the global fit and
(b) emphasizing most important parts of the PES (e.g., the
minimum of the well, or the transition state).

The paper is organized as follows. In Section 2 we give
details of the fitting approach. Section 3 describes the proce-
dure we used for generating a small set of pre-optimized data
points for the following ab initio calculations. Results of the
calculations are presented and discussed in Section 4. Con-
clusions are given in Section 5.

2. The Fitting Method

The fitting method used in this study has been introduced by
Braams and Bowman [12] for treatment of larger polyatomic
molecules, with up to 10 atoms. Their approach uses basis
functions that are invariant with respect to permutations
of identical atoms. To the best of our knowledge it has not
yet been applied to fit the PES of a homonuclear triatomic
molecule which represents, at the same time, the smallest and
the most symmetric polyatomic molecule. In what follows we
give details of this approach as applied to molecules involving
three identical atoms, such as ozone molecule.

The first step is transformation from the set of three
internuclear distances ri j = {r12, r23, r31} to the set of three
Morse variables yi j = {y12, y23, y31} defined as

yi j = exp
(

− ri j
λ

)

. (2)

Here yi j is the Morse variable for the pair of ith and jth
atoms; λ is a fixed parameter that possesses units of length
and depends on the system. The choice of this parameter for
ozone is described in the next section.

Using the Morse variables, the fitting function is ex-
pressed by the following expansion:

Vfit
(

y12, y23, y31
) =

J
∑

j=0

V ( j)(y12, y23, y31
)

, (3)

where J is order of the polynomial fitting function. The
explicit forms for the first five terms of this expansion are:

V (0)(y12, y23, y31
) = C0,

V (1)(y12, y23, y31
) = C1 ·

[
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]
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(4)
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Here C0 is the zero-order coefficient, C1 is the first-
order coefficient, the triplet {C2a,C2b,C2c} represents a set
of second-order coefficients, and so on. The functions
V ( j)(y12, y23, y31) are called monomials of jth order, because
each of them contains only the terms of order j.

Equations (4) above show that the PES is expressed using
various products of three permutationally invariant terms,
namely, the first-order term,

p1 = y12 + y23 + y31, (5)

the second order term,

p2 = y12y23 + y23y31 + y31y12, (6)

and the third order term,

p3 = y12y23y31. (7)

All possible products of these permutationally invariant
terms are included in Equations (4) to build the permu-
tationally invariant function Vfit(y12, y23, y31) for fitting the
PES. Using notations of (5)–(7) this function can be re-
expressed in the following useful form:

Vfit
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(8)

The way in which the terms of (8) are combined is quite
clear—according to their order, which also gives a natural
method for truncating the expansion. The terms p0

1, p0
2,

and p0
3 are, of course, equal to unity but are included in

(8) explicitly in order to emphasize the general structure of
this expression. Namely, the term of each order contains all
possible monomials of this order that can be formed from p1,
p2, and p3. The relationship between the polynomial order
J and the number of adjustable coefficients in the overall
expansion, M, is given in Table 1.

Assume that the number of molecular geometries (the
ab initio data points) used to construct the fit is N . Vector
V of length N is introduced that contains the values of ab
intio energies at these points. Vector Vfit of length N is
introduced that contains the values of fit at these points.
We also introduce vector C of length M that contains a set
of fitting coefficients for the polynomial of order J . Finally,
the matrix A of the size N-by-M is introduced that allows

obtaining values of the fit at the data points from the matrix-
vector product:

Vfit = AC. (9)

The structure of matrix A follows directly from (8) above.
Namely, the elements of matrix A can be expressed as:

Anm = p�1
1 p�2

2 p�3
3 , (10)

where index n labels data points and defines p1, p2, and
p3 according to (5)–(7), while index m labels the terms of
expansion in (8) and defines a set of powers �1, �2, and �3. As
introduced above, 1 ≤ n ≤ N and 1 ≤ m ≤ M. For each
given order of expansion j, a set of three powers in (10) has
to satisfy the following monomial condition:

�1 + 2�2 + 3�3 = j. (11)

As introduced above, 0 ≤ j ≤ J . This relation is illustrated in
Table 2, where we listed all allowed sets of powers for orders
up to the 5th. Using this approach the elements of matrix
A can be easily generated for any set of data points and any
order of the fitting polynomial.

Next, the deviation between the fitting function and the
ab initio energies at the data points is minimized,

min‖V− AC‖, (12)

by finding the appropriate values of C. This can be for-
mulated as a linear least squares fitting problem. In our
numerical implementation, this problem is solved using
subroutine DGELS of the LAPACK library [13]. Accuracy of
the fit is measured by the root mean square (RMS) deviation
defined as

RMS = 1
N

N
∑

n=1

√

[V(n)−Vfit(n)]2, (13)

with V(n) being the ab initio energy at the point n and Vfit(n)
being the value of the fit at the same point, obtained from
(8). This RMS deviation characterizes global quality of the
fit. The local quality of the fit for each point n is given by the
absolute deviation:

Δ(n) = |V(n)−Vfit(n)|. (14)

A FORTRAN subroutine has been developed to determine a
set of adjustable coefficients C for any given set of N data
points and any given order J of the fitting function. This
subroutine is general and can be used for any homonuclear
triatomic molecule.

In addition to the internuclear distances {r12, r23, r31}
and the Morse variables {y12, y23, y31}, we extensively use
one more set of the internal coordinates for the triatomic
molecule: {ρ, θ,φ}—the adiabatically adjusting principal
axes hyperspherical (APH) coordinates [14]. These coordi-
nates are not used in the fitting procedure, but they are
very handy for graphical representation of the surface. Thus,
the hyperradius ρ is used as an abscissa in Figures 1, 3
and 4 below. The full set of ρ, θ, and φ is used in Figure 5.
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Table 1: The number of adjustable coefficients, M, versus the polynomial order, J .

J 10 11 12 13 14 15 16 17 18 19 20

M 67 83 102 123 147 174 204 237 274 314 358

Table 2: Allowed values of the powers for various monomial terms,
up to 5th order.

Monomial order j Coefficient
Powers

�1 �2 �3

0 C0 0 0 0

1 C1 1 0 0

2
C2a 2 0 0

C2b 0 1 0

3
C3a 3 0 0

C3b 1 1 0

C3c 0 0 1

4

C4a 4 0 0

C4b 2 1 0

C4c 1 0 1

C4d 0 2 0

5

C5a 5 0 0

C5b 3 1 0

C5c 2 0 1

C5d 1 2 0

C5e 0 1 1

Working with the APH coordinates, it is useful to remember
that the small-amplitude motion along the hyper-radius ρ
correlates with the symmetric stretching normal mode, while
the large-amplitude motion along ρ describes dissociation,
process (1). Small-amplitude motion along φ correlates with
the asymmetric stretching normal mode, while the large-
amplitude motion along φ describes pseudorotation [14].
The hyperangle θ correlates with the bending normal mode.

3. Generating Small Set of Preoptimized
Points

Quite often, even before we start the computationally
expensive ab initio calculations, we do already have some
preliminary information about the PES. This information
may come from the experiment (e.g., equilibrium struc-
ture, harmonic frequencies, dissociation energy), from the
empirical forcefield or from the computationally inexpensive
electronic structure calculations (e.g., CASPT2). In the case
of ozone, we have an old surface [3], and we want to take
full advantage of this information in order to minimize the
number of points needed to construct an accurate fit.

Using the old surface of ozone [3], we experimented
with polynomials of different orders, with different values
of λ, and with different number of points in the data set.
The polynomial of 16th order with λ = 1.75 Bohr was
chosen. Such polynomial contains M = 204 adjustable
parameters. We found that, when the number of data points

is around N = 500, the polynomial of 16th order has enough
flexibility to reproduce all features of the complicated ozone
PES, without showing artificial oscillations. Polynomials of
lower-orders were not flexible enough and exhibited higher
RMS deviations. Polynomials of higher-orders were more
successful in fitting the data, but they showed artificial
oscillations in the regions of sparse points. We searched for
solution of this problem and found that the undesirable
oscillations of the high order polynomials could be reduced
by adding more data points. Finally, we have chosen to
proceed with a small set of points, about 500, and the
polynomial function of 16th order. The choice of number
500 was, of course, somewhat arbitrary. In what follows we
will call these points the fitting set.

Next, we tried to find a way of choosing positions of
points of the fitting set in a more or less optimal way with the
purpose of obtaining the most accurate representation, by
the polynomial of 16th order, of the relevant part of the PES.
For our purposes (reaction dynamics at thermal energies)
most relevant is the low energy part of the PES. Using the
old surface we generated a very dense 3D grid of points in
the configuration space. Points at energies higher than 0.2 eV
above the dissociation threshold were removed as irrelevant,
leaving approximately half million points in what we will
call the reference set. The reference set of points is discrete,
but, since it is very dense, it approximates reasonably well
the continuous configuration space. At the first step the 500
points of the fitting set were placed randomly in the relevant
part of the configuration space. Then we moved points of
the fitting set, literally one by one, to new positions making
sure that each such move maximizes accuracy of the surface
representation. Accuracy of the surface representation was
characterized by the RMS deviation between the fit and the
old surface (computed using the reference set of points).
Each possible position of the fitting point was evaluated
by refitting the corresponding set of 500 fitting points and
calculating the corresponding RMS deviation of the fit. The
position that gives smallest RMS deviation was chosen, and
the point was moved into that new position, after which the
procedure was applied to the next point of the fitting set, and
the next.

This procedure does not have to stop after all 500 points
of the fitting set have been moved to new better positions.
We tried to reiterate the whole set again and again, until the
“memory” of the initial (arbitrary) placement of the fitting
points has been lost.

Figures 1 and 2 illustrate this procedure. Figure 1(a)
shows initial positions of the 500 fitting points in the
configuration space. In this example the initial placement of
points was intentionally done in the worst possible way. All
points sit very close to each other in one remote region of
the PES. Coverage of the configuration space is minimal, and
the RMS deviation of the fit is huge, close to 5 × 1012 cm−1.
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Figure 1: Illustration of the preoptimization procedure using the old surface of ozone. The MEP is shown as blue curve. The covalent well
and the vdW well are seen. Horizontal axis gives the internal hyperradial coordinate ρ of O3. The cut-off energy is shown by dashed line. The
500 data points are shown as red dots: (a) the initial placement of points according to the worst case scenario, (b) the final optimized set of
points obtained after 5,000 iterations.
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Figure 2: Improvement of the RMS deviation of the fit during the preoptimization procedure carried out using the old surface of ozone: (a)
during the first 200 iterations (note the exponential scale), (b) during the 5,000 iterations, when the set of 500 fitting points is reoptimized
10 times. The gradual loss of memory of the initial placement of points is clearly seen.

Figure 2(a) shows that as points are moved one by one to
their new better positions, the RMS deviation of the fit drops
very quickly, roughly exponentially. After 200 points have
been moved, the exponential fall regime transforms into
an almost horizontal line regime, where the RMS deviation
of the fit fluctuates in the range between 33 and 50 cm−1.
Figure 2(b) shows that further iterations do not really
improve the RMS deviation of the fit, but they promote
the loss of “memory” of the initial placement of points.
Figure 1(b) shows the final distribution of fitting points in
the configuration space. Note that the final distribution of
points in Figure 1(b) is not uniform. Some emphasis on the
high energy part of the PES is clearly present, which means
that this part of the PES is harder to fit accurately, compared
to the well region at low energies. Some emphasis of the reef

region is also seen. This final fitting set is characterized by
the RMS deviation of 36.0 cm−1.

In order to characterize quality of the analytic fit itself, we
computed the RMS deviation between the fitting function
and the 500 data points of the fitting set. This value was only
33.0 cm−1.

One interesting observation that follows from the nu-
merical experiments described above is that moving only a
small number of points is sufficient in order to reduce the
RMS deviation to a relatively low value. Further moves do
not necessarily improve the RMS deviation. For example, in
the worst case scenario presented in Figures 1 and 2, it was
sufficient to move the first 200 points. In the less extreme
tests we conducted, when the initial coverage was close to the
uniform, we saw that moving about 100 points was enough.
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Figure 3: Illustration of partial preoptimization employed for accurate description of the asymptotic region. The fixed 400 points are shown
by black dots. The optimized 100 points are shown by red dots. (a) Energies from the old PES, (b) Energies obtained in this work at the
CBS level. The additional 70 points placed in the critical parts of the PES a posteriori are shown by green dots. The corresponding MEPs are
shown by blue lines.

One can ask the question: would it be possible to use
just those first 100 points and construct an accurate fit of
the PES? The answer is no. We need more points than fitting
coefficients, and our tests showed that the fitting function of
16th order is smooth only if we use about 500 points or more.

Detailed inspection of the final fit showed that although
the covalent well was reproduced reasonably well, the fit
of the MEP in the region of the vdW well was not really
acceptable. Indeed, from Figure 1(b), we see that only a small
number of fitting points ended up in the vdW region of the
PES. In order to describe this part of the PES more accurately,
one has to force the points to move into this part of PES, and
cover it thoroughly, even if the RMS deviation of the global
fit is not improved by such placement of points. This can
be done, for example, by associating different fitting weights
with different regions of the PES and we tried this approach.
Another approach is to manually cover the asymptotic part
of the PES with fitting points and forbid those points to
move out. We found that this second method is easier to
implement and ended up with the algorithm described in the
next paragraph.

Based on the fact that moving just 100 points allows
minimizing the RMS deviation of the fit, we spilt the set
of 500 points onto two groups. The first 400 points were
placed throughout the configuration space quasi-randomly
(using a very sparse grid in the hyperspherical coordinates)
and were not allowed to move. In Figure 3(a), these points
are shown in black. About 80% of these points belong to
the vdW region, while the 20% of them describe the main
well. Positions of the remaining 100 points were optimized,
using the method described above, in order to reduce the
RMS deviation of the fit. Their final positions are shown
in Figure 3(a) in red. The resultant RMS deviation between
the fit and the reference set was 36.4 cm−1. The RMS
deviation between the fit and the fitting set of 500 points was
only 36.0 cm−1. These numbers are slightly higher (∼9%)

compared to the case when all 500 points were optimized, but
sacrificing slightly the global RMS deviation of the fit allows
reproducing much better the vdW well region of the PES.

We would like to call a set of points obtained in this way
a preoptimized set of points, because the points optimized
using preliminary version of PES may not be equally optimal
for the new accurate PES. However, it is obvious that pre-
optimizing a set of points is better than using an arbitrarily
chosen set of points, especially if the ab initio calculations are
computationally expensive.

We have to stress again that our pre-optimization pro-
cedure was carried out using the old surface of O3, without
doing any new ab initio calculations. The data points from
the old surface are basically free, which allowed us to
use them so liberally (i.e., repeatedly move points to new
positions disregarding the old ones). We have to admit
that if the old PES would not exist (which may be the
case for new molecules), one option would be to actually
compute points during pre-optimization. This would make
the pre-optimization procedure more demanding computa-
tionally and would probably require employing more elegant
approach to optimization, such as the steepest descend
method.

Finally, the preoptimized set of points was used to carry
out new ab initio calculations and construct new PES of
ozone.

4. Results and Discussion

All ab initio calculations were carried out using, MOLPRO
suite of the electronic structure codes [15]. The level of the-
ory was icMR-CISD+Q using the CASSCF(12,9) active space.
At each point of the PES, we carried out two independent
calculations: first with aug-cc-pVQZ and second with aug-
cc-pV5Z basis sets. Then, for each point of the PES, we
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Figure 4: Three critical regions of new PES of ozone: (a) at the bottom of the covalent well, (b) near the top of the reef, (c) along the vdW
well. The MEP is shown as blue line. Filled symbols show the data points; pluses show the values of the fit at these points. Deviations are
small. Green color is used for points added to the fitting set a posteriori.

made extrapolation to the CBS limit using the following
extrapolation formula [10]:

VCBS =
Vaug−cc−pvqz · 43 −Vaug−cc−pv5z · 53

43 − 53
. (15)

The resultant value of the dissociation energy at the CBS
limit is De = 1.135 eV, which is 871 cm−1 higher than
the dissociation energy of the old surface [1, 2]. This
represents a dramatic improvement. New theoretical value
of the dissociation energy is only 65 cm−1 (8 meV) lower
compared to the recent experimental value [7, 8].

We also tried calculations with aug-cc-pV6Z basis sets
and made extrapolation based on the aug-cc-pV5Z and
the aug-cc-pV6Z data. We found, however, that this adds
only 3 meV (about 24 cm−1) to the dissociation energy of
ozone and decided not to follow this path. Calculations with
larger active space CASSCF(18,12) and with incorporation
of the spin-orbit correction are ongoing and will be reported
elsewhere [11].

New data points at the CBS limit are shown in
Figure 3(b). By comparing energies of the pre-optimized set
of points (old PES, Figure 3(a)) to the set of new points com-
puted in this work (Figure 3(b)), one can easily see that the
two PESs are somewhat different, particularly in the regions
above the well and in the vicinity of the transition state.

The CBS data points were fitted by the permutationally
invariant polynomial of 16th order as explained in Section 2.
The RMS deviation of the resultant fit was 26 cm−1 which is,

in fact, slightly lower than the RMS deviation seen at the pre-
optimization step (Section 3). This result is quite encourag-
ing and supports the idea (and efficiency) of pre-optimizing
a set of data points prior to the massive ab initio calculations.

For the new analytic PES, we determined the MEP
using the Newton-Raphson minimization method [16]. We
inspected the MEP and found that, in its vicinity, the typical
deviation of the fit from the data points was about 25 cm−1,
close to the global RMS deviation. We concluded that new
surface can benefit from adding more points to the vicinity
of the MEP. Note that the fitting method of Braams and
Bowman [12] allows adding points to the fitting set a
posteriori. Refitting an upgraded set of the data points is
straightforward. We tried to add 4 points in the range of
small values of ρ, 30 points close to the bottom of the
covalent well, 14 points near the reef, and 22 points along
the bottom of the vdW well—about 70 new points total.
These additional points are shown in Figure 3(b) in green.
Refitting the whole set of N = 570 points gave even better
global RMS deviation of 22 cm−1 and resulted in a much
better description of the PES along the MEP. The final MEP
is shown in Figure 3(b).

Detailed views of three critical regions of new PES are
given in Figure 4. Figure 4(a) shows the bottom of the cova-
lent well, while Figure 4(b) shows the reef and Figure 4(c)
shows the vdW well. In these figures the minimum energy
path is shown by the solid line, the values of ab initio energies
at the data points are shown by filled symbols, while the
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Figure 5: Global view of the ozone PES in three dimensions using
the isoenergy surface at 0.2 eV and the internal hyperspherical
coordinates {ρ, θ,φ}. The threefold symmetry is clearly seen. Each
covalent well (at the bottom) is connected to two dissociation
channels (at the top) through the narrow transition states. See text
for details.

values of analytic fit at the data points are shown using plus-
signs. Deviations of the fit from the data are about 3 cm−1

near the bottom of the covalent well, only 2 cm−1 near the
top of the reef, and about 7 cm−1 near the bottom of the vdW
well. These numbers demonstrate excellent accuracy of the
analytic representation of the PES. On this new PES, the top
of the reef is 102 cm−1 below the dissociation threshold; the
vdW well is 215 cm−1 deep.

In Figure 5 we show an isoenergy surface for the PES of
ozone in three dimensions. In this approach to PES visual-
ization, the configuration space where the potential energy of
the molecule is higher than a given cut-off value (here 0.2 eV
above the dissociation threshold) is made transparent, while
the configuration space classically accessible to the motion of
nuclei at this energy is made visible as a 3D structure. The
APH hyperspherical coordinates {ρ, θ,φ} are used [14] in
order to emphasize symmetry of the PES. The range of hyper-
radius in Figure 5 is the same as in Figure 3, namely, 3.5 < ρ <
11 Bohr. Recall that the hyperangles θ and φ correlate with
bending and asymmetric stretching motions, respectively.
Note that, due to the permutation symmetry of ozone, there
are three identical covalent wells in the entire configuration
space, which can be reached by changing the value of φ.
Those are seen as three ellipsoidal-like lobes in the lower part
of Figure 5. They are connected to three identical dissocia-
tion channels seen in the upper part of Figure 5. The reef
structures discussed above (the transition states) are seen on

this picture as narrow bottlenecks connecting each covalent
well to two dissociation channels. Figure 5 gives global view
of the PES and permits seeing all its features simultaneously.
We also see that fitting by the permutationally invariant pol-
ynomial function takes full advantage of symmetry of the
molecule.

5. Conclusions

The approach of fitting the ab initio data by the permuta-
tionally invariant polynomial functions allows constructing
accurate global PESs of symmetric molecules using relatively
small number of points. Several features of the method
contribute to reduction of the number of data points. First
of all, analytic form of the fitting function takes the full
advantage of symmetry and uses most efficiently every point
computed ab initio. Redundant coverage of the configuration
space is avoided. Second, this approach allows focusing on
the most important part of the PES (here low energies) and
avoids placing points into the irrelevant regions. Indeed,
the high-energy regions of PESs are not only irrelevant to
dynamics or spectroscopy but also harder to characterize ab
initio. Third, the approach allows adding ab initio points one
by one to the most important regions of the PES in order
to improve representation of the surface there. This is very
useful since in chemistry the transition state point is, usually,
the most important. Finally, positions of the data points
in the configuration space can be efficiently pre-optimized
using available theoretical or experimental information. In
our case an older PES of ozone was extremely useful.

It is true that such complete information as an older
PES may not be available for every molecule in the nature,
but for many important molecules the older PESs do exist.
If unavailable, an approximate PES can be constructed
using experimental data or the ab initio calculations at a
reduced level of theory. In fact, the permutationally invariant
polynomials of low order can be employed to construct
an approximate PES quickly, since they contain very small
number of fitting parameters (see Table 1) and require very
few data points.
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The potential energy surface (PES) of NO on Pt(997) has been elucidated: the adsorption states and diffusion processes of NO
on Pt(997) at low coverage were investigated by using infrared reflection absorption spectroscopy (IRAS) and scanning tunneling
microscopy (STM). When NO molecules adsorb on a surface at a low temperature (11 K), each molecule transiently migrates on
the surface from the first impact point to a possible adsorption site. We found that there are four stable adsorption sites for NO on
Pt(997): a bridge site of the upper step, an fcc- (or hcp-) hollow site of the terrace, an on-top site of the terrace, and an fcc-hollow
site of the lower step. At higher temperatures above 45 K, NO molecules start to migrate thermally to more stable adsorption sites
on a terrace, and they are finally trapped at the bridge sites of the step, which are the most stable among the four sites.

1. Introduction

The elucidation of potential energy surface (PES) of ad-
sorbed molecules on metal surfaces is quite important. In
particular, surface diffusion of adsorbed atoms and mol-
ecules plays a vital role in various surface dynamical pro-
cesses, such as heterogeneous chemical reactions, formation
of self-assembled structures, and single atom manipulation
by a scanning probe microscope [1]. Since an adsorbed mol-
ecule must encounter a reaction partner before a chemical
reaction takes place, surface diffusion could be a rate-limiting
process for surface chemical reactions. In particular, the
adsorption of carbon monoxide (CO) and nitric monoxide
(NO) on transition metal surfaces is a basic model for
investigating the catalytic reaction on the automobile three-
way catalyst, where the PES for CO and NO governs the
migration of the molecules. Therefore, not only surface
diffusion but also the adsorption states of CO and NO
are important. So far, many studies of CO and NO on
transition metal surfaces have been reported; NO adsorption
on Pt(111) is one of the fundamental systems and there are
many studies [2–10]. In addition, surface defects are often
stable adsorption sites and active sites for NO dissociation

[11–13]. Therefore, the adsorption states and diffusion proc-
ess of NO on a stepped Pt surface are even more important
than that on a flat Pt surface.

In this review article, the adsorption states and the dif-
fusion process of NO molecules on Pt(997) are discussed
based on our recent investigations by infrared reflection ab-
sorption spectroscopy (IRAS) and scanning tunneling mi-
croscopy (STM).

Surface diffusion is classified into “thermal” and “tran-
sient” diffusion [1]. Thermal diffusion consists of stochastic
site-to-site hopping motions of adsorbates driven by thermal
fluctuation (Brownian motion). Based on Arrhenius-type
rate theory, the hopping rate, k, is defined as follows:

k = A exp
(

− E

kBT

)

, (1)

where E, T , and A are the activation barriers to site-to-site
hopping, substrate temperature, and preexponential factor,
respectively. On the other hand, transient diffusion is the
inevitable process upon adsorption [1, 14]. When an atom
or a molecule is adsorbed on a surface, adsorption energy
must be dissipated. Excitations of various vibrations of a
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Figure 1: (a) A schematic drawing of Pt(997). (b) A lattice used in the present KMC simulation. The lattice size is about 280× 280 Å2. Circles
of thin lines represent the fcc- and hcp-hollow sites on the terrace, and circles of heavy lines represent the bridge sites on the step, respectively.
Although the lattice of the (111) terrace is hexagonal, we virtually deformed the lattice into a tetragonal one to assign adsorption sites with
Cartesian coordinates. The coordinates of adsorption sites on the terrace and the step are represented by (x, y,h, s) and (x, s), respectively.
For example, the coordinates labeled “A” and “B” in the lattice are represented as (1, 4, 1, 0) and (3, 0), respectively [15].

substrate and an adsorbed molecule, electron-hole pair exci-
tations, and transient motions of an adsorbate are possible
dissipation paths. The transient diffusion is the translational
migration of an adsorbate driven by its adsorption energy.
This depends not on the substrate temperature, but on the
interaction between adsorbates and the substrate. Energy
dissipation of chemisorbed species is more efficient than that
of physisorbed species because of the mixing of the electronic
states in chemisorption. In addition, the PES of chemisorbed
species is more complicated than that of physisorbed species.
Therefore, chemisorbed species have a shorter diffusion
length in transient diffusion than physisorbed species
[1].

2. Experimental and Analysis Methods

All IRAS and STM experiments were carried out in an ultra-
high vacuum chamber. The base pressure of the chamber is
less than 1 × 10−10 Torr.

A clean Pt(997) surface was carefully prepared by
repeated cycles of Ne ion sputtering and annealing proce-
dures in a preparation chamber. The Pt(997) surface has a
periodic step-terrace structure (Figure 1(a)). The terrace has
a (111) close-packed structure composed of nine rows of
platinum atoms, and the monoatomic step is formed by a
(111) microfacet. In the final cleaning procedure, the sample
was exposed to 2 × 10−7 Torr O2 with annealing at 1000 K
to remove trace carbon contamination. Subsequently, the
sample was flashed to 1300 K. The surface contaminations,
mainly carbon, were reduced by repeated cycles of this
oxidation procedure. The cleanness of the Pt(997) surface
was confirmed by using low energy electron diffraction
(LEED) and STM.

The sample was transferred to a measurement chamber
in which the sample holder was connected to a liquid He/
liquid N2 reservoir and surrounded by triple thermal shields.
Gaseous NO molecules at 300 K (kBT ∼ 26 meV) were in-
troduced onto the cold sample surface through a pulse gas
dosing system, at an angle of about 45◦ from the surface
normal direction.

In IRAS measurements, the resolution and the number
of accumulations were 4 cm−1 and 500 scans, respectively.
In time-resolved IRAS (TR-IRAS) measurements, the res-
olution was 4 cm−1, the same as with the normal IRAS
measurements. The measurement time of each spectrum was
controlled by the number of accumulations. In this study,
it was from 250 to 500 scans, which corresponds to a time
increment from 50 to 100 s. When the valve of the pulse gas
dosing system was opened, the time-resolved measurements
were started, and a series of IRAS spectra were acquired as a
function of the elapsed time. The exposure of NO molecules
was controlled by the duration time of the pulse gas dosing
system. The duration time (the open time of the valve) was
in the order of ms (typically 2 ∼ 5 ms) and much shorter
than the measurement time. Details of the experiments are
described in our previous papers [15–17].

In order to analyze the results of TR-IRAS in the range
from 100 to 110 K, where the long range diffusion of NO
across the terrace and the island formation occurs, Kinetic
Monte Carlo (KMC) simulation was carried out. Here, the
procedure of the present KMC simulation is described. The
KMC simulation is performed with the lattice shown in
Figure 1 with a periodic boundary condition. The migration
of the adsorbed NO molecules is simulated using a lattice
gas model [18, 19]. On the terraces and the steps, the arrays
c(x, y,h, s) and cs(x, s) are defined, and the value of each
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Figure 2: (a) A schematic drawing of Pt(997) around the step and its PES with ES barrier ES. Sites 1, 2, and 3 are the HS site, HT site next to
the BS site, and BS site, respectively. k is the NO does not adsorb, is the hcp-hollow site next to the HS site. k is the rate constant to migrate
from a hollow site to a neighboring hollow site on the terrace. (b), (c) Models of PES in the KMC simulation. In model A, the rate constant
from site 1 to site 3 is assumed to be the same as that from site 2 to site 3. In model B, the rate constant from site 1 to site 3 is assumed to be
zero (infinite barrier).

element of the arrays is either 0 (empty) or 1 (occupied).
In order to characterize the hopping processes of adsorbed
NO, a rate constant k is assigned to each hopping motion.
An NO molecule at a hollow site on the (111) terrace
(HT species) migrates to a nearest neighbor HT site via a
bridge site [13]. Therefore, the HT species has three nearest
neighbors, meaning that three rate constants are required
for one HT species. In this model, all the rate constants
of hopping from the hollow to the nearest neighbor are
assumed to be the same. A similar assumption was adopted
in the previous study of CO on stepped Pt(111) surfaces
[20–22].

In addition, the Ehrlich-Schwoebel (ES) effect [23, 24],
which is shown in Figure 2, should be considered in the
KMC simulation. If an atom or molecule approaches from
a lower or an upper terrace to a step region, the PES across
the step shows an asymmetric profile. In the case of CO on
a stepped Pt(111) surface, a very large barrier on the route
from a lower terrace to an upper step must be considered
[20–22]. In order to incorporate the ES effect (Figure 2(a))
simply, two cases are considered: model A (Figure 2(b)) has
no Schwoebel barrier, while model B (Figure 2(c)) has an
infinite barrier. In model A, HT species on a lower terrace
climb up to an upper step site. On the other hand, in model
B, HT species on a lower terrace do not climb up to the upper
step and are reflected by the ES barrier. Thus, the molecules
can reach the step sites from one direction exclusively.

An adsorbate-adsorbate interaction was also taken into
account in the simulation because HT species on Pt(111)
form a p(2 × 2) structure [2–10]. Therefore, when they
form the p(2 × 2) structure, energy modifications, which

are expressed by multiplying the rate constant k by a
Boltzmann factor exp(−Eint/kBT), must be considered. Eint

is the interaction energy. The interaction is assumed only
to be the factor lowering the potential energy minimum of
the HT species [25–29]. In addition, all the rate constants
whose processes reduce the distance between HT species
to less than 5.54 Å are zero. This procedure represents the
repulsive interaction between NO molecules. The value of
5.54 Å corresponds to the distance between hollow species in
the p(2× 2) structure on Pt(111).

The initial (t = 0) distribution of NO molecules was
determined stochastically. The details are described in our
previous report [15]. Once the initial distribution was de-
termined, repeated cycles of the standard KMC procedure
were carried out until the elapsed time exceeded a preset
value. In this study, 2000–100,000 cycles of the KMC step
were carried out. Parameters rs, k, and Eint were determined
to fit the simulation with the experiment.

3. Adsorption States and Diffusion Kinetics

3.1. Adsorption States of NO Molecules on Pt(997). Figure 3
shows a series of IRAS spectra of NO molecules (0.017 ML)
on Pt(997) as a function of substrate temperature. In
Figure 3(a), four peaks are observed at 11 K. All peaks
are derived from the stretching mode v(N–O); there are
four stable adsorption sites on Pt(997). Table 1 shows the
assignment of the NO adsorption sites. The peaks at 1483
and 1689 cm−1 are observed in the previous vibrational
studies of NO on a flat Pt(111) at low temperatures and
are assigned to the NO molecules at the threefold hollow
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Table 1: Adsorbed states of NO on Pt(997). Observed and calculated energies are shown. ∗Details of DFT calculations are shown in our
previous report [16].

Adsorption site
v(N–O) (cm−1)

Adsorption energy (eV) Abbreviation
Observed Calculated∗

Hollow (terrace) 1482 ∼ 1484
1512 (fcc) 2.09 (fcc)

HT
1539 (hcp) 1.92 (hcp)

On-top (terrace) 1689 ∼ 1690 1683 1.61 OT

Bridge (upper step) 1610 ∼ 1630 1607 2.49 BS

Hcp-hollow (lower step) — 1188 0.87 —

Fcc-hollow (lower step) 1385 ∼ 1396 — — HS

1800 1600 1400

Wavenumber (cm−1)

A
bs

or
ba

n
ce

0.001

1689

1610 1483 1385

(b) 70 K

(c) Heated to 90 K

(d) Heated to 150 K

(a) 11 K

Figure 3: IRAS spectra of 0.017 ML NO on Pt(997) as a function
of substrate temperature. (a) A spectrum after an NO gas injection
at 11 K. (b) A spectrum after an NO gas injection at 70 K. (c) After
heating the substrate from 70 K to 90 K, and cooling down to 70 K.
(d) After heating the substrate from 70 K to 150 K, and cooling
down to 70 K.

site and on-top site (HT and OT species) [6–10]. Other
peaks at 1385 and 1610 cm−1 have not been observed at
NO on a flat Pt(111) surface; thus, they are related to the
monoatomic step structure of Pt(997). By increasing the
substrate temperature (Figures 3(b)–3(d)), the number of
peaks is decreased. This is caused by the thermal diffusion of
adsorbed NO. Adsorbed NO molecules thermally migrate on
a surface to more stable adsorption sites. Thermal diffusion
is discussed after the assignment of the four peaks in
Figure 3(a).

Figure 4(a) shows an STM image of NO molecules
(0.2 ML) on Pt(997) at 86 K. Adsorbed NO molecules are
observed as protrusions on Pt(997). Since the substrate
temperature in the STM result is almost the same as that
in the IRAS result of Figure 3(c), the STM image should

contain two NO adsorption species (1483 and 1610 cm−1).
The protrusions on the terrace are HT species and they form
a p(2 × 2) structure on the terrace, giving the 1483 cm−1

peak. Therefore, the protrusions on the step edge correspond
to the peak at 1610 cm−1. By drawing a registry grid on the
STM image, the protrusions on the step edge are located
at the twofold bridge sites. Therefore, the stable adsorption
site for NO molecules on the step edge is a twofold bridge
site, and the peak at 1610 cm−1 is assigned to NO at the
bridge site of the upper step (BS species). Compared to
the previous DFT calculation, the BS species is the most
stable species, and the stretching frequency is 1607 cm−1,
which is in good agreement with the experimental results
[16]. The other peak at 1385 cm−1, which appears at 11 K,
is assigned to the NO at the HS species shown in Figure 4(b).
From the DFT calculation, there is a stable adsorption
site at an HS (hcp) site as shown in Figure 4(b), and its
calculated stretching frequency is 1188 cm−1 [16]. This is
smaller than the experimental result. We think that not
the HS (hcp) site but the HS site is stable for the NO,
which has stretching frequency of 1385 cm−1. We think
that HS species interact with the step edge more strongly
than HT species. The hybridization between the Pt 5d
state of the step edge and the NO 2π orbital increases
the back donation of the electron from the Pt substrate to
the 2π orbital compared to the NO on the terrace, and
the electron back donation lowers the stretching frequency.

At 70 K, OT, HT, and BS species are observed by IRAS
(Figure 3(b)), and HS species is not observed. This suggests
that the HS species is the least stable among the four. By
heating the substrate to 90 K, thermal diffusion of NO from
OT sites is now activated. The peak of OT species disappears
and the intensities of others are increased (Figure 3(c)). By
heating the substrate to 150 K, all adsorbed NO molecules
migrate to the BS sites (Figure 3(d)). Therefore, the most
stable adsorption site for NO is the BS site, and the 2nd and
3rd most stable sites are the HT and OT sites, respectively.
These results are in good agreement with the previous DFT
calculation [16] and are summarized in Table 1.

3.2. Thermal Diffusion Processes of NO on Pt(997). Figure 5
shows a series of TR-IRAS spectra of NO on Pt(997) at 76 K,
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Figure 4: (a) An STM image of 0.2 ML NO on Pt(997) at 86 K. Vs = −0.1 V, It = 200 pA, 11 nm× 5.5 nm. The registry mesh is drawn based
on adsorbed NO molecules on the terrace as a reference. The intersections correspond to the position of Pt atoms. (b) A schematic drawing
of the adsorption sites of the NO on Pt(997). HT (fcc and hcp), OT, BS, and HS species are energetically stable. However, an HS (hcp) site is
not stable.
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Figure 5: (a) A series of TR-IRAS spectra of NO on Pt(997) after an NO gas injection. (b) Change of the fractional coverage of each NO
species as a function of the elapsed time. (Coverage: 0.02 ML, temperature: 76 K.).

and the coverage of OT, HT, and BS species as a function
of elapsed time. The coverage of each species is defined as
the ratio of the number of NO molecules at each site to the
number of Pt atoms. The amount of OT species decreases
and the amount of HT and BS species increases. The coverage
change is estimated from the change of the peak intensities.
The details are as follows: since the extinction coefficient
of IR absorption by N–O stretching depends on the NO
adsorption sites, the ratio of the extinction coefficient of
OT species to that of HT and BS species is necessary to
convert the peak intensity to the coverage. The coverage,
whereby NO fully occupies the step site and the other sites
are completely empty, is 0.056 ML. Note that the distance
between neighboring NO molecules is about 5.5 Å, twice of
the lattice constant of Pt substrate. Here, 1 ML is defined
as the ratio of the number of adsorbed NO molecules to

the number of platinum atoms. We determined the coverage
of BS species by comparing the peak intensity to that of
0.056 ML BS species (When all BS sites are occupied, the
nearest-neighbor distance between NO molecules is about
5.5 Å. The dipole-dipole interaction should be considered
in IRAS spectra and the peak could be slightly blue-shifted.
However, we assume that the integrated intensity does
not deviate from the simple proportional relation IBS =
CBSNBS so much). In addition, the coverage of HT and OT
species is also estimated by using the ratio of extinction
coefficients. The total coverage of NO on Pt(997) is estimated
by heating the substrate up to 150 K. After heating, all NO
molecules migrate to BS sites and the only peak of BS
species remains in the IRAS spectrum. Note that neither
desorption nor dissociation of NO molecules occurs at 150 K
[11–13].
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Rate constants of the site-to-site hopping from the OT
site to the HT and BS site are defined as k1 and k2. The
coverage change is analyzed based on first-order reaction
kinetics, and k1 and k2 can be estimated from the following
equations:

dθOT

dt
= −(k1 + k2)θOT,

dθHT

dt
= k1θOT,

dθBS

dt
= k2θOT.

(2)

θi(t) (i = OT, HT and BS) is the coverage of OT,
HT, and BS species, respectively. Similar experiments were
carried out in the temperature range from 70 K to 77 K,
and the activation energies and preexponential factors of k1

and k2 are estimated. An Arrhenius plot for k1 + k2, which
is the rate constant to escape from the OT site, is shown
in Figure 6. The activation barrier and the preexponential
factor are estimated to be about 200 meV and 2.0× 10−11 s−1,
respectively. Since adsorbed NO molecules still remain in the
terrace region in this temperature range, k1 and k2 are the
rate constants of site-to-site hopping from the OT site to the
neighboring HT or BS site, and long-range surface diffusion
does not occur. Note that the θHT(∞)/θBS(∞) is about 8 ∼ 9.
We think that it depends on the terrace width of Pt(997),
whose terrace is constructed by 9 atomic rows. This means
that OT species only migrate to the nearest neighbor site (HT
or BS), and the destinations depend on the initial position.
OT species next to the step can only reach the step site. If
a stepped Pt(111) surface, which has a longer terrace width

than Pt(997), is adopted, larger θHT(∞)/θBS(∞) value than
8 ∼ 9 would be expected.

Figure 7 shows a series of TR-IRAS spectra of NO on
Pt(997) at 105 K, and the coverage change of HT and BS
species as a function of elapsed time. As the elapsed time
increases, the peak intensity of HT species decreases and that
of BS species increases. Long-range surface diffusion occurs
at 105 K and all NO molecules migrate to the step edge. KMC
simulation, which is described in Section 2, is adopted in the
analysis. The parameters are the initial coverage (θtotal(0)),
the rate constant to escape from the HT site (k3), and
the interaction energy between two NO molecules in the
p(2 × 2) superstructure. From the analysis, we found that
the model with no ES barrier shown in Figure 2(b) is much
better than that with the infinite ES barrier model shown
in Figure 2(c). The solid line in Figure 7(b) shows the result
of KMC simulation based on the first model. The second
model cannot fit the experimental data with any parameters;
thus, fitting by the second model is not shown here. Despite
the fact that hopping from the HT site on the lower terrace
to the BS site involves ascending the monoatomic step, the
first model, which has no ES barrier, is better as a model
of NO diffusion on Pt(997). This is because of the stable
adsorption site at the HS site. The details are discussed later.
Similar TR-IRAS measurements are conducted in the range
from 100 K to 110 K, and an Arrhenius plot for k3 is shown
in Figure 6. The activation barrier and the preexponential
factor are estimated to be about 290 meV and 6.5 × 1011 s−1,
respectively.

Figure 8 shows IRAS spectra of NO on Pt(997) as a
function of heating temperature. After heating the substrate
to 45 K, the peak of the HS species diminishes, and only that
of the BS species increases, and the others do not change.
This indicates that all NO molecules at HS sites migrate to
BS sites by ascending the monoatomic step, which supports
the fact that no ES barrier is discussed above. We roughly
estimated the barrier height as follows: since the HS species is
observable at 40 K, the accommodation time of the HS site at
40 K is similar or longer than the measurement time at least.
On the other hand, this diminishes immediately at 45 K; thus,
the accommodation time of the HS site at 45 K is smaller
than the measurement time. Therefore, assuming that the
preexponential factor is 1011 s−1, the activation barrier to
hopping from the HS site to the BS site is in the range from
110 meV to 120 meV.

3.3. Transient Diffusion Process of NO on Pt(997). Thermal
diffusion of NO on Pt(997) does not occur at 11 K (Since the
shape of the IRAS spectrum at 11 K did not change at all with
increasing the elapsed time, we concluded that the site-to-site
hopping of adsorbed NO molecules did not occur at 11 K.);
the distribution of the adsorbed NO molecules on Pt(997)
at 11 K is determined by the first collision point from the
gas phase and the distance of transient diffusion from this
collision point. We can estimate the distance of the transient
diffusion of NO on Pt(997) from a series of IRAS spectra
shown in Figure 3 [14]. We define the extinction coefficient
of an adsorbed NO molecule as Ci (i = HS, HT, BS, OT). In
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Figure 7: (a) A series of TR-IRAS spectra of NO on Pt(997) after an NO gas injection. (b) Change of the fractional coverage of each NO
species as a function of the elapsed time. (Coverage: 0.017 ML, temperature: 105 K.).

all of the spectra of Figure 3, the total coverage of adsorbed
NO is the same

IHS(11)
CHS

+
IHT(11)
CHT

+
IBS(11)
CBS

+
IOT(11)
COT

= IHT(70)
CHT

+
IBS(70)
CBS

+
IOT(70)
COT

= IHT(90)
CHT

+
IBS(90)
CBS

= IBS(150)
CBS

,

(3)

where Ii(T) = CiNi(T) is the peak intensity of adsorbed NO
at site i, and Ni(T) is the number of adsorbed NO molecules
at site i. From these equations and the spectra of Figure 1, the
ratio of extinction coefficients is estimated to be CBS/CHT =
3.3 and CBS/COT = 2.2, respectively. We could not estimate
CBS/CHS from the spectrum of Figure 3(a). (Comparing the
spectrum (a) with (c) in Figure 7, the peak position of BS
species is slightly different. It seems that this is caused by the
change of adsorption state of BS species, and the CBS is also
different between 11 K and 40 K.) However, the ratio of the
number of NO in the step region (HS and BS) and that of
NO in the terrace region (HT and OT) at 11 K is same as at
45 K, at which HS species diminishes. From the ratio of peak
intensities at 45 K, the ratio of NO on the step to NO on the
terrace is about 1 : 6.1. Based on a previous study of CO on
Pt(997) [14], the simple model shown in Figure 9 is used to
estimate the mean distance of transient diffusion. Therefore,
the mean distance of transient diffusion is about 4.1 Å.
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Figure 8: IRAS spectra of 0.027 ML NO on Pt(997) as a function of
the heating temperature. NO molecules were adsorbed at 11 K.

4. Comparison with Other Studies

In this section, we discuss the above experimental results
by comparison with the previous studies. In the He Atom
Scattering (HAS) study of NO on Pt(111) [30], the activation
barrier was estimated to be 510 meV, which is larger than our
result (290 meV). However, their measurement was carried
out on the macroscopic region and at higher temperatures



8 Advances in Physical Chemistry

⟨l⟩

L

r f

ri

Terrace region

Stop region

Figure 9: A schematic drawing for the estimation of transient
diffusion length of NO on Pt(997). The shadowed regions and
the other regions are regarded as the step region and the terrace
region, respectively. ri and r f are an initial collision site and a final
adsorption site, respectively. By considering the ratio of NO on the
step to that on the terrace, the transient diffusion length 〈l〉 can be
estimated based on Buffon’s needle problem [2, 14].

(310 ∼ 360 K). Therefore, hopping across the step may
be included and it could be the rate-limiting process. In
addition, the dissociation of NO at the step site should occur
above 200 K [11–13]. It is reasonable that the barrier height,
290 meV, is smaller than the HAS result.

In a previous IRAS and DFT study of NO on Pt(110)
[25], the authors estimated the activation barrier to NO
hopping. Hopping from the on-top site to the bridge site on
the Pt atomic row is about 110 meV, and that from the hollow
site, which is next to the bridge site on the atomic row to the
bridge site on the atomic row, is about 230 meV. Their results
are in agreement with our results.

The distance of transient diffusion of NO on Pt(997) is
about 4.1 Å. On the other hand, that of CO on Pt(997)
is about 6.8 Å [14], which is longer than that of NO.
Physisorbed species, such as noble gas, transiently migrates
in the order of hundreds of Å. CO and NO molecules
chemisorb on the Pt surface, and their bonding is stronger
than the physisorbed species. Chemisorbed CO and NO
dissipate their adsorption energy to the substrate via mainly
substrate phonon and electron-hole pair excitations. This
results in a shorter length of transient diffusion. Comparing
NO with CO, the transient diffusion length of NO is shorter
than that of CO. This is caused by stronger coupling between
NO and the Pt substrate. NO has an unpaired electron in the
2π orbital, which is empty in the case of CO. This unpaired
electron makes the energy transfer from NO to the substrate
efficient when NO molecules migrate on the surface. In
addition, the shape of PES of NO is more complex than that
of CO. The stable adsorption site of CO on Pt(997) is only an
on-top site at low coverage, and the activation barrier to CO
hopping is about 190 meV [20–22]. On the other hand, the
number of stable adsorption sites for NO is larger than for
CO, and the activation barrier to NO hopping is higher than

BS

HT HS
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2.49 eV∗
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OT

Figure 10: Potential energy surface of NO on Pt(997). ∗The
adsorption energy is the result from the previous DFT studies
[10, 16].

that of CO hopping. Therefore, this complicated PES shape
results in the short length of NO transient diffusion.

Based on the IRAS experiments and the KMC simulation,
PES of NO on Pt(997) is clarified. We conclude that the HT
species can approach the step from both the upper and lower
terraces. Although we cannot rule out the asymmetry of PES
at the step, the NO molecules can easily migrate from a HS
site to a BS site. This behavior is different from CO on a
stepped Pt (111) surface, which has a large ES barrier [20–
22]. NO molecules migrate to the upper step by climbing
the activation barrier of about 120 meV. Figure 10 shows a
schematic drawing of the routes for NO molecules from the
terrace to the step and the shape of potential energy.

5. Summary

We have presented the PES of NO on Pt(997); the micro-
scopic diffusion process of NO molecules on Pt(997) and
the features of PES of NO, which are related to surface
diffusion, are discussed. From the gas phase, NO collides
with the Pt surface and transiently diffuses and reaches a
stable adsorption site. The mean length of transient diffusion
is about 4.1 Å. After the transient diffusion, thermal diffusion
occurs at higher temperatures. First, NO molecules at HS
sites thermally migrate up to the BS site. The activation
barrier is about 120 meV. Secondly, OT species migrate to
the neighboring HT or BS site. The activation barrier and the
preexponential factor are about 200 meV and 2.0 × 1011 s−1,
respectively. Thirdly, the HT species start to diffuse on the
terrace to the BS site, which is the most stable for NO. The
activation barrier and the preexponential factor are about
290 meV and 6.5 × 1011 s−1, respectively. In addition, there
is little ES effect on NO on Pt(997).
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In theoretical studies of chemical reactions involving multiple potential energy surfaces (PESs) such as photochemical reactions,
seams of intersection among the PESs often complicate the analysis. In this paper, we review our recipe for exploring multiple PESs
by using an automated reaction path search method which has previously been applied to single PESs. Although any such methods
for single PESs can be employed in the recipe, the global reaction route mapping (GRRM) method was employed in this study.
By combining GRRM with the proposed recipe, all critical regions, that is, transition states, conical intersections, intersection
seams, and local minima, associated with multiple PESs, can be explored automatically. As illustrative examples, applications to
photochemistry of formaldehyde and acetone are described. In these examples as well as in recent applications to other systems,
the present approach led to discovery of many unexpected nonadiabatic pathways, by which some complicated experimental data
have been explained very clearly.

1. Introduction

In order to theoretically unravel the entire photochemical
reaction processes of a given system, one has to explore
and characterize systematically several excited as well as the
ground state potential energy surfaces (PESs). In the Franck-
Condon (FC) approximation, a reaction starts from the FC
point on an excited state PES. Then, the system undergoes
either adiabatic or nonadiabatic pathways depending on
a given excess energy and topographies on the PESs. In
adiabatic paths, a bond reorganization occurs directly on
the excited state PES through transition states (TSs). In
nonadiabatic paths, on the other hand, the system makes
nonadiabatic transition to a lower PES and then reacts on
the lower PES. The system may cascade through several
PESs via nonadiabatic transitions. Seams of intersection
between two PESs often play a key role in various reactions
[1–7]; near an intersection seam, nonadiabatic transitions

can take place efficiently. When the two states have the
same spin and space symmetry, the intersection hyper-
space consists of f -2 dimensions and is called “conical
intersection (CI),” where f is the number of vibrational
degrees of freedom. If the spin multiplicity and/or the
space symmetry are different, the PESs cross simply in
f -1 dimensional hyperspace. In this paper, both of these
two types of intersections, that is, conical intersection and
simple intersection seam, are denoted as “seam-of-crossing.”
In many kinetic studies, minimum energy structures on
seam-of-crossing hyperspaces (MSXs) have been searched as
critical points of nonadiabatic transitions. In short, to find all
possible photochemical reaction pathways of a given system,
systematic search for TSs and MSXs is required for all PESs
below a given photon energy.

There have been considerable efforts on development of
geometry optimization methods for MSXs [8–16] as well
as for TSs [17–26]. A variety of geometry optimization
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techniques, such as the gradient minimization [17, 18], the
Berny optimization [19, 20], the eigenvector following [21],
the geometry direct inversion in the iterative subspace [22],
and the rational function optimization [23], have been a
great help to locate the exact saddle point starting from a
guessed TS structure. MSX optimization methods can be
classified into three types: constrained optimization methods
[8–10], the direct gradient (DG) method [11, 12], and
penalty function (PF) methods [13, 14]. These methods were
compared systematically, and the former two were shown
to converge more quickly than a PF method [15]. On the
other hand, PF methods have a significant advantage that
nonadiabatic coupling derivative vector (CDV) calculations
are not required in optimization of MSXs of the conical
intersection type. Recently, CDV calculations can be avoided
even in constrained optimization methods and in the DG
method by using the branching plane updating method
[16]. These methods have been successfully applied to many
theoretical analyses of photochemical reactions.

In general, geometry optimization requires a good initial
guess. However, guesses of MSX structures are sometimes
very difficult, because their shapes are often highly deviated
from those of stable molecular structures. A similar problem
sometimes arises also in the search for TSs on a single PES.
To avoid this problem, many automated TS (or minimum
energy path) search methods have been developed [27–
42]. Although most of these require guesses of a reaction
mechanism such as key structures (product and interme-
diates) [27–34] or chemically relevant collective variables
[35–37], some (relatively expensive) methods do not use
any guess [38–42]. We also have developed two unique
methods without needing any guess: the global reaction
route mapping (GRRM) [43–45] method and the artificial
force-induced reaction (AFIR) [46–48] method. GRRM can
execute global mapping of reaction path networks of uni-
molecular isomerizations and dissociations on PESs of given
atomic composition. AFIR can efficiently explore associative
reaction paths among given reactants of multicomponent
reactions. Although application of these automatic TS search
methods to excited state PESs seems to be straightforward, it
had not been successful probably because there are singular
points in low-energy regions of excited state PESs due to
conical intersections as discussed in Section 2.1. There has
been no practical method for the automated MSX search
either.

In this paper, we describe a recipe for exploring multiple
PESs automatically. Two model functions, FAMF and FSMF

[49, 50], are introduced for the TS search and the MSX
search, respectively, in combination with the GRRM method.
Although, in this study, it is applied to photochemical
reactions, it can be applied to other nonadiabatic reactions
such as ion-molecule reactions, organometallic reactions,
and combustion reactions. Furthermore, the present recipe
can adopt, instead of GRRM, any automated reaction path
search method such as AFIR. In the present paper, we apply
the proposed recipe with the GRRM method to photodis-
sociation mechanisms of small carbonyl compounds such as
formaldehyde H2CO and acetone (CH3)2CO [49, 51].

2. Theory

2.1. Avoiding Model Function (AMF) Approach. Figure 1(a)
schematically illustrates a one-dimensional cut of two cou-
pled adiabatic PESs. Along the curve for the upper PES,
there is a local minimum in the left-hand side and a
conical intersection in the right-hand side. In the conical
intersection, the adiabatic PES is singular due to the coupling
between two diabatic surfaces. To eliminate the singular
point from the adiabatic PES, we use the following avoiding
model function in automated search:

FAMF(Q) = 1
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where Q is the atomic coordinates {Qi}, EState 1(Q) is an
adiabatic PES of the target (upper) state, EState 2(Q) is
an adiabatic PES of the lower state, and α is a constant
parameter. This FAMF is very similar to the well-known
equation for the diabatic/adiabatic transformation for two
state systems, where EState n should be diabatic energies in the
equation. In this study, adiabatic energies were substituted
for EState n. As seen in Figure 1(b), the model coupling
function U in (1) changes the conical intersection region to
an avoided crossing-like smooth curve. Thus, any automated
search methods that require a smooth PES can be applied
to FAMF. TSs on FAMF may be meaningless if the difference
between FAMF and EState 1 is significant in TS regions, and
therefore U was designed to have effects only in limited
regions with a small energy gap. Hence, in TS regions FAMF

is often very similar to EState 1. The accuracy (how well TSs
on FAMF reproduce TSs on EState 1) depends on the value of
α. To our experience, α should be about 1/10 of the vertical
excitation energy of target reactions. In this study, we use
α = 30 kJ/mol throughout.

An example is shown in Figure 1(c) for the direct disso-
ciation channel of H2CO on the S1 PES. Starting from S1-
TS, the backward IRC (intrinsic reaction coordinate) reaches
S1-MIN, while the forward IRC crosses S0/S1-MSX (conical
intersection) in a partially dissociated region. Behind these
(true) critical structures, local minima and a saddle point
on FAMF (with α = 30 kJ/mol) are shown in black. As seen
in Figure 1(c), the saddle point structure on FAMF perfectly
overlaps with S1-TS (identical within convergence criteria of
geometry optimization: maximum absolute gradient gMAX =
6.0 × 10−5 hartree Å−1, root mean square gradient gRMS =
4.0 × 10−5 hartree Å−1, maximum absolute displacement
dMAX = 3.0×10−4 Å, root mean square displacement dRMS =
2.0 × 10−4 Å). S1-MIN is also reproduced perfectly by the
minimum on FAMF. Moreover, on FAMF, S0/S1-MSX turned
into a local minimum shown in black behind S0/S1-MSX. In
other words, the conical intersection does not exist on FAMF,
which enables exploring the smooth FAMF with an automated
reaction path search method.
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Figure 1: (a) A schematic one-dimensional curve of two coupled
adiabatic PESs, (b) an example of FAMF for the PESs in (a), and
(c) comparisons between stationary points on FAMF (with α =
30 kJ/mol) and those on the S1-PES of H2CO (see Section 2.4 for
the ab initio calculation level). Each structure shown in (c) corre-
sponds to S1-MIN, S1-TS, and S0/S1-MSX (conical intersection),
respectively, and stationary structures on FAMF are overlapped in
black behind them. At S1-MIN and S1-TS, the stationary structures
on FAMF are identical to them within the convergence criteria (see
text) of geometry optimization and cannot be seen. FAMF-MIN can
barely be seen behind S0/S1-MSX.

In short, TSs on an excited state (adiabatic) PES EState 1

can be explored in two steps: a search for many TS-like
structures as first-order saddles on FAMF by an automated
search method, optimization of true TSs on the PES EState 1

using the TS-like structures as initial guesses. It should be
noted that all TSs shown below are fully optimized first-order
saddle points (true TSs) on adiabatic PESs.

2.2. Seam Model Function (SMF) Approach. In the auto-
mated search for MSXs, the following model function FSMF

is considered [49, 50]:

FSMF(Q) = 1
2

(
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+
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)2

β
,

(2)

where Q is the atomic coordinates {Qi}, EState 1(Q) and
EState 2(Q) are PESs of two target states, and β is a constant
parameter. Minimization of FSMF gives a geometry in which
both the mean energy of the two states (the first term) and
the energy gap between the two states (the second term) are
small. Hence, minima on FSMF can be good guesses of MSXs.
Equation (2), which is also called penalty function (PF), or
more complicated PFs have been employed in MSX geometry
optimization [13, 14]. As discussed above, PF methods have a
drawback concerned with convergence in MSX optimization

[15]. However, in automated searches, use of the PF has a
significant advantage that the PF is a single smooth function,
which permits the application of automated search methods
developed for single PESs without any modification. Hence,
we proposed the SMF approach which consists of two steps:
(a) a search for many MSX-like structures as local minima
on the PF using an automated search method and (b)
determination of (true) MSX structures by using one of MSX
optimization methods and MSX-like structures obtained in
(a) as initial guesses.

Although smaller β gives better (more accurate) can-
didates, minimizations of FSMF with smaller β need more
optimization steps since at β = 0 the function becomes
singular. This is the cause of the slow convergence of a
PF method observed in the systematic comparative study.
To avoid this, use of relatively large β (typically β ∼ 30–
50 kJ/mol) is recommended since the purpose of the first
step (a) is to systematically collect many MSX-like structures
as quick as possible. In this study, we use β = 30 kJ/mol
throughout. It should be noted that all MSXs shown below
are fully optimized true MSXs (the energy gap between two
target states is smaller than 0.1 kJ/mol in all MSXs).

2.3. Global Reaction Route Mapping (GRRM) Method. In the
GRRM method [43–45], global mapping of reaction path
networks is executed by following the path network itself. To
make such a search, one has to follow the paths in both uphill
(minimum to saddle) and downhill (saddle to minimum)
directions. The latter can be accomplished by following the
IRC [52] using one of advanced steepest decent path methods
[53–57]. The former, that is, uphill walk, had been difficult
before 2004 until we proposed the anharmonic downward
distortion following (ADDF) approach.

Many typical potential curves show a common feature
that potential energy always become lower than the har-
monic potential defined at the bottom of the curves in direc-
tions leading to TSs. Thus, reaction channels can be found
by following ADD maxima starting from a local minimum
on a PES. In many previous applications, the GRRM method
based on the ADDF approach has found many unknown as
well as nearly all known reaction channels automatically. The
ADD maxima can be detected in multidimension by using
the scaled hypersphere search (SHS) technique. Details of the
SHS technique can be found in our previous papers [43–45].

Following all ADDs starting from all obtained local
minima will provide an entire global map on PESs. Such
a treatment called full-ADDF, denoted GRRM(f -ADDF),
is very expensive, and its application is limited to small
systems. An approach following only large ADDs, large-
ADDF denoted GRRM(l-ADDF), is effective to survey low-
energy regions of PESs in large systems [58]. Another
useful option for speedup is double-ended ADDF, denoted
GRRM(d-ADDF), which confines the search area between
given reactant and product geometries [33, 34].

2.4. Computational Methods Used in Applications. In this
section, we summarize quantum chemical methods used in
the applications in the following sections. For details, see
original articles [49, 51].
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In an application to H2CO, GRRM(f -ADDF) was
applied to FSMF at the 3SA-CAS(4e,3o)-SCF/6-31G and 3SA-
CAS(2e,3o)-SCF/6-31G levels, where SA stands for state-
average and the averaged three states are S0, S1, and T1. All
obtained MSX-like structures were fully optimized at the 2S-
CAS(12e,10o)-PT2/aug-cc-pVDZ level for the singlet states
and at the SS-CAS(12e,10o)-PT2/aug-cc-pVDZ level for the
triplet state, where 2S and SS stand for two-state averaged
and single-state, respectively. In the state averaging, equal
weights were used. All (known) TSs and local minima on
these PESs were optimized at the same (CASPT2) levels.

In an application to (CH3)2CO, GRRM(d-ADDF) was
applied to FSMF and FAMF at the 2SA-CAS(8e,7o)-SCF/6-31G
and SS-CAS(8e,7o)-SCF/6-31G levels for the S0, S1, and T1

states, respectively, where SS here stands for state-specific.
In addition to (CH3)2CO, three isomers, CH2=C(OH)–
CH3 (enol), •CH2–CH(O•)–CH3 (biradical), and CH3–
CO–CH3 (carbene), and a partially dissociated geometry
CH3CO· · ·CH3 were considered as the end points for d-
ADDF. All obtained MSX-like structures and TS-like struc-
tures were fully optimized at the 2S-CAS(8e,7o)-PT2/6-
31+G∗ level for the singlet states and at the SS-CAS(8e,7o)-
PT2/6-31+G∗ level for the triplet state. Local minima were
optimized also at the same (CASPT2) levels.

Potential energies and gradients required for the searches
as well as optimization were computed by the Molpro2006
program [59]. Using these quantities, all geometrical dis-
placements were treated by the GRRM11 program [60].

3. Photodissociation of Formaldehyde

It was suggested experimentally that the photodissociation
of H2CO at low-photon energies occurs on the S0 PES after
an internal conversion (IC) from the S1 PES [61–65]. Hence,
dynamics as well as stationary points on the ground state S0

PES have been studied extensively by theoretical calculations
[39, 40, 43–45, 66–89]. The focuses in early studies had been
on the following two channels:

H2CO −→ CO + H2, (3)

H2CO −→ HCO + H, (4)

The TS for the channel (3), which is often called “tight-
TS,” was already determined in 1974 by ab initio calculations
[67]. The radical dissociation (4) can occur both from the S0

PES and from the T1 PES, and hence the T1 PES has also been
studied [90, 91]. Knowledge of the higher singlet states was
rather scarce until very recently [92, 93]. A new channel for
the molecular products was experimentally proposed in 1993
[94]; the channel is often represented as

H2CO −→ HCO · · ·H −→ CO + H2, (5)

where one of H atoms, once partially dissociated, roams
around the HCO fragment and finally abstracts the other H
atom to generate CO + H2. This speculation was confirmed
in 2004 by combined experimental and theoretical studies
[95]. Since its discovery, this channel named “roaming” has

been a hot topic as a new type of reaction mechanism [96–
98], and it has been found in many reactions having impli-
cations to atmospheric chemistry [99–108] and combustion
chemistry [88, 109, 110].

The IC was postulated to occur in the potential well
of H2CO in many previous studies. However, recently,
several MSXs were found outside the potential well of
H2CO: two S0/T1-MSXs were located in the potential well of
hydroxycarbene HCOH [111, 112], a S0/S1-MSX was located
in a partially dissociated H · · ·HCO region [113]. In 2009,
we explored multiple PESs for the S0, S1, and T1 states by
the SMF-GRRM approach [49]. The potential energy profile
we discovered is presented in Figure 2, where the high-energy
regions for H2O · · ·C and H2C · · ·O are not shown. The
two S0/T1-MSXs of HCOH [111, 112] are denoted as S0/T1-
MSX2 and S0/T1-MSX3, and the partially dissociated S0/S1-
MSX [113] is shown as S0/S1-MSX1. As seen in this figure,
to isomerize on the T1 PES or to partially dissociate on the
S1 PES, the system has to overcome a significant barrier. At
low-photon energies (<32 000 cm−1 = 383 kJ mol−1), these
barriers are not accessible. Hence, these known MSXs are not
likely involved in the low-energy photodissociation process.

In addition to known MSXs, some new MSX structures
were discovered in the automated search. One of those,
S0/T1-MSX1, was discovered in the potential well of H2CO.
Adopting this new S0/T1-MSX1 and known excited state TSs
[111, 114], we proposed the entire mechanism for the low-
energy photolysis as follows. After the photoexcitation the
system oscillates around the S1-MIN for a long time since
there is no S0/S1-MSX in the potential well and the lowest
S1/T1-MSX1 is higher than the photon energies. The S1/T1

intersystem crossing (ISC) may be able to take place by
trickling down from S1 to T1 at all the geometries, while
the molecule in the S1 state spends a long time oscillating
around S1-MIN, because PESs for the S1 and T1 states are
very close and nearly parallel to each other in energy at
any place in the basin of S1-MIN. Although the probability
at each geometry may be small because the spin-orbital
coupling between the two states belonging to the same
electronic configuration is small, the integrated probability
over a long time could be substantial. Once the system comes
down to T1 from the S1-MIN basin region, the T1/S0 ISC
via the newly found S0/T1-MSX1 (390 kJ mol−1) can take
place in this H2CO basin. This mechanism based on the
CASPT2 energetics is consistent with the result obtained by
the MRCISD(Q)/AV5Z calculations, where relative energy
values of the three important barriers, that is, the S1

(C–H bond scission) barrier, the T1 barrier, and S0/T1-
MSX1, are 456.4, 413.1 and 397.7 kJ/mol, respectively, at the
MRCISD(Q)/AV5Z level [114]. After the transition to S0, the
dynamics on the S0 PES should start in the H2CO basin and
propagate via the tight-TS or the roaming pathway to give the
CO + H2 product.

After the proposal of this mechanism, direct CASSCF dy-
namics studies have been conducted for the molecular dis-
sociation at medium excitation energies [115, 116]. By these
simulations, molecular dissociations involving an ISC or a
direct IC in the partially dissociated H · · ·HCO region were
proposed. These paths undergo a C–H bond dissociation
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Figure 2: A CASPT2 potential energy profile (in kJ/mol) for the three low lying S0, S1, and T1 states of H2CO [49]. Reprinted with permission
from [49]. Copyright 2009 American Chemical Society.

on either the T1 or S1 PESs. Obviously, the S1 dissociation
needs sufficient (medium) photon energies to overcome the
S1 barrier. The other path involving the partial dissociation
on the T1 PES may happen via tunneling or zero-point-
energy effect even at the low photon energies. However,
this (molecular dissociation involving the T1 dissociation)
was shown to be a very minor process in recent three-state
trajectory surface hopping (3S-TSH) simulations including
the S0, S1, and T1 states [117]. In the 3S-TSH simulations,
highly accurate (analytically fitted) PESs were employed and
the hopping was treated by Tully’s fewest switches algorithm.
The 3S-TSH simulations demonstrated that the above decay
mechanism involving the S1-T1 trickling down mechanism
followed by the T1-S0 ISC through S0/T1-MSX1 in the
potential well of H2CO is the major process before the
molecular dissociation. Furthermore, they discovered a new
unexpected (but minor) dynamics in which the system once
decays down to the S0 PES and then isomerize to HCOH
on the S0 PES before the dissociation. Surprisingly, in such
trajectories, the system hops up to the T1 PES and then hops
down to the S0 PES through S0/T1-MSX1 or S0/T1-MSX2.
This is energetically certainly allowed in Figure 2.

4. Photodissociation of Acetone

Another example is an application to (CH3)2CO [51].
Photolysis of acetone is one of the most extensively studied
photochemical reactions [118]. The CC bond dissociation,
called “Norrish type I reaction” (CH3)2CO → CH3CO +
CH3, has been the main focus of many theoretical and
experimental studies [119–133]. Roaming was also suggested
experimentally [102], which was proposed to proceed on the
S0 PES as (CH3)2CO → CH3CO · · ·CH3 → CO + CH3–
CH3.

In early experimental studies [119–121], it was proposed
that the Norrish type I dissociation occurs on the T1 PES

(the T1 path) after an ISC from the S1 PES, as long as the
photon energy exceeds the barrier of the CC bond breaking
on the T1 PES. A theoretical calculation at the CASSCF
level indicated that the ISC happens around a S1/T1-MSX
structure located below the T1 barrier, and the T1 path was
suggested to be the most preferable channel (at least in
terms of potential energy) [122]. However, in later combined
femtosecond laser experimental and theoretical studies [123–
125], it was suggested that the dissociation occurs through
the S1 barrier (the S1 path) before the ISC takes place
when photon energies are larger than the S1 barrier. The
S1 path was then confirmed by another femtosecond laser
study at 195 nm (613 kJ/mol) [126–128]. Relevant stationary
structures for the S1 path were examined by CASPT2 and
MRCISD(Q) calculations [132]. We revisited [51] the PESs
of (CH3)2CO for two purposes: to find nonadiabatic paths
to the S0 PES systematically for the roaming channel and
to explain the conflict between the fast S1/T1 ISC proposed
by CASSCF calculations and the experimentally observed S1

path which overcomes the S1 barrier much higher than the
CASSCF S1/T1-MSX.

Figure 3 presents a potential energy profile for the three
low lying S0, S1, and T1 states. For isomerizations on the S1

and T1 PESs, only the lowest channels for the (CH3)2CO ↔
CH2=C(OH)–CH3 reaction (S1-TS2 and T1-TS2) are shown
in the profile. As seen in this figure, these excited state
isomerizations have higher barriers and must be minor chan-
nels compared to the CC bond dissociations (S1-TS1 and T1-
TS1). We should note that the S1/T1-MSX is much higher in
energy than T1-TS1 on the CASPT2 PESs in contrast to the
case of the CASSCF calculations reported previously. Hence,
if photon energy is higher than the S1 barrier (S1-TS1), the
most favorable path is the direct dissociation. This explains
the recent femtosecond laser experimental observation very
well. Below the S1 barrier, there is no exit channel from
the S1 PES. Hence and also because of very small spin-orbit
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Figure 3: A CASPT2 potential profile for the three low lying states (S0, S1, and T1) of (CH3)2CO [51]. Reprinted with permission from [51].
Copyright 2010 American Chemical Society.

coupling between the S1 and T1 states, we proposed that the
ISC occurs very slowly by trickling down from S1 to T1 while
the molecule in the S1 state spends a long time oscillating
around S1-MIN1. This may be able to happen because PESs
for the S1 and T1 states are very close and nearly parallel to
each other in energy at any place in the basin of S1-MIN1,
similarly to the case of H2CO. There are some experimental
evidences showing that the S1/T1 ISC is very slow [134];
recent time-resolved mass spectrometry and photoelectron
spectroscopy experiments and direct dynamics simulations
suggested that the system decays from the FC region to the
S1 minimum within 30 femtoseconds and then stays on the
S1 PES more than 100 picoseconds at 253–288 nm (473–
415 kJ/mol) excitations [135, 136]. After coming down to the
T1 PES, the system can overcome the T1 barrier to undergo
the Norrish type I reaction.

In Figure 3, several decay paths can be found from the
S1 PES to the S0 PES. Unlike H2CO, S0/T1-MSX1 in the
potential well of (CH3)2CO is much higher in energy
than T1-TS1. The lowest path to the S0 PES undergoes a
dissociation on the S1 PES through S1-TS1 followed by a
nonadiabatic transition in the nearly dissociated geometry
through S0/S1-MSX1 and a recombination on the S0 PES.
The roaming dynamics was observed at 230 nm (520 kJ/mol)
[102], at which the direct CC bond dissociation on the
S1 PES is the dominant path of the Norrish type I
reaction. Hence, this is the most likely path to produce
the ground state (CH3)2CO. At this photon energy, the
excited state isomerization to the enol species followed by
an IC through S0/S1-MSX2 and an enol-keto isomerization
on the S0 PES may be a minor channel to the ground
state (CH3)2CO before the roaming dynamics may take
place.

5. S0/T1 Intersection Space

One can find candidates of saddle points on seam-of-cross-
ing hyperspaces (SPSXs) as saddles on FSMF. Minimum
energy paths on seam-of-crossing hyperspaces (MEPSXs)
starting from SPSXs were suggested to be useful for un-
derstanding dynamical trajectories crossing a high-energy
region of a seam-of-crossing hyperspace [12]. In this section,
SPSXs and MEPSXs for the S0/T1 intersection spaces of
H2CO and (CH3)2CO are discussed because of their signif-
icance in the generation of the S0 species. The optimization
method for SPSXs from SMF (or guessed) structures and an
algorithm to calculate an MEPSX from a SPSX are described
in our previous paper [16].

Figure 4(a) shows a MEPSX for the S0/T1 intersection
space of H2CO at the CASPT2 level. The MEPSX was calcu-
lated from two SPSXs. Along the MEPSX, all points have the
S0/T1 energy gap less than 1.0 kJ/mol. As seen in this figure,
the S0/T1 intersection space was found to be connected from
the HCOH area through the S0/T1-MSX1 geometry to the
partially dissociated region. It follows that the S0/T1 ISC may
take place not only at S0/T1-MSX1 but also with variety of
geometries in this very wide intersection space.

Integration of an MEPSX with CASPT2 is expensive,
and we also tested and used the UB3LYP method using
Gaussian09 program [137]. At first, the MEPSX for H2CO
by the UB3LYP method is shown in Figure 4(b). For
H2CO the MEPSX by UB3LYP is similar to the one by
the CASPT2 method. Therefore, we adopted the UB3LYP
method for (CH3)2CO. Figure 5 shows two MEPSXs (a) for
H2C=C(OH)CH3 ↔ (CH3)2CO ↔ CH3CO + CH3 and (b)
for CH3–CO–CH3 ↔ (CH3)2CO↔ CH3CO + CH3. Another
MEPSX from an MSX of the •CH2–CH(O•)–CH3 form
(not shown) is directly connected to the partially dissociated
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Figure 4: (a) A S0/T1-MEPSX curve for HCOH ↔ H2CO ↔ HCO + H at the CASPT2 level (see Section 2.4 for details of the CASPT2
calculations) and (b) a S0/T1-MEPSX curve for the same reaction at the UB3LYP/aug-cc-pVDZ level.

CH3CO · · ·CH3 region through only one SPSX structure,
that is, it does not enter the potential well of (CH3)2CO. In
contrast to Figure 4, these intersection spaces lie in a very
high-energy region in the potential well of (CH3)2CO. Only
outside the potential well, the intersection space comes down
to a low-energy region. Thus, the S0/T1 ISC is expected to be
much slower in (CH3)2CO than the case of H2CO, although
(CH3)2CO also has a very wide S0/T1 intersection space.

6. A Merit of Automated Search

The most significant advantage of the present approach
is that unexpected pathways can be discovered. Geometry
optimization has been a very powerful mean to locate exact
MSXs and TSs starting from guessed geometries. However,
a guess structure leads only to a TS or a MSX anticipated
from it. On excited state PESs, molecules frequently take
unexpected geometries that are very different from those of
stable ground state molecules. Hence, the advantage of the
present method without guess is very helpful in analyses of
photochemical reactions.

We already reported some unexpected paths discovered
by the present recipe. The first is the S0/T1 ISC path for
H2CO as discussed above [49]. The second is an H-atom
roundtrip path discovered in photolysis of methyl-ethyl-
ketone CH3C(O)C2H5 [138]. In this path, on the S1 PES,
an H atom in the ethylgroup at first transfers to the O
atom to undergo an S0/S1 IC in a conical intersection of a
diradical isomer, and then the H atom comes back to the
original position on the S0 PES, and finally the molecule
dissociates into CH3CO + C2H5 or C2H5CO + CH3 on the S0

PES. This path explained an experimental photodissociation
quantum yields measurements very well. The third is the
discovery for the first time of the excited state roaming
pathway, which we found in photolysis of NO3 [107, 108].
Here, one of the O atoms in NO3 partially dissociates on
the first excited doublet (D1) PES and then roams around
the NO2 fragment before producing O2 + NO on either
the D1 PES or the ground state D0 PES. This mechanism

also explained very well recent experimental results giving
two channels, one with hot O2 and the other with cold
O2 [105, 106]. Unexpected nonadiabatic ignition paths of
unsaturated hydrocarbons were also discovered by the SMF-
AFIR approach very recently [50].

7. Conclusion and Perspective

We reviewed our recipe to explore multiple PESs systemat-
ically by using an automated reaction path search method
which has been used for the ground state (smooth) PESs
[49, 50]. In this paper, it was applied together with the GRRM
method [43–45] to small carbonyl compounds to study their
photodissociation mechanisms. In an application to H2CO
[49], we discovered a new nonadiabatic (S0/T1 ISC) path
to reproduce the ground state species in the potential well
of H2CO. This path was recently confirmed by extensive
3S-TSH simulations using very accurate PESs [117]. For
(CH3)2CO [51], many possible nonadiabatic decay paths
from the S1 PES were systematically located, and new insight
into the slow S1/T1 ISC and new nonadiabatic paths to the
ground state PES were obtained.

Three or more states may couple simultaneously in
some reactions. An extension of the present approaches is
straightforward since both (1) and (2) are similar to the
equation for the diabatic/adiabatic transformation, although
we have not yet made systematic tests for such cases.

Dynamic effects may play a significant role in many
reactions. Although direct dynamics is very useful in simula-
tions with moderate accuracies [139], it is still too expensive
to find all the reaction events of a given system including
slow events. There are many powerful approaches applied
to ground state PESs to accelerate a dynamics for known
mechanisms [140–142]. A prior mechanism search by the
present approach followed by such accelerated dynamics may
be a solution in the future for theoretical solving complicated
reaction mechanisms. The present method can also be
connected to the analytical PES fitting approach [143–146]
which enabled the recent extensive 3S-TSH simulations of
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Figure 5: (a) A S0/T1-MEPSX curve for H2C=C(OH)CH3 ↔ (CH3)2CO ↔ CH3CO + CH3 and (b) a S0/T1-MEPSX curve for CH3–CO–
CH3 ↔ (CH3)2CO↔ CH3CO + CH3, at the UB3LYP/6-31+G∗ level.

H2CO [117]. This approach permits the execution of highly
accurate simulations, although applications are limited to
small systems including less than 20 atoms. In constructing
an analytical PES, prior knowledge about the mechanisms
obtained by the present approach will be very useful for
effective sampling of the PES data with the least number
of ab initio calculations, avoiding exhaustive sampling on a
perfect grid covering all configurations. One technical but
significant issue in this approach is how to represent the
square root topology of conical intersections, and several
approaches have been proposed [147–150].

Our particular interest is to apply the present approach to
multiple PESs described by combined quantum mechanical
and molecular mechanical (QM/MM) calculations [151–
154]. We have already reported automated reaction path
search on the ground state PES of the QM/MM-ONIOM
method [155] by combined microiteration [156, 157] and
GRRM methods [158], where use of AFIR instead of GRRM
has already been possible. This development is expected to
greatly expand the applicability of the present approach to
large systems.
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Ab initio potential energy surfaces for the ground ( ˜X1A′) and excited ( ˜A1A′′) electronic states of HSiBr were obtained by using
the single and double excitation coupled-cluster theory with a noniterative perturbation treatment of triple excitations and the
multireference configuration interaction with Davidson correction, respectively, employing an augmented correlation-consistent
polarized valence quadruple zeta basis set. The calculated vibrational energy levels of HSiBr and DSiBr of the ground and excited
electronic states are in excellent agreement with the available experimental band origins. In addition, the absorption and emission
spectra of HSiBr and DSiBr were calculated using an efficient single Lanczos propagation method and are in good agreement with
the available experimental observations.

1. Introduction

Silylenes and its halogenated analogs are important reactive
intermediates in the chemical vapor deposition of silicon thin
films [1] and plasma etching process [2]. The identification
and quantification of such intermediates could help make
these processes more efficient, so that they have attracted
much attention in experimental and theoretical studies [3–
17]. However, because these radicals are typically short-lived
and highly reactive, it is difficult to monitor them. Due
to the lack of comprehensive spectroscopic signatures for
these species, the detailed mechanism of such semiconductor
growth processes is still not fully understood.

In this work, we focus on the monobromosilylene
(HSiBr) system, which was first detected by Herzberg and
Verma in 1964 [3]. Both absorption and emission spectra of
HSiBr in the 410–600 nm were obtained by flash photolysis
of SiH3Br. The vibrational fundamentals and geometries for
both the ground and excited states were confirmed after
vibrational and rotational analyses of the spectra. Although

no spin splittings were observed, the occurrence of subbands
with ΔK = 0 and ±2 led them to assume that the electronic
transition was triplet-singlet. Subsequently in 1965, these
electronic transitions were confirmed to be ˜A1A′′ − ˜X1A′

by Hougen and Watson via an “axis-switching” mechanism
[4]. The spectra of the ˜A1A′′ − ˜X1A′ system of jet-cooled
HSiBr and its deuterated analog were obtained about 15 years
ago by Harjanto et al. [8] using pulsed electric discharge
techniques, and the r0 structures for the ground and excited
states were determined from the rotational analyses of the
00

0 band. Later in 2001, 26/51 ground state vibrational levels
of HSiBr/DSiBr were observed by Hostutler et al. [13] from
the single vibronic level dispersed fluorescence spectra of jet-
cooled HSiBr/DSiBr by laser excitation of selected bands.

Unlike HSiF and HSiCl, only a few theoretical studies
have been reported for monobromosilylene (HSiBr) [6, 13].
In 1979, Gilchrist et al. [6] determined the geometrical struc-
tures and bending potentials for the excited state ˜A1A′′ of
HSiBr by fitting the Herzberg and Verma’s data [3] and also
obtained the H–Si stretching frequency(ν′1 = 1785 cm−1),
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Figure 1: Contour plots of the potential energy surface of HSiBr( ˜X1A′) in the internal coordinates. (a) Contour plot at RHSi = 2.869 a0. (b)
Contour plot at RSiBr = 4.257 a0. (c) Contour plot at θ = 93.9◦. Contours are spaced by 0.3 eV with the zero defined at the HSiBr( ˜X1A′)
minimum.

which is agreement with the later experimental value of
1787 cm−1 [8]. In order to ascertain the validity of their
refined force constants, Hostutler et al. [13] calculated
the independent ground and excited state structures at
B3LYP level with 6-311G(3df,3pd) basis set in 2001. To
our best knowledge, however, no potential energy surface
(PES) has been reported for either the ground or excited
electronic state of HSiBr. The lack of reliable PESs will hinder
our understanding of the spectroscopy of this important

molecule, particularly for highly excited vibrational levels
which can be probed by emission spectroscopy.

In the present work, we extend our previous studies
on the HGeCl [18], HGeBr [19], and HSiCl [20] systems
by reporting accurate ab initio PESs for both the ground
( ˜X1A′) and excited ( ˜A1A′′) electronic states of HSiBr using
the coupled cluster singles and doubles with perturbative
triples method [CCSD(T)] and the internally contracted
multireference configuration interaction method with the
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Figure 2: Nine vibrational wave functions of HSiBr ( ˜X1A′) in the Radau coordinates. The three vibrational quantum numbers (n1,n2,n3)
represent the H–Si stretching, bending, and Si–Br stretching modes, respectively.

Table 1: Geometrical parameters for the ground and excited states of HSiBr.

Electronic state Method Re(HSi) (Å) Re(SiCl) (Å) θe(HSiCl) (◦)

˜X1A′

CCSD(T)/AVQZa 1.518 2.253 93.9

B3LYP/6-311G(3df,3pd)b 1.524 2.2674 94.3

Expt.c 1.561 2.231 102.9

Expt.d 1.518 2.237 93.4

Expt.b 1.503 2.235 92.8

˜A1A′′

CAS/MRCI +Q/AVQZa 1.499 2.219 117.7

B3LYP/6-311G(3df,3pd)b 1.5014 2.2339 115.9

Expt.c 1.499 2.208 116.6

Expt.d 1.497 2.208 116.4
a
This work.

bReference [13].
cReference [3].
dReference [8].
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Table 2: Calculated vibrational energy levels (in cm−1) and comparison with available experimental results for HSiBr ( ˜X1A′).

(n1,n2,n3) This work Expt. [13] (n1,n2,n3) This work Expt. [13]

(0, 0, 0) 0.0 (2, 0, 4) 5509.4

(0, 0, 1) 409.3 412.4 (1, 1, 7) 5528.3

(0, 1, 0) 770.3 772.0 (1, 0, 9) 5569.3

(0, 0, 2) 815.7 (0, 7, 1) 5668.2 5682.0

(0, 1, 1) 1176.7 1181.4 (0, 6, 3) 5706.5

(0, 0, 3) 1219.5 (1, 5, 0) 5710.5 5717.8

(0, 2, 0) 1536.4 1540.7 (3, 0, 0) 5717.7

(0, 1, 2) 1580.4 (0, 5, 5) 5742.8

(0, 0, 4) 1620.7 (1, 4, 2) 5757.7

(0, 2, 1) 1939.7 1946.3 (0, 4, 7) 5775.7

(1, 0, 0) 1977.6 1976.2 (2, 2, 1) 5782.7

(0, 1, 3) 1981.3 (0, 3, 9) 5803.7

(0, 0, 5) 2019.3 (1, 3, 4) 5818.1

(0, 3, 0) 2296.3 2301.1 (0, 2, 11) 5825.5

(0, 2, 2) 2340.4 (0, 1, 13) 5841.9

(0, 1, 4) 2379.5 (2, 1, 3) 5846.3

(1, 0, 1) 2387.6 2386.7 (0, 0, 15) 5856.9

(0, 0, 6) 2415.3 (1, 2, 6) 5871.6

(0, 3, 1) 2696.4 2705.5 (2, 0, 5) 5908.4

(1, 1, 0) 2734.8 2733.2 (1, 1, 8) 5917.0

(0, 2, 3) 2738.3 (1, 0, 10) 5954.3

(0, 1, 5) 2775.2 (0, 8, 0) 6017.4 6031.9

(1, 0, 2) 2794.6 (0, 7, 2) 6053.0

(0, 0, 7) 2808.6 (0, 6, 4) 6088.9

(0, 4, 0) 3050.2 3058.2 (1, 5, 1) 6090.2

(0, 3, 2) 3094.0 (0, 5, 6) 6114.8

(0, 2, 4) 3133.6 (2, 3, 0) 6124.3

(1, 1, 1) 3142.2 (3, 0, 1) 6127.9

(0, 1, 6) 3168.3 (0, 4, 8) 6153.1

(1, 0, 3) 3198.9 (1, 4, 3) 6154.7

(0, 0, 8) 3199.0 (0, 3, 10) 6179.7

(0, 4, 1) 3447.0 3457.2 (2, 2, 2) 6183.3

(1, 2, 0) 3487.7 3485.1 (0, 2, 12) 6198.7

(0, 3, 3) 3489.0 (1, 3, 5) 6209.7

(0, 2, 5) 3526.3 (0, 1, 14) 6213.5

(1, 1, 2) 3546.5 (0, 0, 16) 6230.2

(0, 1, 7) 3558.8 (2, 1, 4) 6244.6

(0, 0, 9) 3586.6 (1, 2, 7) 6260.2

(1, 0, 4) 3600.7 (1, 1, 9) 6300.1

(0, 5, 0) 3798.7 3808.9 (2, 0, 6) 6307.4

(0, 4, 2) 3841.5 (1, 0, 11) 6336.5

(2, 0, 0) 3880.9 3881.4 (0, 8, 1) 6399.6

(0, 3, 4) 3881.4 (0, 7, 3) 6435.9

(1, 2, 1) 3893.8 (1, 6, 0) 6441.1 6449.8

(0, 2, 6) 3916.5 (3, 1, 0) 6444.6

(0, 1, 8) 3946.4 (0, 6, 5) 6471.3

(1, 1, 3) 3948.1 (2, 3, 1) 6485.0

(0, 0, 10) 3971.4 (0, 5, 7) 6503.3

(1, 0, 5) 3999.9 (1, 5, 2) 6516.2

(0, 5, 1) 4192.1 4202.9 (0, 4, 9) 6530.9
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Table 2: Continued.

(n1,n2,n3) This work Expt. [13] (n1,n2,n3) This work Expt. [13]

(0, 4, 3) 4233.3 (3, 0, 2) 6534.2

(1, 3, 0) 4234.5 4234.5 (1, 4, 4) 6546.1

(0, 3, 5) 4271.0 (0, 3, 11) 6552.8

(2, 0, 1) 4288.1 (0, 2, 13) 6569.5

(1, 2, 2) 4298.7 (2, 2, 3) 6581.6

(0, 2, 7) 4304.0 (0, 1, 15) 6584.2

(0, 1, 9) 4331.1 (1, 3, 6) 6598.5

(1, 1, 4) 4347.0 (0, 0, 17) 6607.9

(0, 0, 11) 4353.3 (2, 1, 5) 6639.7

(1, 0, 6) 4396.5 (1, 2, 8) 6646.9

(0, 6, 0) 4542.4 4557.8 (1, 1, 10) 6682.9

(0, 5, 2) 4583.4 (2, 0, 7) 6701.0

(2, 1, 0) 4622.1 (1, 0, 12) 6716.0

(0, 4, 4) 4622.9 (0, 9, 0) 6748.4

(1, 3, 1) 4639.7 (0, 8, 2) 6780.7

(0, 3, 6) 4658.2 (2, 4, 0) 6813.7

(0, 2, 8) 4688.8 (0, 7, 4) 6816.7

(1, 2, 3) 4689.3 (1, 6, 1) 6844.5

(2, 0, 2) 4703.9 (0, 6, 6) 6849.9

(0, 1, 10) 4712.9 (3, 1, 1) 6850.7

(0, 0, 12) 4732.6 (2, 3, 2) 6878.2

(1, 1, 5) 4743.4 (0, 5, 8) 6879.5

(1, 0, 7) 4790.4 (0, 4, 10) 6904.1

(0, 6, 1) 4932.4 4946.5 (1, 5, 3) 6915.1

(0, 5, 3) 4972.4 (0, 3, 12) 6923.2

(1, 4, 0) 4975.2 4979.2 (1, 4, 5) 6931.1

(0, 4, 5) 5009.6 (0, 2, 14) 6938.4

(2, 1, 1) 5025.1 (3, 0, 3) 6942.6

(0, 3, 7) 5042.9 (0, 1, 16) 6956.2

(1, 3, 2) 5043.4 (2, 2, 4) 6977.2

(0, 2, 9) 5070.6 (1, 3, 7) 6985.0

(1, 2, 4) 5086.3 (0, 0, 18) 6995.9

(0, 1, 11) 5091.9 (1, 2, 9) 7026.1

(2, 0, 3) 5107.7 (2, 1, 6) 7036.7

(0, 0, 13) 5109.4 (1, 1, 11) 7062.3

(1, 1, 6) 5137.2 (2, 0, 8) 7092.1

(1, 0, 8) 5181.3 (1, 0, 13) 7093.0

(0, 7, 0) 5282.0 5229.1 (0, 9, 1) 7126.0

(0, 6, 2) 5320.5 (0, 8, 3) 7160.2

(0, 5, 4) 5358.4 (3, 2, 0) 7166.8

(1, 4, 1) 5359.0 (1, 7, 0) 7167.4 7176.8

(2, 2, 0) 5380.0 (0, 7, 5) 7195.0

(0, 4, 6) 5394.0 (2, 4, 1) 7207.6

(2, 1, 2) 5423.5 (0, 6, 7) 7226.1

(0, 3, 8) 5424.7 (1, 6, 2) 7244.4

(1, 3, 3) 5445.8 (3, 1, 2) 7251.9

(0, 2, 10) 5449.5 (0, 5, 9) 7252.9

(0, 1, 12) 5468.1 (2, 3, 3) 7269.8

(1, 2, 5) 5480.3 (0, 4, 11) 7274.5

(0, 0, 14) 5483.9 (0, 3, 13) 7291.1
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Table 3: Calculated vibrational energy levels (in cm−1) and comparison with available experimental results for DSiBr ( ˜X1A′).

(n1,n2,n3) This work Expt. [13] (n1,n2,n3) This work Expt. [13]

(0, 0, 0) 0.0 (0, 4, 7) 4959.8

(0, 0, 1) 405.0 407.99 (1, 5, 2) 4976.7 4981.7

(0, 1, 0) 562.0 561.8 (2, 1, 4) 4985.7

(0, 0, 2) 807.2 812.4 (1, 0, 9) 4990.3

(0, 1, 1) 965.0 968.5 (3, 0, 2) 5011.6

(0, 2, 0) 1122.1 1121.3 (0, 2, 10) 5015.8

(0, 0, 3) 1206.8 (2, 4, 0) 5021.4

(0, 1, 2) 1365.4 1371.5 (0, 7, 3) 5042.3

(1, 0, 0) 1439.7 1439.5 (0, 0, 13) 5059.6

(0, 2, 1) 1523.2 1528.7 (1, 3, 5) 5067.1

(0, 0, 4) 1603.9 (0, 5, 6) 5117.4

(0, 3, 0) 1678.9 1679.6 (1, 6, 1) 5122.4

(0, 1, 3) 1763.1 (2, 2, 3) 5131.8

(1, 0, 1) 1844.7 1844.9 (1, 1, 8) 5145.2

(0, 2, 2) 1921.7 1927.9 (3, 1, 1) 5150.8

(1, 1, 0) 1995.5 1998.2 (0, 3, 9) 5178.6

(0, 0, 5) 1998.5 (0, 8, 2) 5193.6 5214

(0, 3, 1) 2078.2 2081.7 (1, 4, 4) 5217.6

(0, 1, 4) 2158.2 (0, 1, 12) 5224.9

(0, 4, 0) 2232.4 2236.2 (2, 0, 6) 5231.3

(1, 0, 2) 2247.0 (1, 7, 0) 5266.0

(0, 2, 3) 2317.5 (0, 6, 5) 5273.0

(0, 0, 6) 2390.6 (2, 3, 2) 5276.1

(1, 1, 1) 2398.5 2400.3 (3, 2, 0) 5288.9

(0, 3, 2) 2474.8 2482.7 (1, 2, 7) 5299.6

(1, 2, 0) 2549.2 (0, 4, 8) 5339.2

(0, 1, 5) 2550.8 (0, 9, 1) 5343.4 5363.5

(0, 4, 1) 2629.8 2634.1 (1, 5, 3) 5366.1

(1, 0, 3) 2646.6 (1, 0, 10) 5371.0

(0, 2, 4) 2710.7 (2, 1, 5) 5378.2

(0, 0, 7) 2780.0 (0, 2, 11) 5390.9

(0, 5, 0) 2782.3 2788.9 (3, 0, 3) 5411.2

(1, 1, 2) 2798.8 2799.4 (2, 4, 1) 5418.3

(2, 0, 0) 2840.4 2843.8 (0, 7, 4) 5427.0

(0, 3, 3) 2868.8 (0, 0, 14) 5431.1

(0, 1, 6) 2940.8 (1, 3, 6) 5452.4

(1, 2, 1) 2950.2 2950.2 (0, 10, 0) 5491.4 5505.5

(0, 4, 2) 3024.6 3034.7 (0, 5, 7) 5497.7

(1, 0, 4) 3043.7 (1, 6, 2) 5512.7 5522.2

(1, 3, 0) 3099.5 3096.8 (2, 2, 4) 5524.6

(0, 2, 5) 3101.4 (1, 1, 9) 5526.5

(0, 0, 8) 3166.8 (4, 0, 0) 5534.9

(0, 5, 1) 3178.0 3185.8 (3, 1, 2) 5551.2

(1, 1, 3) 3196.4 (0, 3, 10) 5554.7

(2, 0, 1) 3245.4 (2, 5, 0) 5557.8

(0, 3, 4) 3260.2 (0, 8, 3) 5579.1

(0, 1, 7) 3328.3 (0, 1, 13) 5596.6

(0, 6, 0) 3329.1 3337.6 (1, 4, 5) 5603.6

(1, 2, 2) 3348.4 3351.7 (2, 0, 7) 5620.9

(2, 1, 0) 3390.1 (0, 6, 6) 5654.3
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Table 3: Continued.

(n1,n2,n3) This work Expt. [13] (n1,n2,n3) This work Expt. [13]

(0, 4, 3) 3416.8 (1, 7, 1) 5657.5

(1, 0, 5) 3438.4 (2, 3, 3) 5669.3

(0, 2, 6) 3489.5 (1, 2, 8) 5681.5

(1, 3, 1) 3498.5 3497.9 (3, 2, 1) 5689.9

(0, 0, 9) 3550.8 (0, 4, 9) 5716.2

(0, 5, 2) 3571.1 3583.3 (0, 9, 2) 5729.9 5753.4

(1, 1, 4) 3591.4 (1, 0, 11) 5748.6

(1, 4, 0) 3646.2 3646.9 (1, 5, 4) 5752.8

(2, 0, 2) 3647.6 (0, 2, 12) 5763.8

(0, 3, 5) 3649.0 (2, 1, 6) 5768.1

(0, 1, 8) 3713.1 (1, 8, 0) 5800.3

(0, 6, 1) 3723.1 3734.1 (0, 0, 15) 5802.6

(1, 2, 3) 3744.0 (3, 0, 4) 5808.4

(2, 1, 1) 3793.0 (0, 7, 5) 5808.9

(0, 4, 4) 3806.4 (2, 4, 2) 5812.3

(1, 0, 6) 3830.5 (3, 3, 0) 5826.3

(0, 7, 0) 3873.1 3885.2 (1, 3, 7) 5834.9

(0, 2, 7) 3875.0 (0, 5, 8) 5875.6

(1, 3, 2) 3894.7 3894.3 (0, 10, 1) 5879.2 5899.5

(0, 0, 10) 3931.9 (1, 6, 3) 5900.3

(2, 2, 0) 3937.5 (1, 1, 10) 5904.6

(0, 5, 3) 3961.5 (2, 2, 5) 5914.8

(1, 1, 5) 3983.8 (0, 3, 11) 5928.5

(0, 3, 6) 4035.2 (4, 0, 1) 5939.1

(1, 4, 1) 4043.3 (3, 1, 3) 5949.2

(2, 0, 3) 4047.3 (2, 5, 1) 5952.8

(0, 1, 9) 4095.1 (0, 8, 4) 5962.3

(0, 6, 2) 4114.5 4131.2 (0, 1, 14) 5967.2

(1, 2, 4) 4136.9 (1, 4, 6) 5986.7

(1, 5, 0) 4189.3 4194.7 (2, 0, 8) 6007.6

(2, 1, 2) 4193.0 (0, 11, 0) 6026.6 6040.2

(0, 4, 5) 4193.5 (0, 6, 7) 6033.0

(3, 0, 0) 4204.5 (1, 7, 2) 6046.0 6058.04

(1, 0, 7) 4219.9 (2, 3, 4) 6060.0

(0, 2, 8) 4257.9 (1, 2, 9) 6060.3

(0, 7, 1) 4265.5 4279.1 (4, 1, 0) 6071.0

(1, 3, 3) 4288.2 (3, 2, 2) 6088.4

(0, 0, 11) 4310.4 (2, 6, 0) 6090.7

(2, 2, 1) 4338.4 (0, 4, 10) 6091.0

(0, 5, 4) 4349.4 (0, 9, 3) 6113.9

(1, 1, 6) 4373.7 (1, 0, 12) 6122.9

(0, 8, 0) 4414.6 4226.2 (0, 2, 13) 6135.4

(0, 3, 7) 4418.9 (1, 5, 5) 6136.7

(1, 4, 2) 4437.4 4442.1 (2, 1, 7) 6155.4

(2, 0, 4) 4444.4 (0, 0, 16) 6177.2

(0, 1, 10) 4474.4 (0, 7, 6) 6188.6

(2, 3, 0) 4481.3 (1, 8, 1) 6190.1

(0, 6, 3) 4503.2 (3, 0, 5) 6203.0

(1, 2, 5) 4527.1 (2, 4, 3) 6203.3

(0, 4, 6) 4577.8 (1, 3, 8) 6214.4

(1, 5, 1) 4584.4 (3, 3, 1) 6225.4

(2, 1, 3) 4590.7 (0, 5, 9) 6251.1
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Figure 3: Contour plots of the potential energy surface of HSiBr ( ˜A1A′′) in the internal coordinates. (a) Contour plot at RHSi = 2.833 a0. (b)
Contour plot at RSiBr = 4.193 a0. (c) Contour plot at θ=117.7◦. Contours are spaced by 0.15 eV with the zero defined at the HSiBr( ˜A1A′′)
minimum.

Davidson correction for higher excitations (MRCI + Q),
respectively, employing an augmented correlation-consistent
polarized valence quadruple zeta (AVQZ) basis set. The
vibrational energy levels on both the two electronic states
as well as the absorption and emission spectra were calcu-
lated and compared with the available experimental data.
The reasonable good agreement between our results and
experimental data demonstrates that the PESs are very
accurate. This paper is organized as follows. In Section 2,
we describe the details of the ab initio calculations and the
analytical representation of the PESs and transition dipole

moments, as well as the quantum mechanical method to
calculate the vibrational energy levers. Section 3 discusses the
main features of the PESs, vibrational states, and electronic
spectra, respectively. A brief conclusion is summarized in
Section 4.

2. Computational Details

2.1. Potential Energy Surfaces and Transition Dipole Moment
Surface. Ab initio calculations were carried out to determine
the potential energy surfaces (PESs) for both the ˜X1A′ and
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Figure 4: Six vibrational wave functions of HSiBr ( ˜A1A′′) in the Radau coordinates. The three vibrational quantum numbers (n1,n2,n3)
represent the H–Si stretching, bending, and Si–Br stretching modes, respectively.

˜A1A′′ states of HSiBr by using the MOLPRO [21] suite of
quantum chemistry programs. The corresponding transition
dipole moment surfaces were also calculated in this work.

The two PESs were constructed independently. For
the closed-shell ground ( ˜X1A′) electronic state, the single-
reference RCCSD(T) method [22] was employed with
Dunning’s AVQZ basis set [23], which generates a total of
223 cGTOs, and the core electrons were frozen in all the
ab initio calculations. A nonuniform and truncated direct
product grid in the internal coordinates (RHSi,RSiBr, θ) was

selected for the calculations of PES, where RHSi and RSiBr are
the H–Si and Si–Br internuclear distances, respectively, and
θ is the enclosed bond angle ∠HSiBr. For the two radial
coordinates, we have chosen 17 points covering the H–Si
radial coordinate from 2.2 a0 to 6.5 a0 and 15 points in the
Si–Br radial coordinate from 3.2 a0 to 5.4 a0. In the angle
coordinate, 12 points ranging from 55◦ to 180◦ were used.
This gives a total of 3060 geometry-unique points.

In the case of the open-shell excited electronic state
( ˜A1A′′) of HSiBr, which can not be adequately treated
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Figure 5: Calculated stick absorption spectra for the ˜A1A′′ ← ˜X1A′ transition from the lowest vibrational level ˜X(0, 0, 0) of HSiBr and
DSiBr with the corresponding portion of the experimental LIF spectrum [8] (on the top of the calculated ones), respectively.

by single electronic configuration, the MRCI + Q [24–26]
calculations were carried out using the Dunning’s AVQZ
basis set. After primary test calculations, the state-averaged
complete active space self-consistent field (SA-CASSCF)
[27, 28] for equally weighted 11A′′ and 21A′′ states were
employed with a large active space (18 active electrons
in 12 active orbitals) to further consider the core-valence
correlation effect [15, 18–20]. The remnant sixteen core
orbitals were kept doubly occupied but fully optimized.
Based on the CASSCF natural orbitals, the subsequent MRCI
+ Q calculations were carried out for the full valence active
space (12 electrons in 9 orbitals), where core-valence and
core-core correlations were also included by single and

double excitations from three 2p orbitals of Si in each
configuration state function. The total number of contracted
configurations is about 8.3 × 108. A relatively extensive
range is also chosen for the ab initio points. In particular,
sixteen points from 2.2 to 5.5 a0 for RHSi and fourteen
points from 3.25 to 5.15 a0 for RSiBr were selected. In the
angle direction, twelve points were used ranging from 55
to 180◦. A total of 2688 geometry-unique points were
generated.

In addition, we have also calculated the non-zero
( ˜A1A′′ − ˜X1A′) transition dipole moment, which is perpen-
dicular to the molecular plane, using the MRCI + Q method
with the AVTZ basis set.
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Figure 6: Calculated stick emission spectra for the ˜A1A′′ → ˜X1A′ transition from (0, 0, 0) and (0, 1, 0) vibrational levels of HSiBr and DSiBr.
The experimental spectra were taken from [13].

Finally, the potential energies and the transition dipole
moment at any arbitrary point were obtained using the
three-dimensional cubic spline interpolation. The corre-
sponding FORTRAN codes are available upon request.

2.2. Vibrational Energy Levels. The vibrational energy levels
were obtained by solving the vibrational Hamiltonian with
the total angular momentum J = 0 in Radau coordinates

(R1,R2, γ),

̂H = − �2

2m1

∂2
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1
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2m2

∂2

∂R2
2

− �2

2

(

1
m1R

2
1

+
1

m2R
2
2

)(

∂2

∂γ2
+ cotγ

∂

∂γ

)

+ V
(

R1,R2, γ
)

,

(1)



12 Advances in Physical Chemistry

Table 3: Continued.

(n1,n2,n3) This work Expt. [13] (n1,n2,n3) This work Expt. [13]

(1, 0, 8) 4606.5 (0, 10, 2) 6264.2 6286.9

(3, 0, 1) 4609.4 (1, 1, 11) 6279.5

(0, 2, 9) 4638.2 (1, 6, 4) 6285.0

(0, 7, 2) 4655.2 4673.4 (0, 3, 12) 6300.5

(1, 3, 4) 4679.0 (2, 2, 6) 6302.5

(0, 0, 12) 4686.2 (1, 9, 0) 6332.2

(1, 6, 0) 4729.1 4736.7 (0, 1, 15) 6339.0

(0, 5, 5) 4734.6 (4, 0, 2) 6339.4

(2, 2, 2) 4736.4 (0, 8, 5) 6342.3

(3, 1, 0) 4747.9 (2, 5, 2) 6344.9

(1, 1, 7) 4760.8 (3, 1, 4) 6346.0

(0, 3, 8) 4800.0 (3, 4, 0) 6359.9

(0, 8, 1) 4805.5 4824 (1, 4, 7) 6366.9

(1, 4, 3) 4828.9 (2, 0, 9) 6391.5

(2, 0, 5) 4839.1 (0, 6, 8) 6409.3

(0, 1, 11) 4851.0 (0, 11, 1) 6412.8 6433.9

(2, 3, 1) 4880.2 (1, 7, 3) 6431.7

(0, 6, 4) 4889.5 (1, 2, 10) 6435.9

(1, 2, 6) 4914.7 (2, 3, 5) 6448.0

(0, 9, 0) 4954.1 4966.8 (0, 4, 11) 6463.7

where m1 and m2 are the atomic mass of H and Br, respec-
tively. The transformation between the Radau coordinates
(R1, R2, γ) and the internal coordinates (RHSi, RSiBr, θ) is
well documented [29]. The vibrational wave functions were
represented in a direct product discrete variable represen-
tation (DVR) [30] grid, and the vibrational energy levels
were calculated using the Lanczos algorithm [31], which
generates the eigenvalues of the Hamiltonian by a three-
term recursion. Extensive convergence tests were carried out
to ascertain the accuracy of the results against the number
of recursion steps and grid size. When eigenfunctions were
required, the Lanczos recursion was repeated to assemble the
wave functions of interest.

For the ground electronic state, R1 was represented by
50 potential optimized DVR (PODVR) [32, 33] grid points
derived from the one-dimensional Hamiltonian, in which
the two other coordinates were fixed at their equilibrium
values. The other radial coordinate R2 was represented
by 30 PODVR grid points from the corresponding one-
dimensional Hamiltonian. For the angular variable, 80
Gauss-Legendre [34] grid points were used. The converged
vibrational energy levels below 7500 cm−1 were generated by
performing about 7000 Lanczos recursion steps with a cutoff
of 4.0 eV for the potential energy.

In the case of the excited electronic state of HSiBr,
different parameters were used for calculating the vibrational
states. The PODVR grids for R1 and R2 consist of 50 and
30 points, respectively. 80 Gauss-Legendre grid points in the
interval [0◦, 180◦] were used for γ. The converged vibrational
energy levels below 6000 cm−1 were generated by performing
about 5000 Lanczos recursion steps with a cutoff of 2.5 eV for
the potential energy.

2.3. Absorption and Emission Spectra. The absorption and
emission spectra can be evaluated as

Σ(ω)∝ ∣∣〈Φn

∣

∣μ
∣

∣Ψn′
〉∣

∣
2, (2)

where μ is the transition dipole moment and Φn and
Ψn′ are the vibrational wave functions of the ground
and excited electronic states, respectively. The transition
amplitude 〈Φn|μ|Ψn′ 〉 can be calculated directly from the
vibrational wave functions, but, in this work, we have used an
efficient single Lanczos propagation (SLP) method [35, 36].
This method is particularly efficient for calculating emission
from multiple excited state levels, because it requires no
explicit construction and storage of the vibrational wave
functions, and it has been proved successful in a number of
systems [37].

For the calculation of electronic spectra, the Hamiltoni-
ans for both the ground and excited electronic states need to
be represented by the same DVR grid. For both absorption
and emission spectra, 60 sine-DVR points were employed to
cover the R 1 range of [2.10, 8.00] a0 and 40 sine-DVR points
for the R2 range of [1.7, 2.7] a0. For γ, an eighty-point Gauss-
Legendre DVR grid was used.

3. Results and Discussions

3.1. Ground ( ˜X1A′) State Potential and Vibrational Energy
Levels. Figure 1 displays the contour plots of the ground
electronic state PES of HSiBr in the internal coordinates
(RHSi, RSiBr, θ). Figures 1(a), 1(b), and 1(c) show the
dependence of the potential on RSiBr and θ with RHSi fixed
at its equilibrium value of 2.869 a0, on RHSi and θ with RSiBr

fixed at its equilibrium value of 4.257 a0, and on the two bond
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Table 4: Calculated vibrational energy levels (in cm−1) and comparison with available experimental results for HSi79Br ( ˜A1A′′).

(n1,n2,n3) This work Expt. [8] (n1,n2,n3) This work Expt. [8]

(0, 0, 0) 0.0 (0, 7, 0) 3471.9

(0, 0, 1) 416.5 416.54 (0, 2, 6) 3497.2

(0, 1, 0) 541.8 535.31 (1, 1, 3) 3546.3

(0, 0, 2) 828.8 (0, 0, 9) 3590.8

(0, 1, 1) 956.6 949.37 (0, 3, 5) 3619.6

(0, 2, 0) 1081.1 1059.20 (1, 2, 2) 3634.3

(0, 0, 3) 1237.5 (1, 3, 1) 3710.8 3641.02

(0, 1, 2) 1367.1 (0, 4, 4) 3724.3

(0, 2, 1) 1492.9 1470.89 (0, 1, 8) 3742.1

(0, 3, 0) 1613.0 1569.07 (1, 4, 0) 3766.1 3675.59

(0, 0, 4) 1642.7 (0, 5, 3) 3806.0

(0, 1, 3) 1774.4 (0, 6, 2) 3841.9

(1, 0, 0) 1813.7 1786.96 (2, 0, 1) 3842.1 3784.87

(0, 2, 2) 1900.2 (1, 0, 5) 3846.1

(0, 3, 1) 2021.1 1977.88 (0, 7, 1) 3872.3

(0, 0, 5) 2043.6 (0, 2, 7) 3883.8

(0, 4, 0) 2126.6 2060.57 (2, 1, 0) 3894.6 3828.00

(0, 1, 4) 2178.3 (1, 1, 4) 3947.3

(1, 0, 1) 2227.7 2200.77 (0, 0, 10) 3963.8

(0, 2, 3) 2304.8 (0, 3, 6) 4009.5

(1, 1, 0) 2321.3 2286.15 (1, 2, 3) 4036.3

(0, 3, 2) 2424.6 (0, 9, 0) 4076.1

(0, 0, 6) 2439.2 (1, 3, 2) 4112.0

(0, 4, 1) 2531.4 (0, 1, 9) 4119.3

(0, 1, 5) 2577.7 (1, 4, 1) 4165.5

(0, 5, 0) 2614.0 2526.79 (1, 5, 0) 4196.8 4069.35

(1, 0, 2) 2637.7 (1, 0, 6) 4240.2

(0, 2, 4) 2706.7 (2, 0, 2) 4247.4

(1, 1, 1) 2733.5 2697.66 (0, 2, 8) 4264.0

(1, 2, 0) 2819.9 2770.59 (2, 1, 1) 4299.7 4229.06

(0, 3, 3) 2825.4 (0, 0, 11) 4331.9

(0, 0, 7) 2829.2 (2, 2, 0) 4339.7 4261.83

(0, 4, 2) 2931.4 (1, 1, 5) 4344.0

(0, 1, 6) 2971.8 (0, 10, 0) 4359.5

(0, 5, 1) 3015.5 (0, 3, 7) 4393.4

(1, 0, 3) 3044.0 (1, 2, 4) 4434.8

(0, 6, 0) 3065.2 (0, 9, 1) 4481.3

(0, 2, 5) 3104.6 (0, 1, 10) 4487.9

(1, 1, 2) 3141.7 (1, 3, 3) 4510.3

(0, 0, 8) 3212.6 (1, 0, 7) 4628.7

(0, 3, 4) 3224.6 (0, 2, 9) 4637.9

(1, 2, 1) 3229.2 3179.44 (2, 0, 3) 4649.2

(1, 3, 0) 3305.3 3235.83 (0, 0, 12) 4695.3

(0, 4, 3) 3328.9 (2, 1, 2) 4700.6 4681.50

(0, 1, 7) 3360.0 (2, 2, 1) 4734.1 4645.25

(0, 5, 2) 3412.1 (1, 1, 6) 4735.8

(2, 0, 0) 3432.9 (2, 3, 0) 4766.4 4620.91

(1, 0, 4) 3447.0 (0, 3, 8) 4770.9

(0, 6, 1) 3448.6 (3, 0, 0) 4797.7
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Table 5: Calculated vibrational energy levels (in cm−1) and comparison with available experimental results for HSi81Br ( ˜A1A′′).

(n1,n2,n3) This work Expt. [8] (n1,n2,n3) This work Expt. [8]

(0, 0, 0) 0.0 (0, 7, 0) 3471.2

(0, 0, 1) 415.1 415.23 (0, 2, 6) 3489.5

(0, 1, 0) 541.8 535.31 (1, 1, 3) 3542.3

(0, 0, 2) 826.1 (0, 0, 9) 3579.7

(0, 1, 1) 955.2 947.95 (0, 3, 5) 3613.0

(0, 2, 0) 1081.0 1059.20 (1, 2, 2) 3631.6

(0, 0, 3) 1233.5 (1, 3, 1) 3709.4 3639.63

(0, 1, 2) 1364.4 (0, 4, 4) 3718.9

(0, 2, 1) 1491.4 1469.44 (0, 1, 8) 3732.2

(0, 3, 0) 1612.8 1569.07 (1, 4, 0) 3765.7 3675.25

(0, 0, 4) 1637.4 (0, 5, 3) 3801.9

(0, 1, 3) 1770.3 (0, 6, 2) 3839.6

(1, 0, 0) 1813.7 1786.96 (2, 0, 1) 3839.8 3783.65

(0, 2, 2) 1897.4 (1, 0, 5) 3840.8

(0, 3, 1) 2019.6 1976.42 (0, 7, 1) 3870.7

(0, 0, 5) 2037.1 (0, 2, 7) 3874.9

(0, 4, 0) 2126.4 2060.57 (2, 1, 0) 3894.4 3828.00

(0, 1, 4) 2173.0 (1, 1, 4) 3942.1

(1, 0, 1) 2226.4 2199.43 (0, 0, 10) 3951.7

(0, 2, 3) 2300.7 (0, 3, 6) 4001.8

(1, 1, 0) 2321.2 2286.15 (1, 2, 3) 4032.3

(0, 3, 2) 2421.8 (0, 9, 0) 4075.0

(0, 0, 6) 2431.5 (1, 3, 2) 4105.7

(0, 4, 1) 2529.9 (0, 1, 9) 4110.7

(0, 1, 5) 2571.2 (1, 4, 1) 4164.2

(0, 5, 0) 2613.8 2526.79 (1, 5, 0) 4192.3 4068.67

(1, 0, 2) 2635.0 (1, 0, 6) 4232.6

(0, 2, 4) 2701.4 (2, 0, 2) 4245.0

(1, 1, 1) 2732.1 2696.27 (0, 2, 8) 4254.1

(1, 2, 0) 2819.5 2770.59 (2, 1, 1) 4298.5 4228.03

(0, 3, 3) 2819.8 (0, 0, 11) 4318.7

(0, 0, 7) 2822.1 (2, 2, 0) 4337.6 4261.15

(0, 4, 2) 2928.6 (1, 1, 5) 4339.3

(0, 1, 6) 2964.1 (0, 10, 0) 4357.6

(0, 5, 1) 3014.0 (0, 3, 7) 4384.6

(1, 0, 3) 3040.1 (1, 2, 4) 4429.7

(0, 6, 0) 3065.0 (0, 9, 1) 4475.9

(0, 2, 5) 3098.1 (0, 1, 10) 4479.5

(1, 1, 2) 3139.0 (1, 3, 3) 4506.4

(0, 0, 8) 3202.6 (1, 0, 7) 4620.7

(0, 3, 4) 3219.2 (0, 2, 9) 4631.5

(1, 2, 1) 3227.8 3177.99 (2, 0, 3) 4645.6

(1, 3, 0) 3305.2 3235.83 (0, 0, 12) 4681.2

(0, 4, 3) 3324.8 (2, 1, 2) 4698.3 4620.59

(0, 1, 7) 3351.1 (2, 2, 1) 4728.2 4643.80

(0, 5, 2) 3409.3 (1, 1, 6) 4733.0

(2, 0, 0) 3432.9 (2, 3, 0) 4761.0 4679.78

(1, 0, 4) 3441.8 (0, 3, 8) 4765.2

(0, 6, 1) 3447.7 (3, 0, 0) 4797.7
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Table 6: Calculated vibrational energy levels (in cm−1) and comparison with available experimental results for DSi79Br ( ˜A1A′′).

(n1,n2,n3) This work Expt. [8] (n1,n2,n3) This work Expt. [8]

(0, 0, 0) 0.0 0.00 (0,9,0) 3320.2

(0, 1, 0) 377.8 376.41 (0,1,7) 3333.7

(0, 0, 1) 436.3 434.34 (1,2,3) 3336.5 3291.73

(0, 2, 0) 755.7 750.48 (0,8,1) 3351.9

(0, 1, 1) 811.7 806.10 (2,1,1) 3367.4

(0, 0, 2) 869.0 864.77 (0,7,2) 3391.1

(0, 3, 0) 1133.0 1121.95 (1,1,4) 3398.8

(0, 2, 1) 1187.1 1174.58 (0,0,8) 3411.2

(0, 1, 2) 1243.0 1231.27 (0,6,3) 3436.6

(0, 0, 3) 1298.7 1290.48 (2,0,2) 3444.3

(1, 0, 0) 1344.7 1325.55 (1,0,5) 3467.4

(0, 4, 0) 1508.1 1490.30 (0,5,4) 3487.2

(0, 3, 1) 1560.6 1540.58 (1,6,0) 3505.6 3436.43

(0, 2, 2) 1614.5 1594.60 (0,4,5) 3541.7

(0, 1, 3) 1670.4 1651.70 (1,5,1) 3560.7 3498.71

(1, 1, 0) 1710.6 1688.70 (0,3,6) 3600.2

(0, 0, 4) 1725.9 1711.77 (1,4,2) 3619.1 3562.48

(1, 0, 1) 1775.9 1754.76 (2,3,0) 3637.3 3579.61

(0, 5, 0) 1879.8 1855.22 (0,10,0) 3639.9

(0, 4, 1) 1930.6 1902.26 (0,2,7) 3665.9

(0, 3, 2) 1982.5 1953.86 (1,3,3) 3680.7 3628.07

(0, 2, 3) 2036.6 2008.99 (0,9,1) 3682.0

(1, 2, 0) 2075.8 2048.42 (2,2,1) 3710.5 3659.77

(0, 1, 4) 2093.2 2067.22 (0,8,2) 3721.3

(1, 1, 1) 2138.0 2112.79 (0,1,8) 3739.9

(0, 0, 5) 2151.5 (1,2,4) 3743.4

(1, 0, 2) 2203.3 2180.27 (3,0,0) 3744.8

(0, 6, 0) 2247.6 2215.53 (0,7,3) 3763.4

(0, 5, 1) 2295.8 2259.58 (2,1,2) 3785.2

(0, 4, 2) 2345.3 2308.59 (0,6,4) 3810.7

(0, 3, 3) 2397.7 2361.47 (1,1,5) 3811.2

(1, 3, 0) 2439.7 2404.43 (0,0,9) 3821.2

(0, 2, 4) 2452.7 2418.10 (1,7,0) 3845.6

(1, 2, 1) 2499.6 2467.46 (0,5,5) 3863.0

(0, 1, 5) 2511.6 (2,0,3) 3863.8

(1, 1, 2) 2562.1 2533.19 (1,0,6) 3883.8

(0, 0, 6) 2575.1 (1,6,1) 3899.5

(2, 0, 0) 2596.0 (0,4,6) 3925.6

(0, 7, 0) 2611.0 2569.98 (1,5,2) 3958.2

(1, 0, 3) 2627.3 2601.43 (2,4,0) 3975.7 3905.52

(0, 6, 1) 2655.6 2610.98 (0,3,7) 3983.0

(0, 5, 2) 2701.8 2657.51 (1,4,3) 4019.3

(0, 4, 3) 2752.3 (2,3,1) 4049.0 3987.77

(1, 4, 0) 2800.5 2755.51 (0,2,8) 4059.3

(0, 3, 4) 2805.8 (3,1,0) 4070.9

(1, 3, 1) 2858.5 2817.20 (1,3,4) 4082.4

(0, 2, 5) 2862.9 (2,2,2) 4126.0

(1, 2, 2) 2919.2 2881.69 (1,2,5) 4148.9

(0, 1, 6) 2926.0 (3,0,1) 4164.5

(2, 1, 0) 2945.8 (2,1,3) 4199.2
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Table 6: Continued.

(n1,n2,n3) This work Expt. [8] (n1,n2,n3) This work Expt. [8]

(0, 8, 0) 2969.5 2912.85 (1,1,6) 4218.7

(1, 1, 3) 2982.6 2948.95 (0,0,10) 4224.0

(0, 0, 7) 2995.4 (1,8,0) 4229.4

(0, 7, 1) 3008.8 (2,0,4) 4278.5

(2, 0, 1) 3022.2 (1,7,1) 4287.6

(1, 0, 4) 3048.5 2999.16 (1,0,7) 4296.8

(0, 6, 2) 3051.0 3018.34 (2,5,0) 4305.2 4220.97

(0, 5, 3) 3099.2 (1,6,2) 4348.7

(0, 4, 4) 3151.3 (2,4,1) 4380.0 4306.79

(1, 5, 0) 3156.5 3100.27 (3,2,0) 4395.1

(0, 3, 5) 3206.7 (1,5,3) 4412.0

(1, 4, 1) 3212.9 3161.61 (2,3,2) 4455.8

(0, 2, 6) 3267.2 (3,1,1) 4486.9

(1, 3, 2) 3272.4 3225.27 (3,0,2) 4581.6

(2, 2, 0) 3293.1 (4,0,0) 4763.6

lengths with the bond angle fixed at its equilibrium value of
93.9◦, respectively. The equilibrium geometry of HSiBr at the
ground electronic state PES was found to be located at RHSi =
2.869 a0, RSiBr = 4.257 a0, and θ = 93.9◦,which is very similar
to that of HSiCl [20], except that the Si–Br bond is longer
than the Si–Cl bond. Our results are compared in Table 1
with the previous experimental and theoretical results. It is
clear that our equilibrium geometry is in good agreement
with the experimental and theoretical values [3, 8, 13].

The calculated vibrational levels for the ground elec-
tronic state ( ˜X1A′) of HSiBr up to 7300 cm−1 are listed
in Table 2, together with the available experimental val-
ues. The vibrational energy levels are assigned with three
vibrational quantum numbers (n1, n2, n3), representing the
H–Si stretching, bending, and Si–Br stretching vibrational
modes, respectively. By inspecting the nodal structures of
the corresponding wave functions, the assignment of the
vibrational levels can be achieved. The plots of nine wave
functions of HSiBr are given in Figure 2, in which the nodal
structures are clearly visible. The ease of the assignment
suggests that the vibration of HSiBr is largely regular with
weak intramodal coupling in this spectral region.

From Table 2, it is apparent that the calculated vibra-
tional energy levels reproduce the available experimental
data very well. The fundamental frequencies of ν1 =
1977.6 cm-1, ν2 = 770.3 cm-1, and ν3 = 409.3 cm-1 are
in excellent agreement with the experimental values [13] of
1976.2, 772.0, and 412.4 cm−1, respectively. The good theory-
experiment agreement is held all the way to the highest
experimentally assigned level (1, 7, 0) near 7200 cm−1.

The vibrational energy levels of DSiBr have also been
obtained on the same ab initio ground electronic state
PES. The calculated vibrational levels up to 6500 cm−1 are
compared with the available experimental data in Table 3. As
expected, the substitution by the more massive deuterium
not only lowers the energies of the H–Si stretching and
bending vibrations, but also decreases the Si–Br stretching
vibrational frequency to a small extent. Again, the calculated

results are in excellent agreement with experiment. The
calculated fundamental vibrational frequencies for the D–
Si stretching, Si–Br stretching, and bending modes (1439.8,
405.0, and 562.0 cm−1) are very close to the experimental
values [13] (1439.5, 407.99, and 561.8 cm−1), respectively.
As a whole, Tables 2 and 3 show that all the calculated
vibrational energy levels for HSiBr/DSiBr are within a
reasonable error of the observed values, demonstrating
the high accuracy of our ab initio ground electronic state
PES.

3.2. Excited ( ˜A1A′′) State Potential and Vibrational Energy
Levels. Figure 3 displays the PES for the excited elec-
tronic state ( ˜A1A′′) in the HSiBr internal coordinates
(RHSi, RSiBr, θ). The equilibrium geometry was found to
be located at RHSi = 2.833 a0, RSiBr = 4.193 a0, and
θ = 117.7◦. In comparison with the ground state, neither
the H–Si nor Si–Br bond length changes significantly, but
the bending angle is extended by about 20◦. One can
see from Table 1 that the equilibrium geometry is conso-
nant with the experimental and previous theoretical values
[3, 8, 13].

The calculated vibrational levels for the excited ( ˜A1A′′)
electronic states of HSi79Br, HSi81Br, DSi79Br, and DSi81Br
are presented in Tables 4, 5, 6, and 7, together with
the available experimental results. The energies given in
the tables are relative to the ground (0, 0, 0) vibrational
level on this PES. Figure 4 displays six vibrational wave
functions of HSiBr on the excited electronic states. The
nodal structures of the wave functions are clearly shown.
The theory-experiment agreement is typically very good.
For example, the calculated fundamental frequencies of the
H–Si stretching, Si–79Br stretching, and bending modes
(1813.71, 416.50, and 541.83 cm−1) are in reasonably good
agreement with the experimental values (1786.96, 416.54,
and 535.31 cm−1) [8]. As expected, the substitution by
deuterium lowers the energies of the vibrational frequencies.
Since the 79Br/81Br ratio is much smaller than D/H, the effect
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Table 7: Calculated vibrational energy levels (in cm−1) and comparison with available experimental results for DSi81Br ( ˜A1A′′).

(n1,n2,n3) This work Expt. [8] (n1,n2,n3) This work Expt. [8]

(0,0,0) 0.0 (0,9,0) 3316.96

(0,1,0) 377.2 375.87 (0,1,7) 3328.73

(0,0,1) 435.4 433.44 (1,2,3) 3331.48 3287.52

(0,2,0) 754.5 749.44 (0,8,1) 3347.95

(0,1,1) 810.3 804.70 (2,1,1) 3365.97

(0,0,2) 867.4 863.00 (0,7,2) 3385.94

(0,3,0) 1131.1 1120.41 (1,1,4) 3394.50

(0,2,1) 1185.2 1173.11 (0,0,8) 3404.45

(0,1,2) 1240.9 1228.93 (0,6,3) 3430.85

(0,0,3) 1296.2 1287.74 (2,0,2) 3442.10

(1,0,0) 1344.7 1325.55 (1,0,5) 3462.55

(0,4,0) 1505.5 1488.35 (0,5,4) 3480.95

(0,3,1) 1558.1 1538.21 (1,6,0) 3503.64 3435.14

(0,2,2) 1611.8 1591.74 (0,4,5) 3535.04

(0,1,3) 1667.5 1648.49 (1,5,1) 3557.80 3496.22

(1,1,0) 1710.2 1688.30 (0,3,6) 3593.33

(0,0,4) 1722.6 1708.21 (1,4,2) 3615.41 3558.80

(1,0,1) 1774.9 1753.76 (2,3,0) 3636.40 3578.93

(0,5,0) 1876.7 1852.96 (0,10,0) 3638.85

(0,4,1) 1927.5 1899.48 (0,2,7) 3658.95

(0,3,2) 1979.2 1950.57 (1,3,3) 3676.39 3623.67

(0,2,3) 2033.1 2005.19 (0,9,1) 3677.72

(1,2,0) 2074.9 2047.70 (2,2,1) 3708.72 3658.01

(0,1,4) 2089.5 2063.10 (0,8,2) 3715.75

(1,1,1) 2136.6 2111.59 (0,1,8) 3732.91

(0,0,5) 2147.3 (1,2,4) 3739.87

(1,0,2) 2201.3 2178.17 (3,0,0) 3743.44

(0,6,0) 2244.0 2213.29 (0,7,3) 3757.02

(0,5,1) 2292.3 2256.47 (2,1,2) 3782.58

(0,4,2) 2341.5 2304.82 (0,6,4) 3804.27

(0,3,3) 2393.6 2357.25 (1,1,5) 3805.53

(1,3,0) 2438.4 2403.33 (0,0,9) 3813.63

(0,2,4) 2448.4 2413.45 (1,7,0) 3843.74

(1,2,1) 2497.8 2465.64 (0,5,5) 3856.71

(0,1,5) 2507.2 (2,0,3) 3859.58

(1,1,2) 2559.8 2530.70 (1,0,6) 3878.06

(0,0,6) 2570.0 (1,6,1) 3896.57

(2,0,0) 2596.0 (0,4,6) 3919.12

(0,7,0) 2607.0 2567.71 (1,5,2) 3954.23

(1,0,3) 2624.4 2598.32 (2,4,0) 3974.67 3904.78

(0,6,1) 2651.7 2607.55 (0,3,7) 3976.09

(0,5,2) 2697.5 2653.40 (1,4,3) 4014.57

(0,4,3) 2747.7 (2,3,1) 4046.99 3985.91

(1,4,0) 2798.8 2754.28 (0,2,8) 4051.56

(0,3,4) 2800.9 (3,1,0) 4070.65

(1,3,1) 2856.1 2815.08 (1,3,4) 4076.68

(0,2,5) 2857.9 (2,2,2) 4120.45

(1,2,2) 2916.3 2878.97 (1,2,5) 4143.05

(0,1,6) 2920.8 (3,0,1) 4163.28

(2,1,0) 2945.5 (2,1,3) 4195.41
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Table 7: Continued.

(n1,n2,n3) This work Expt. [8] (n1,n2,n3) This work Expt. [8]

(0,8,0) 2965.5 2911.19 (1,1,6) 4212.47

(1,1,3) 2979.3 2945.37 (0,0,10) 4215.55

(0,0,7) 2989.5 (1,8,0) 4224.77

(0,7,1) 3004.8 (2,0,4) 4273.99

(2,0,1) 3021.1 (1,7,1) 4283.27

(1,0,4) 3044.6 3014.23 (1,0,7) 4290.27

(0,6,2) 3046.3 2994.71 (2,5,0) 4304.18 4220.13

(0,5,3) 3094.0 (1,6,2) 4343.48

(0,4,4) 3145.7 (2,4,1) 4377.84 4304.76

(1,5,0) 3154.6 3098.96 (3,2,0) 4392.57

(0,3,5) 3200.8 (1,5,3) 4406.13

(1,4,1) 3210.3 3159.24 (2,3,2) 4452.59

(0,2,6) 3261.2 (3,1,1) 4485.40

(1,3,2) 3269.0 3221.96 (3,0,2) 4579.21

(2,2,0) 3292.5 (4,0,0) 4763.54

of the 81Br substitution on vibrational energies of HSiBr is
much less pronounced.

3.3. Absorption Spectra. The ˜A1A′′ ← ˜X1A′ electronic
transition of HSiBr involves an electron promotion from a
silicon-based nonbonding σ orbital to an unoccupied out-
of-plane Si 3p orbital [13]. The only non-zero transition
dipole is perpendicular to the molecular plane, and it varies
smoothly with the three coordinates in the Franck-Condon
region. As shown in Figure 5, the calculated ˜A1A′′ ← ˜X1A′

absorption spectra from the lowest state ˜X (0, 0, 0) of
both HSiBr and DSiBr were found to contain a relatively
small number of vibronic bands. The spectral positions of
the vibronic bands of HSiBr and DSiBr are consistent with
the experimental spectra obtained with the laser-induced
fluorescence technique [8]. Since the experimental LIF spec-
trum may often be composed of several different fragment
portions which were recorded under different experimental
conditions and involve the influence of rotational struc-
tures, some observable bands cannot be reproduced in our
calculations. Considering the approximately 20◦ change in
the bending equilibrium angle, it is anticipated that the
absorption is dominated by excitation in the bending mode.
Indeed, the calculated absorption spectrum for HSiBr is
dominated by the (0, n2, 0) progression. On the other hand,
the spectrum of DSiBr is more complex than that of HSiBr.
Besides the (0, n2, 0) progression, the (0, 0, n3) band and
some combination bands are of comparable intensities. In
addition, several weaker bands such as (1, 0, 0), (1, 1, 0), and
(1, 1, 1) are visible.

3.4. Emission Spectra. The calculated ˜A1A′′ → ˜X1A′ emis-
sion spectra from the (0, 0, 0) and (0, 1, 0) vibrational states
of the excited electronic state of HSiBr and DSiBr and the
comparison with the available experimental observations
are shown in Figure 6. The spectra are concentrated in the
spectral region within 6000 cm−1 above the band origin,

and it is clear that the experimental emission spectra of
Hostutler et al. [13] are well reproduced by the calculated
ones. As shown in this figure, the emission spectra from the
vibrational state ˜A(0, 1, 0) of HSiBr is dominated by the (0,
n2, 0) progression. The good agreement between theory and
experiment again suggests that both the ground and excited
state PESs are quite reliable. Also shown in Figure 6, the
calculated emission spectra from the vibrational state of ˜A(0,
0, 0) is also dominated by the (0, n2, 0) progression.

The essential features of the spectra are similar for the
two isotopomers, but the DSiBr spectra are more congested
than that of HSiBr due to the larger mass of deuterium.
One can see from Figure 6 that the emission spectrum from
˜A(0, 0, 0) of DSiBr is featured by the dominated (0, n2,
0) and weaker (1, n2, 0) progressions. The large bending
excitation is due to the about 20◦ increase in the bond angle
upon electronic excitation. In the same figure, the calculated
emission spectrum from the ˜A(0, 1, 0) of DSiBr is compared
to the experimental data of Hostutler et al. [13] As expected,
the spectrum bending progressions are dominated, with 0
and 1 quanta in the Si-Br mode, respectively. The overall
agreement with the experiment is very good. These emission
spectra show that the spectral pattern is quite sensitive to the
vibrational state from which the emission originates. These
observations are very similar to those in our previous work
about HSiCl [20].

4. Conclusions

In this work, we have reported accurate ab initio PESs
for both the ground ( ˜X1A′) and excited electronic states
( ˜A1A′′) of HSiBr, as well as the ˜A1A′′ − ˜X1A′ transition
dipole moment. By spline interpolation of numerous ab
initio points which were obtained at high ab initio level
of theory, the nonempirical three-dimensional potential
energy surfaces and transition dipole moment function were
constructed. Some low-lying vibrational energy levels of
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both HSiBr and DSiBr were determined using the Lanczos
recursion method. The calculated results are in good agree-
ment with the available experimental data, demonstrating
the good quality of both the ground and excited state
PESs. In addition, the absorption and emission spectra
of HSiBr/DSiBr were calculated using an efficient single
Lanczos propagation method, and the resulting spectra were
found to be fairly consistent with experimental observations.
Similar to HSiCl, the approximately 20◦ difference in the
HSiBr equilibrium bending angle in the two electronic states
leads to significant bending excitations in both absorption
and emission spectra. Our theoretical results reported pro-
vide necessary insight into the vibrational dynamics of the
HSiBr molecule in its ground and excited electronic states.
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Different methods of constructing potential energy surfaces in polyatomic systems are reviewed, with the emphasis put on
fitting, interpolation, and analytical (defined by functional forms) approaches, based on quantum chemistry electronic structure
calculations. The different approaches are reviewed first, followed by a comparison using the benchmark H + CH4 and the
H + NH3 gas-phase hydrogen abstraction reactions. Different kinetics and dynamics properties are analyzed for these reactions
and compared with the available experimental data, which permits one to estimate the advantages and disadvantages of each
method. Finally, we analyze different problems with increasing difficulty in the potential energy construction: spin-orbit coupling,
molecular size, and more complicated reactions with several maxima and minima, which test the soundness and general
applicability of each method. We conclude that, although the field of small systems, typically atom-diatom, is mature, there still
remains much work to be done in the field of polyatomic systems.

1. Introduction

At the heart of chemistry lies the knowledge of the reaction
mechanism at atomic or molecular levels, that is, the motion
of the nuclei in the potential field due to the electrons and
nuclei. When the separation of the nuclear and electronic
motions is possible, that is, within the Born-Oppenheimer
(BO) approximation [1], the potential energy surface (PES)
is the electronic energy (which includes electronic kinetic
and Coulomb interaction energy) plus nuclear repulsion of
a given adiabatic electronic state as a function of geometry.
The PES is then the effective potential energy for the nuclear
motion when the system is in that electronic state.

The actual knowledge of the chemical reactivity is based
on quantum mechanical first principles, and the complete
construction of the PES represents a very important chal-
lenge in theoretical chemistry. For small reactive systems
(three or four atoms), the PES construction is a relatively
mature field, although even today new surfaces are still
being developed for atom-diatom systems [2–6] using high-
level ab initio calculations. For instance, one of the latest
atom-diatom surfaces has been developed in the present
year by Jiang et al. [6] for the H + HBr hydrogen abstrac-

tion reaction. Ab initio calculations were performed based
on the multireference configuration interaction (MRCI)
method including Davidson’s correction using augmented
correlation-consistent-polarized valence X-tuple zeta basis
sets, with X up to 5, extrapolating the energies to the
complete basis set (CBS) limit, and taking into account the
spin-orbit correction. In order to define the complete con-
figuration space for the BrH2 system, ab initio calculations
were performed at more than 12000 geometries. Then, a
three-dimensional cubic spline interpolation was employed
to yield the ground-state PES for this system. As can be seen,
the computational effort (correlation energy + basis set +
number of points) is enormous, and doing this for larger
systems is still clearly prohibitive.

The extension to larger reactive systems (more than 4
atoms) is an open and promising field, although compu-
tationally very costly. Thus, for polyatomic systems of n
atoms, with 3n − 6 internal degrees of freedom, if one
needs m configurations for each degree of freedom, one
would need a total of m(3n−6) evaluations of the energy. For
instance, taking a typical value of m of 10, for the H + CH4

hydrogen abstraction reaction 1012 evaluations would be
needed. This implies too much computer time to perform
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ab initio calculations with chemical accuracy (1 kcal mol−1)
and becomes totally unaffordable if one aims to achieve
spectroscopic accuracy (1 cm−1).

The accuracy of the kinetics and dynamics description of
a chemical reaction depends, aside from the quality of the
PES, on the dynamics method used. If the motion of the
nuclei on the PES is determined by the Hamilton equations
in the phase-space configuration, the dynamics methods
are classical or quasiclassical trajectory (QCT) approaches
[7], and if the system is described by the Schrödinger
equation (time dependent or time independent), the dynam-
ics methods are quantum mechanical (QM) [8]. Finally,
variational transition-state theory with multidimensional
tunneling contribution (VTST/MT) can be derived from a
dynamical approach by statistical mechanics and provides an
excellent and affordable method to calculate thermal rate and
state-selected constants [9].

In sum, electronic structure theory, dynamics methods,
and constructed potential energy surfaces are the keystones
of the theoretical study of chemical reactivity. Recent years
have seen a spectacular development in these strongly related
disciplines, paving the way towards chemical accuracy in
polyatomic systems and toward spectroscopic accuracy in
smaller problems. The scope of this paper is the con-
struction of potential energy surfaces for bimolecular gas-
phase polyatomic reactive systems in their electronic ground-
state. Section 2 describes different methods of construct-
ing potential energy surfaces, with especial focus on the
methodological approach developed by our research group.
Section 3 presents a library of PESs available for the scientific
community, and Section 4 presents some results for the H
+ CH4 benchmark polyatomic system and the H + NH3

reaction, which permits us to compare results from different
methods. Section 5 is devoted to analyzing the treatment
of the peculiarities found in some reactions that entail
additional challenges to the construction of potential energy
surfaces, such as spin-orbit coupling, the molecular size,
and the presence of various maxima and minima. Finally,
Section 6 summarizes the main conclusions of the paper.

2. Constructing Potential Energy Surfaces

The construction of potential energy surfaces in reactive
systems began with the dawn of Quantum Chemistry when
different quantum approaches were used, basically empirical
or semiempirical. In present days, the data needed for this
construction are obtained from high-level ab initio calcula-
tions, although density functional theory (DFT) methods are
also widely used, especially in the case of larger molecular
systems.

As is well known, and this special issue is a clear indica-
tion of it, the construction of PESs has a long tradition in
theoretical and computational chemistry, and an exhaustive
review of the literature is beyond the scope of the present
paper (see, for instance, a recent review in [10]). Here we
only highlight some important contributions with the aim
that the reader will get an overall perspective on this wide
field of research.

The most straightforward procedure to describe a reac-
tive system is from electronic structure calculations carried
out “on the fly,” sometimes also called “direct dynamics”
[11], where every time the dynamics algorithm requires an
energy, gradient, or Hessian, it is computed from electronic
structure calculations or molecular mechanics methods.
The advantage of this approach is the direct application
of electronic structure calculations to dynamics problems
without intermediaries, but when chemical accuracy is
needed, very high-level ab initio calculations are required,
and hence the time and computational cost are very high.
For polyatomic systems, such an approach is still prohibitive.
A recent example is the direct dynamics trajectory study of
the formaldehyde cation with molecular hydrogen gas-phase
reaction [12]. Even using a modest MP2/6-311G(d,p) ab
initio level, which yields a barrier only 0.5 kcal mol−1 below
the benchmark value, the ≈9600 trajectories required about
2.5 CPU years on a small Linux cluster. In this regard, one
has to keep in mind that QCT calculations require a large
number of trajectories to adequately sample the events and
obtain results that from a purely statistical point of view are
tolerable, that is, with very small errors. Note that the time
devoted to the QCT calculation is negligible in this time scale.

The alternative to direct dynamics calculations is to con-
struct a mathematical PES, that is, developing an algorithm
that can provide the potential energy for any given geometry
of the system without depending on “on-the-fly” electronic
structure computations. In this sense, three basic approaches
have been considered: fitting, interpolation, or analytical
(defined by functional forms). In fact, the fitting and
analytical procedures share the idea of functional form, and
this analytical function needs to be fitted to theoretical infor-
mation. This classification is therefore arbitrary, and other
possibilities can be found in the literature [10]. We think,
however, that it can help the reader get a better general view
of this field. The interpolation methods have been widely
applied in the construction of potential energy surfaces, and
different strategies have been developed [9, 10, 13–15]. Thus,
Collins et al. [14, 16, 17] developed and applied a method
for generating potential energy surfaces using a modified
Shepard interpolation. The PES at any configuration (Z) is
represented by a weighted average of Taylor series Ti(R):

V =
Ndata
∑

i=1

wi(Z)Ti(R), (1)

where Ndata is the number of molecular configurations
whose energy and its first (gradient) and second (Hessian)
derivatives have been evaluated, wi(Z) is the normalized
weighting factor, R is a set of internal coordinates, and the
Taylor series are expanded around the point i:

Ti(R) = V(R) +
3n−6
∑

k=1

∂V

∂Rk
[Rk − Rk(i)]

+
1
2!

3n−6
∑

k=1

3n−6
∑

j=1

[Rk − Rk(i)]
∂2V

∂Rk∂Rj

[

Rj − Rj(i)
]

.

(2)
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The use of the energy and its first and second derivatives
makes the method very robust, but computationally very
expensive, especially if very high-level ab initio calculations
are needed for a correct description of the reactive system.
For instance, very recently a new PES for the H + CH4

gas-phase reaction has been developed by Collins by inter-
polation of 30000 data points obtained with high-level ab
initio calculations [18]. The ab initio calculations took about
600 days on a workstation with 8 CPU cores in total, while
the evaluations of the potential values on all the grids for
this reaction took 400 days. Three advantages of this method
are the following: first, that the interpolated function agrees
precisely with the values of the data points; second, that
new electronic structure points may be incorporated in the
process to improve the PES; third, that the PES is invariant
to the permutation or exchange of indistinguishable nuclei.
However, Shepard interpolation often yields slight oscilla-
tions in equipotential contours and vibrational frequencies
(second derivatives of the energy); that is, the potential
energy surface is not smooth enough to provide smooth
changes in the vibrational frequencies. This is a limitation
when one wants to compute tunneling effects at low energies,
since the barrier to tunnel through is unrealistic.

Fitting methods, such as the interpolated ones considered
above, have been widely used in the construction of poten-
tial energy surfaces [19–21], and they have been recently
reviewed [10]. Thus, for instance, a fitting procedure widely
used is based on the many-body expansion (MBE) method
[22], amplified by Varandas [23] in the so-called double
many-body expansion (DMBE) method. The potential is
given by a sum of terms corresponding to atoms, diatoms,
triatoms, and tetra-atoms and a series of adjustable coef-
ficients. Another fitting procedure has been developed and
applied by Bowman et al. [24–27], in which the ab initio data
are globally fitted to a permutational symmetry invariant
polynomial. The function describing the PES has the form

V = p(x) +
∑

i< j

qi, j(x) · yi, j , (3)

where x is an n-dimensional vector, depending on n internu-
clear distances, with components xi, j = exp(−ri j), ri j being
the distance between nuclei i and j, and yi, j given by

yi, j = e−ri, j

ri, j
, (4)

and p(x) and q(x) are polynomials constructed to satisfy the
permutation symmetry with respect to the indistinguishable
nuclei. For instance, for the CH +

5 polyatomic system [28],
the PES was least-squares fitted to 20 639 ab initio energies,
obtained at the MP2/cc-pVTZ level. This fit contains 2303
coefficients and an rms fitting error of 51 cm−1. Bowman and
coworkers have developed 16 of such PESs for polyatomic
systems, and they have been recently revised [27]. In
general, the fitting approach is linear least squares, and
therefore these surfaces do not exactly reproduce the ab initio
data.

The third alternative consists of the analytical surfaces
defined by functional forms. In this method the ab initio data
are fitted to a valence bond (VB) functional form, augmented
with molecular mechanics (MM) terms which give great
flexibility to the potential energy surface. These VB/MM
functional forms have a long history in the development
of potential energy surfaces [29–33], although at first the
surfaces were semiempirical in the sense that theoretical and
experimental data were used in the fitting procedure. This
has been the methodological approach developed by our
group [10, 34, 35].

The first surfaces were developed for the H + CH4

hydrogen abstraction reaction, as a paradigm of polyatomic
systems [29–33]. The potential energy for a given geometry,
V , is given by the sum of three terms: stretching potential,
Vstretch, harmonic bending term, Vharm, and anharmonic out-
of-plane potential, Vop,

V = Vstretch + Vharm + Vop. (5)

The stretching potential is the sum of four London-
Eyring-Polanyi (LEP) terms, each one corresponding to a
permutation of the four methane hydrogens:

Vstretch =
4
∑

i=1

V3
(

RCHi ,RCHB ,RHiHB

)

, (6)

where R is the distance between the two subscript atoms, Hi

stands for one of the four methane hydrogens, and HB is the
attacking H atom. Although the functional form of the V3

LEP potential is well known, we will recall it for the sake of
completeness:

V3
(

RCHi ,RCHB ,RHiHB

) = Q
(

RCHi

)

+ Q
(

RCHB

)

+ Q
(

RHiHB

)

−
√

1
2

[

J
(

RCHi

)− J
(

RHiHB

)]2 +
1
2

[

J
(

RHiHB

)− J
(

RCHB

)]2 +
1
2

[

J
(

RCHB

)− J
(

RCHi

)]2,

Q(RXY ) = E1(RXY ) + E3(RXY )
2

,

J(RXY ) = E1(RXY )− E3(RXY )
2

,



4 Advances in Physical Chemistry

E1(RXY ) = D1
XY

{

exp
(−2αXY

[

RXY − Re
XY

])

−2 exp
(−αXY

[

RXY − Re
XY

])}

,

E3(RXY ) = D3
XY

{

exp
(−2αXY

[

RXY − Re
XY

])

+2 exp
(−αXY

[

RXY − Re
XY

])}

,

(7)

where there are 12 fitting parameters, four for each of the
three kinds of bond, RCHi , RCHB , and RHiHB . In particular,
these are the singlet and triplet dissociation energies, D1

XY

and D3
XY , the equilibrium bond distance, Re

XY , and the Morse
parameter, αXY . The Morse parameter for the CHi bonds,
αCH, however, is not taken as a constant but rather as a
function of the CH distances,

αCH = aCH + bCH

⎛

⎝

tanh
[

cCH

(

R− Re
CH

)]

+ 1

2

⎞

⎠, (8)

with R being the average RCHi distance,

R = 1
4

4
∑

i=1

RCHi . (9)

In this way, αCH changes smoothly from its value at methane,
aCH + (bCH/2), to its value at the methyl radical, aCH + bCH,
as the reaction evolves. Therefore, 14 parameters are required
to describe the stretching potential.

One of the problems with this functional was that the
equilibrium C–H distances for the reactants, saddle point,
and products are the same, leading to a very rigid surface.
Chakraborty et al. [36], for the H + C2H6 reaction, included
a modification to endow the surface with greater flexibility.
The reference C–H bond distance is transformed smoothly
from reactant to product using the following equation:

Ro
CH = P1R

o
CH,R + (1− P1)Ro

CH,P , (10)

where P1 is

P1 =
4
∏

i=1

T1
(

RCHi

)

, (11)

which is symmetric with respect to all the four hydrogen
atoms and goes to zero as one of the hydrogen atoms
is abstracted, and T1 is a geometry-dependent switching
function, given by

T1
(

RCHi

) = 1− tanh
[

w1
(

RCHi −w2
)]

, (12)

where w1 and w2 are adjustable parameters. Therefore, this
adds 2 new parameters (total 16 parameters) to describe the
stretching potential.

The Vharm term is the sum of six harmonic terms, one for
each bond angle in methane:

Vharm = 1
2

3
∑

i=1

4
∑

j=i+1

k0
i jkik j

(

θi j − θ0
i j

)2
, (13)

where k0
i j and ki are force constants and θ0

i j are the reference

angles. The k0
i j force constants are allowed to evolve from

their value in methane, kCH4 , to their value in methyl, kCH3 ,
which are two parameters of the fit, by means of switching
functions:

k0
i j = kCH4 + kCH4

⌊

S1
(

RCHi

)

S1

(

RCHj

)

− 1
⌋

+
(

kCH4 − kCH3

)⌊

S2
(

RCHi

)

S2

(

RCHj

)

− 1
⌋

,
(14)

while ki is a function of both the RCHi and RHiHB distances:

ki = A1 exp
⌊

−A2
(

RCHi − Re
CH

)2
⌋

,

A1 = 1− exp
⌊

−aa1
(

RHiHB

)2
⌋

,

A2 = aa2 + aa3 exp
⌊

−aa4

(

RHiHB − Re
HiHB

)2
⌋

.

(15)

Thus, four adjustable parameters are involved in the defini-
tion of ki.

The reference angles are also allowed to change from
their value at methane, τ = 109.47◦, or arccosine (−1/3),
to methyl, 120◦ or 2π/3 radians, by means of switching
functions [37]:

θ0
i j = acos

(

−1
3

)

+
[

acos
(

−1
3

)

− π

2

]

⌊

Sϕ
(

RCHi

)

Sϕ
(

RCHj

)

−1
⌋

+
[

acos
(

−1
3

)

− 2π
3

]

[

Sθ
(

RCHk

)

Sθ
(

RCHl

)− 1
]

.

(16)

Finally, the switching functions are given by

S1
(

RCHi

) = 1− tanh
⌊

αs1
(

RCHi − Re
CH

)(

RCHi − βs1
)8
⌋

,

S2
(

RCHi

) = 1− tanh
⌊

αs2
(

RCHi − Re
CH

)(

RCHi − βs2
)6
⌋

,

Sϕ
(

RCHi

)=1−tanh
{

Aϕ
(

RCHi−Re
CH

)

exp
[

Bϕ

(

RCHi−Cϕ

)3
]}

,

Sθ
(

RCHi

)=1−tanh
{

Aθ
(

RCHi−Re
CH

)

exp
[

Bθ
(

RCHi−Cθ
)3
]}

,

(17)

involving 10 more adjustable parameters. In total, 16 terms
need to be fitted for the calibration of the Vharm potential.

The Vop potential is a quadratic-quartic term whose aim
is to correctly describe the out-of-plane motion of methyl:

Vop =
4
∑

i=1

fΔi

4
∑

j=1

j /= i

(

Δi j

)2
+

4
∑

i=1

hΔi

4
∑

j=1

j /= i

(

Δi j

)4
. (18)
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The force constants, fΔi and hΔi , have been incorporated into
a new switching function which is such that Vop vanishes at
the methane limit and which directs the change of the methyl
fragment from pyramidal to planar as the reaction evolves:

fΔi =
[

1− S3
(

RCHi

)]

fΔ,

hΔi =
[

1− S3
(

RCHi

)]

hΔ,

S3
(

RCHi

) = 1− tanh
⌊

αs3
(

RCHi − Re
CH

)(

RCHi − βs3
)2
⌋

,

(19)

with fΔ, hΔ, αs3, and βs3 being the only parameters of Vop that
enter the fitting process. Δi j is the angle that measures the
deviation from the reference angle:

Δi j = acos

⎛

⎝

(

�rk −�r j
)

×
(

�rl −�r j
)

∥

∥

∥

(

�rk −�r j
)

×
(

�rl −�r j
)∥

∥

∥

�ri
∥

∥�ri
∥

∥

⎞

⎠− θ0
i j , (20)

where�ri,�r j ,�rk, and�rl are vectors going from the carbon atom
to the i, j, k, and l hydrogen atoms, respectively, and θ0

i j are
the reference angles defined in (16). The first term to the
right of (20) is therefore the angle between the CHi bond
and a vector perpendicular to the plane described by the j, k,
and l hydrogen atoms and centred at the j atom. To correctly
calculate Δi j , the motion from k to l has to be clockwise from
the point of view of the i atom.

In the case of the H + CH4 reaction the CH3 radical
product is planar. What happens if the product presents a
nonplanar geometry? In these cases of CX3 products, we have
modified the reference angle θoi j in (13) and (20). Thus, the
original expression,

θoi j = τ +
(

τ − π

2

)

[

Sϕ
(

RCXi

) · Sϕ
(

RCX j

)

− 1
]

+
(

τ − 2π
3

)

[

Sϑ
(

RCXk

) · Sϑ
(

RCXl

)− 1
]

,

(21)

where τ = 109.47◦, is replaced by

θoi j = τ + (τ − τ1)
[

Sϕ
(

RCXi

) · Sϕ
(

RCX j

)

− 1
]

+ (τ − τ2)
[[

Sϑ
(

RCXk

) · Sϑ
(

RCXl

)− 1
]

,
(22)

where τ2 is the bending angle in the non-planar product, and
τ1 is related to τ2 by the expression,

τ1 = π − arcsin
[

sin(τ2/2)
sin(π/3)

]

. (23)

In these cases of non-planar products, CX3, this correction
would add new parameters in the fitting procedure.

The PES, therefore, depends on at least 36 parameters,
16 for the stretching, 16 for the harmonic term, and 4 for
the out-of-plane potential. These 36 parameters give great
flexibility to the PES, while keeping the VB/MM functional
form physically intuitive.

In the case of the H + CH4 reaction the CH4 reactant
presents Td symmetry. What happens if the reactant presents
a different symmetry? For instance, ammonia presents sym-
metry C3v, characterized by an inversion mechanism through

a planar structure with symmetry D3h. The functional form
(5) used for the H + CH4 reaction cannot be applied
without modification to any kind of system . Thus, when this
potential is applied to the study of the H + NH3 → H2 + NH2

reaction, a major drawback was observed [38], namely that
it wrongly describes the NH3 inversion reaction, predicting
that the planar ammonia (D3h symmetry), which is a saddle
point to the ammonia inversion, is about 9 kcal mol−1 more
stable than the pyramidal structure (C3v symmetry).

In the original expression for the H + CH4 reaction (5),
the Vop term was added to obtain a correct description of
the out-of-plane bending in the methyl radical, 580 cm−1.
However, Yang and Corchado [38] noted that this term leads
to unphysical behaviour along the ammonia inversion path.
To avoid this drawback, our laboratory recently developed
[39] a new PES where the Vop term is removed:

V = Vstretch + Vharm. (24)

Consequently, each of the 16 parameters is required for the
stretching terms and the harmonic bending terms of the PES
which were fitted to high-level ab initio CCSD(T)/cc-pVTZ
calculations.

In sum, starting from a basic functional form, this form
must be adapted to each particular case, looking for the
greatest flexibility and suitability for the problem under
study. This has been the main aim of the modifications on the
original functional form (5), described by (10)–(12), (22),
(23), and (24). While this could represent a disadvantage
with respect to the fitting or interpolation methods, because
new functional forms must be developed in each case,
it also represents an advantage, because simple stepwise
modifications can give great flexibility to the surface.

Once the functional form is available, the fitting pro-
cedure is started. A very popular approach for fitting a
function is the least-squares method, which, using some local
optimization algorithm, gives values of the parameters that
minimize (locally) the function

R =
∑

x

∣

∣E(x)− F
(

x, p
)∣

∣

2
, (25)

where E(x) is the ab initio energy associated with a particular
molecular configuration specified by “x” and F(x, p) is the
energy predicted by the analytical function at the same
molecular configuration, which depends on a set of m
parameters denoted as p.

One must note, however, that any fitting procedure
has certain limitations. First, due to the large number of
parameters, it is very hard to find a global minimum for the
fit, which accurately describes the entire surface. Second, due
to the nature of the linear least-square method, the result
is dependent on the initial parameters; third, since we use
a mathematical approach without physical intuition, one
usually obtains a number of distinct sets of mathematical
parameters, all equally probable and good at reproducing
the complete system. To make matters worse, as noted by
Banks and Clary [40], while the differences between these
parameter sets may be small, the dynamics information
obtained from them can vary notably. This is especially
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true because small changes in the energy derivatives can
cause large changes in dynamical properties of the PES. One
therefore requires an extremely accurate fit to the topology of
the given points to obtain an acceptable set of parameters.

To solve at least partially some of the above problems, we
adopt a different approach [41]. Firstly, we will try to obtain
the values of the parameters that minimize the function

R =
∑

x

we
x

∣

∣E(x)−F(x, p
)∣

∣

2
+
∑

x

w
g
x

∣

∣

∣

∣

∣

g(x)− ∂F
(

x, p
)

∂x

∣

∣

∣

∣

∣

2

+
∑

x

wH
x

∣

∣

∣

∣

∣

H(x)− ∂2F
(

x, p
)

∂x2

∣

∣

∣

∣

∣

2

,

(26)

where g(x) denotes the gradients (first derivative of the
energy), H(x) the Hessian elements (second derivatives of
the energy), and we

x, w
g
x , and wH

x are weights. In practice,
the gradients enter the fitting process only at the stationary
points, and the Hessian elements by means of the harmonic
vibrational frequencies at selected points. Secondly, the
choice of the number of points to be fitted is critical, and
this strategy allows this number to be reduced drastically
(see more details in the original paper [41]). We begin by
choosing the stationary points (reactants, products, saddle
point, and intermediate complexes) as data points. The
geometry, energy, and frequencies are fitted and, thus,
indirectly, the first and second derivatives of the energy. It is
necessary to remember that if the information included was
only the energy, a mesh of m3n−6 points would be required.
However, when the information included is not only the
energy at a stationary point but also the first and second
derivatives, only one point is needed to reproduce each
stationary point configuration. Moreover, additional points
on the minimum energy path are included. Thus, with the
inclusion of the stationary points and representative points
on the reaction path, we search for a good reproduction of
the topology of the path connecting reactants to products.
Finally, we add the energy of a point not on the reaction path
to describe zones of the reaction valley relevant to tunneling
dynamics and rotational excitation of the products. The
fitting procedure is currently automated on a computer with
no user intervention except to analyze the results and, when
called for, to change the weights.

This strategy presents certain advantages over other
methods. The first is transferability of the functional form
and the fitted parameters. Since one can regard VB/MM
as some kind of highly specific MM force field, it can be
expected that some of the fitting parameters are transferable
to a similar system, although obviously the parameter values
are system specific. In our group we have used this feature to
obtain, for example, the PES for the F + CH4 reaction [42]
using as the starting point the analytical PES for H + CH4

[43]. Secondly, the PESs are guaranteed to some extent to
have the capability of reproducing the energetic interactions
of the chemical system in region not included in the fit. For
example, high-energy collisions might require knowledge
of the PES at very high energies that may not have been
sampled in the fitting process. An interpolation method
cannot ensure the absence of spurious wells or unphysical

repulsive regions when nearby points are absent, while MM
force fields can. Thirdly, VB/MM PES parameters can be
refitted so as to fine-tune the PES using additional data
(e.g., higher ab initio calculations at selected points) at
a low computational cost. Furthermore, VB/MM surfaces
and their energy derivatives (when they can be analytically
calculated) are usually smoother than interpolated surfaces.
As was mentioned above, Shepard interpolation sometimes
gives discontinuities in the derivatives, which is a highly
undesirable feature for kinetics and dynamics studies.

Thus, our research group has developed economical
alternatives for constructing analytical PESs of polyatomic
systems, which basically are VB/MM-type surfaces. This
strategy of seeking an optimal tradeoff of time and com-
putational cost has been successfully used in several gas-
phase hydrogen abstraction reactions of five [44, 45], six
[42, 43, 46–52], and seven [53] atoms. In general, a good
correspondence between kinetics and dynamics theoretical
results and experimental measurements is found. In the
first phase of our research, theoretical and experimental
information was used in the fitting procedure, making the
analytical surface semiempirical in nature, which was a
serious problem and a limitation in kinetics and dynamics
studies. However, in the last few years, our surfaces have been
fitted exclusively to very high-level ab initio calculations,
avoiding the aforementioned limitations.

3. Library of Potential Energy Surfaces

The FORTRAN codes and the fitted parameters of the
polyatomic potential energy surfaces developed by our group
are available, free of charge, for the scientific community,
and can be downloaded from the POTLIB library [54]:
http://comp.chem.umn.edu/potlib/ or http://users.ipfw.edu/
DUCHOVIC/POTLIB2001, or obtained from the authors
upon request.

4. Applications

(a) The H + CH4 Reaction. The gas-phase H + CH4 →H2 +
CH3 hydrogen abstraction reaction, as well as its deuterated
isotopomers, is the prototype polyatomic reactive system and
has been widely studied both theoretically and experimen-
tally [10]. The construction of its PES has a long history,
and it is one of the few reactive systems for which different
approaches to the construction have been developed, which
permits a direct comparison.

We will focus attention, except otherwise stated, on the
three most recent and accurate surfaces for this reactive
system, which were constructed with different strategies.
Chronologically, in 2006 Zhang et al. [55, 56] developed
the family of ZBBi surfaces, using the invariant polynomial
method, based on the fitting to more than 20000 ab initio
energies at the RCCSD(T)/aug-cc-pVTZ level. In 2009 we
developed [41] an analytical PES, CBE surface, which is a
VB/MM functional form, and the 36 parameters are fitted
using exclusively high-level electronic structure calculations
at the CCSD(T)/cc-pVTZ level. Very recently, in 2011,
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Table 1: CH5 saddle point properties.a

Fitting
(ZBB3)b

Analytical
(CBE)c

Interpolated
(ZFWCZ)d

Barrier height 14.78 15.01 15.03

Geometry

R(C–H′) 1.409 1.390 1.399

R(H′–HB) 0.901 0.973 0.895

<H-C-H′ 102.8 106.8 103.1

<C–H′–HB 180.0 180.0 180.0

Vibrational frequencies

3289 3173 3223

3289 3173 3223

3104 3036 3073

1726 1833 1784

1434 1443 1442

1434 1443 1442

1078 1173 1115

1078 1173 1115

1062 1085 1062

440 542 522

440 542 522

1320i 1488i 1467i
aEnergy in kcal mol−1, geometry in Å and degrees, and vibrational frequency
in cm−1; b[55]; c[41]; d[18].

Zhou et al. [18] constructed a full-dimensional surface
using the modified Shepard interpolation scheme based on
30000 data points at the CCSD(T)/aug-cc-pVTZ level—
the ZFWCZ surface. The energy, geometry and vibrational
frequencies of the saddle point are summarized in Table 1
for the three surfaces. Comparing the wide range of prop-
erties, we conclude that the three surfaces present excellent
agreement, with small differences in the CBE with respect
to the other two surfaces in the <H–C–H′ bending angle,
≈3◦, and in the ZBB3 compared to the other two surfaces
in the imaginary frequency, ≈100 cm−1. The three surfaces
present a colinear saddle point, 180.0◦, with a similar barrier
height, with small differences,±0.2 kcal mol−1, that is, within
the chemical accuracy, and very close to the best estimation
predicted at the CCSD(T)/aug-cc-pVQZ level, 14.87 kcal
mol−1 [57].

The best macroscopic measure of the accuracy of a
potential energy surface is probably the rate constant, at least
in the thermal bottleneck region. When we compare different
dynamics methods using the same surface, the dynamics
approach is tested, and when we compare theoretical and
experimental results, both the dynamics method and the
surface are tested. Figure 1 plots the thermal rate coefficients
computed with accurate fulldimensional quantum dynamics
approaches, on the analytical CBE surface; a very accurate
interpolation surface developed by Wu et al., WWM surface
[57–59], which used the modified Shepard interpolated
method developed by Collins et al., based on CCSD(T)/cc-
pVQZ or CCSD(T)/aug-cc-pVQZ ab initio calculations; and
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Figure 1: Arrhenius plots of ln k (cm3 molecule−1 s−1) for the
forward thermal rate coefficients of the H + CH4 reaction against
the reciprocal of temperature (K), in the range 250–1000 K. Black
line: MCDTH quantum calculations on the CBE surface; red line:
MCDTH quantum calculations on the WWM surface; blue line:
quantum calculations on the ZBB2 surface; black dashed line:
VTST/MT calculations on the CBE surface; crosses: experimental
values [60].

a fitted surface, named ZBB2, an earlier version of the
ZBB3 surface developed by Bowman et al. In the same
figure, there also appear the results obtained with the
variational transition-state theory with multidimensional
tunneling effect [41] and the experimental data [60] for
comparison. First, with quantum dynamics approaches, the
rate coefficients obtained with the three surfaces agree almost
perfectly in the common temperature range. Second, when
the rate coefficients are obtained using different dynamics
approaches, VTST/MT and MCDTH (multiconfigurational
time-dependent Hartree approach [58, 59]) on the same CBE
surface, excellent agreement is found, and both reproduce
the experimental information in the common temperature
range. These results indicate, first, that VTST/MT is a power-
ful and computationally economic tool for the kinetics study
of polyatomic systems, with results comparable to those
obtained with computationally more expensive quantum
dynamical methods. Second, the CBE surface is accurate
at least in the region of low energies, which is the most
relevant region for thermal rate coefficient calculations and,
therefore, provides a satisfactory description of the reaction
path and the transition-state region.

Next, we analyze some dynamics properties where differ-
ent surfaces have been used and compared with the sparse
experimental data. We focus on the H + CD4 → HD + CD3

reaction because there is more experimental information
available for comparison. The product energy partitioning
has been experimentally obtained by Valentini’s group. [61]
only for the vibration and rotation of the HD product, and
this same group found that more than 95% of the HD
product is formed in the v′ = 0 and v′ = 1 vibrational states.
These results appear in Table 2, together with the QCT results
on the analytical CBE and the fitted ZBB1 [55] surfaces.
The QCT calculations on these two PESs show excellent
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Table 2: HD product energy partitioning and vibrational distribu-
tion (percentages) for the H + CD4 reaction at 1.52 eV.

Surface f ′vib (HD) f ′rot (HD)
HD

(v′ = 0)
HD

(v′ = 1)

Analyticala 18 18 84 15

Fittedb 22 18 78 22

Exp.c 7 9 ≥95
aCBE surface, [41] bZBB1 surface, [55] cValentini et al. [61].

agreement for the HD product energy partitioning as well as
for the HD vibrational distribution. In this latter case, the
QCT results reproduce the experimental evidence, but, in
the first case, they strongly contrast with the experimental
measurements, which measure an internal excitation of the
HD product of 7% and 9% for vibration and rotation,
respectively. The agreement between the results from the
two surfaces leads us to think that the discrepancies with
experiment are mainly due to the dynamical method, that is,
to limitations of the QCT approach. Experimental problems,
however, cannot be totally ruled out, as was recently observed
by Hu et al. [62], who suggested that the conclusions from
Valentini et al.’s CARS experimental study might need to be
reinterpreted.

The product angular distribution is, doubtless, one of
the most sensitive dynamics features with which to test the
quality of the potential energy surface, but experimentally it
is very difficult to measure in some cases. When the Photoloc
technique is used, the laboratory speed depends on both the
scattering angle and the speed of the CD3 product, which is
influenced by the HD coproduct internal energy distribution.
Uncertainties in this quantity could produce errors in the
scattering angle.

Camden et al. [63] reported the first study of the state-
to-state dynamics differential cross-section at high energies
(1.95 eV) for the H + CD4 gas-phase reaction using the
Photoloc technique. They found that the CD3 products are
sideways/forward scattered with respect to the incident CD4,
suggesting a stripping mechanism (note that in the original
papers [63–65] the CD3 product is measured with respect to
the incident H). Later, this same laboratory [64, 65] reported
new experimental studies, also at high energy (1.2 eV),
finding the same experimental behaviour. Experimentally,
state-to-state dynamics studies are difficult to perform at low
energies for the title reaction, because the H atoms, which
are produced in a photolysis process, are hot. Only very
recently have Zhang et al. [66] reported crossed molecular
beam experiments for the H + CD4 reaction at lower collision
energies, ranging from 0.72 to 1.99 eV. Note that the lower
value, 0.72 eV, is close to the barrier height, and consequently
its dynamics will be influenced mainly by the transition-
state region. Figure 2(a) plots these experimental results. A
backward angle is clearly observed at low energies (rebound
mechanism), changing towards sideways when the energy
increases (stripping mechanism).

This is an excellent opportunity to test the quality of
the PES and the dynamics methods (Figures 2(b)–2(d)).
Only two surfaces have been used to study this problem

theoretically: an analytical surface from our group (versions
2002 [43, 67] and 2008, labeled here as CBE [41, 68]),
using both QCT and QM calculations, and an “on-the-
fly” B3LYP/631G(d,p) density functional theory surface
[65], using QCT calculations. At low energies, ≈0.7 eV, our
analytical surfaces, PES-2002 and CBE, using QCT and QM
methods (Figures 2(b) and 2(c)), show backward scattering,
associated with a rebound mechanism, reproducing the
recent experimental data [66]. The B3LYP “on-the-fly”
surface using QCT calculations (Figure 2(d)) yields a more
sideways scattering, with large uncertainties, in contrast
with experiment. These differences could be due to the
poor statistics on the B3LYP surface [65] and to the severe
underestimation of the barrier heights, about 5 kcal mol−1

lower than the best ab initio calculations. This low barrier
artificially permits reactive trajectories with larger impact
parameters, favouring the sideways scattering region. When
this error in the barrier height is corrected, our PES-
2002 and, more noticeably in the better CBE surface, the
low impact parameters are favoured, and this explains the
rebound mechanism. Note that, interestingly, this experi-
mental behaviour was already predicted by our group in 2006
[67] before the experimental data were available.

At higher collision energies, as they increase from 1.06
to 1.99 eV, Zhang et al. [66] found a shift of the product
angular distribution from backwards to sideways. This
behaviour agrees qualitatively with the previous observations
of Camden et al. [63–65], although these latter workers
found a clear sideways distribution at 1.21 and 1.95 eV, with
practical extinction of the backward signal. This may have
been due to the use of the Photoloc technique, which neglects
the internal energy contribution of the HD co-product,
and, as the authors themselves recognized in 2006, “clearly
a more detailed picture of the differential cross section
is desirable but it will have to await more experimental
work.” The QCT results using the analytical CBE surface
(Figure 2(b)) reproduce the new experimental evidence. QM
calculations on the same CBE surface [68] (Figure 2(c)) give
more sideways scattering than the QCT calculations and
experiment, although it is not clear whether this is due to
significant quantum effects or simply are an artifact of the
reduced dimensionality approach in the QM calculations.

Note that QCT calculations on the old PES-2002 surface
also predicted the subsequently experimentally observed
behaviour [66]—backwards-sideways scattering. However,
they contradicted the experimental information available
at the time the study was carried out—in 2006. In
addition, since direct-dynamics QCT calculations at the
B3LYP/631G(d,p) level showed sideways scattering, repro-
ducing the experimental measurements [63–65], the validity
of the analytical PES-2002 was questioned. The recent
experiments of Zhang et al. [66], however, changed the whole
picture and now the direct-dynamics QCT calculations at
low collision energies are questioned because of, as noted
above, the presence of reactive trajectories with erroneously
large impact parameters due to the underestimation of
the barrier height. In the case of higher collision energies,
however, this error in the barrier should be of less concern
than at lower energies.
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Figure 2: CD3 product angular distribution (with respect to the incident CD4) for the H + CD4 → HD + CD3 reaction at different collision
energies. (a) Experimental results from [64]; (b) QCT angular distribution on the CBE analytical surface [66]; (c) QM angular distribution
on the CBE analytical surface [66]; (d) QCT angular distribution on the B3LYP “on-the-fly” surface [65].

Very recently, Zhou et al. [18] have performed an exhaus-
tive analysis of the total reaction probabilities and integral
cross-section using quantum dynamics calculations on the
three most recent surfaces: fitted ZBB3, analytical CBE, and
interpolated ZFWCZ surfaces, with collision energies up
to 1.7 eV. Figure 3 plots the integral cross-section results.
At collision energies up to 1.0 eV, the three surfaces show
satisfactory agreement, while at higher energies of collision,
the CBE surface overestimates this dynamics property, while
the remaining two surfaces show good agreement. This could
be attributed to deficiencies of the CBE surface at high
energies. This is not surprising since the calibration of the
CBE surface was done thinking of thermal behaviour. The
information used during the fit focused on the reaction path
and reaction valley, and higher energy areas were neither
sampled nor weighted sufficiently. Therefore, as the collision
energy increases, the accuracy of the CBE surface diminishes.

Finally, another severe test of the quality of the PES is
the study of the effect of the vibrational excitation on the
dynamics. In fact, the dynamics of a vibrationally excited
polyatomic reaction presents a challenge both theoretically
and experimentally. Camden et al. [69] carried out the
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Figure 3: Quantum mechanical integral cross-section (a2
o) versus

collision energy (eV) for the H + CH4 → H2 + CH3 reaction on the
CBE (black line), ZBB3 (blue line), and ZFWCZ (red line) surfaces.

first experimental study on the effect of the C–H stretch
excitation on the gas-phase H + CH4 hydrogen abstraction
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reaction. They found that the excitation of the asymmetric
C–H stretch mode enhances the reaction cross-section by
a factor of 3.0 ± 1.5 with respect to the ground-state
methane, and this enhancement is practically independent
of the collision energies for the three cases analyzed—1.52,
1.85, and 2.20 eV. In the following year, 2006, two theoretical
papers on this issue were published: one by Xie et al. [56]
using QCT calculations on the ZBB3 surface, and another
from our laboratory [70] also using QCT calculations on the
older analytical PES-2002 surface. At 1.52 eV, the theoretical
results are close, with computed enhancement factors of 2.3
and 1.9, respectively, both of them within the experimental
uncertainties. Note that our more recent CBE surface also
predicts an enhancement factor of 1.9 (unpublished results).

(b) The H + NH3 Reaction. The reaction of hydrogen atom
with ammonia is a typical five-body reactive system, and
presents a rare opportunity to study both intermolecular and
intramolecular dynamics. For the intermolecular case, the
gas-phase H + NH3 → H2 + NH2 hydrogen abstraction
reaction is similar to the H + CH4 reaction. It presents a
barrier height of 14.5 kcal mol−1 and a reaction exoergicity
of 5.0 kcal mol−1, as compared to 14.87 and an endoergicity
of 2.88 kcal mol−1, respectively, for the H + CH4 analogue.
Also, the inversion of ammonia between two pyramidal
structures (C3v symmetry) passing through a planar struc-
ture (D3h symmetry, which is a saddle point) is an example
of intramolecular dynamics [71] with a barrier height in
the range 5.20–5.94 kcal mol−1, depending on the level of
calculation.

Only three potential energy surfaces have been developed
for the H + NH3 system. In 2005, Moyano and Collins
[72] developed an interpolation potential energy surface for
the ammonia inversion, and the hydrogen abstraction and
exchange reactions of H + NH3 using a modified Shepard
interpolated scheme based on 2000 data points calculated at
the CCSD(T)/aug-cc-pVDZ level (PES1 version) or as single-
point calculations at the CCSD(T)/aug-cc-pVTZ (PES2
version) level. The first and second derivatives of the energy
were calculated by finite differences in the energy. Previously,
in 1997, our group constructed the first surface for the hydro-
gen abstraction reaction exclusively, CE-1997 [44], which
was fitted to a combination of experimental and theoretical
information that is, it was semiempirical in nature, which
represents a limitation for dynamics studies. Moreover, as
was previously noted, recently Yang and Corchado [38]
reported a major drawback of the CE-1997, namely that it
describes incorrectly the NH3 inversion motion, predicting
incorrectly that the planar ammonia (D3h symmetry) is
about 9 kcal mol−1 more stable than the pyramidal structure
(C3v symmetry). To correct this behaviour of the NH3

inversion, together with its semiempirical character, a new
analytical potential energy surface, named EC-2009, was
recently developed by our group [39], describing simulta-
neously the hydrogen abstraction and ammonia inversion
reactions. This EC-2009 surface is basically a valence bond-
molecular mechanics (VB/MM) surface, given by (24), and
was fitted exclusively to very high level ab initio calculations

Table 3: NH4 hydrogen abstraction saddle point properties.a

Interpolated
(MC)b

Analytical
(EC-2009)c Ab initiod

Barrier height 14.64 14.48 14.73

Geometry

R(N–H′) 1.323 1.279 1.308

R(H′–HB) 0.900 0.868 0.890

<C–H′–HB 160.8 180.0 158.4

Vibrational frequencies

3450 3444 3478

3350 3373 3384

2057 1861 1888

1527 1623 1566

1174 1497 1280

1047 1080 1063

650 622 677

629 581 506

1371i 1602i 1662i
aEnergy in kcal mol−1, geometry in Å and degrees, and vibrational frequency
in cm−1; b[72]; c [39]; d [39], at the CCSD(T)/cc-pVTZ level.

at the CCSD(T)/cc-pVTZ level. Note that the first derivatives
of this surface are analytical, which implies a significant
reduction in the computer time required for dynamical
calculations as well as more accurate derivatives than is
possible with numerical methods.

We begin by analyzing the hydrogen abstraction reac-
tion. Table 3 lists the energy, geometry, and vibrational
frequencies of the saddle point, with the interpolated MC
(PES2 version) and the analytical EC-2009 surfaces. Using as
target the CCSD(T)/cc-pVTZ ab initio level, the two surfaces
present similarities, although important differences must be
noted. First, while the interpolated MC surface reproduces
the ab initio N–H′–H bend angle, the analytical surface yields
a collinear approach. However, in previous papers [73, 74],
we demonstrated that this was not a serious problem in the
kinetics and dynamics description of the system. Second, the
imaginary frequency obtained with the MC surface differs by
about 300 cm−1 from the ab initio value.

For the two surfaces, Figure 4 shows the energy along the
minimum energy path (VMEP) and the ground-state vibra-
tionally adiabatic potential curve (VG

a ), which is defined as
the sum of the potential and vibrational zero-point energies
along the reaction path. Note that s is the reaction coordinate,
being zero at the saddle point, positive in the product
channel, and negative in the reactant channel. Firstly, the
VMEP curve is smooth and shows no oscillations in either
surface. However, VG

a shows significant oscillations when
computed for the interpolated surface. The reason is that the
potential energy surface is not smooth enough to provide
smooth changes in the frequencies (second derivatives of the
energy). The situation becomes worse as one moves away
from the saddle point and approaches areas where little ab
initio information for interpolation is available. Thus, the
bump in VG

a at around s = −1 a.u. is due to wild oscillations
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Figure 4: Potential energy (b) and vibrational ground-state energy (a) along the reaction path of the H + NH3 → H2 + NH2 reaction
computed using the EC-2009 (solid lines) and MC (dashed lines) surfaces. The zero of energy is set to the equilibrium potential energy of
the reactants.

of the frequencies that lead to unphysical values of VG
a for

|s| > 1. This is a limitation when one wants to compute the
tunneling effect at low energies (see below), since the barrier
to tunnel through is totally unrealistic.

Figure 5 plots the thermal rate coefficients computed
with the VTST/MT approach on both surfaces, where
tunneling was estimated using the least-action tunneling
(LAT) method [75, 76], together with experimental values
[77] for comparison. In the common temperature range,
490–1780 K, both surfaces reproduce the experimental data,
which is a test of both the surface and the dynamical method.
The differences between the rates for the two surfaces
are relatively small, 40% at 600 K, and diminishing as
temperature increases. At low temperatures, the differences
between the two surfaces increase, with the rates computed
on the MC surface being 92% larger than the ones with the
EC-2009 surface at 200 K. In this low temperature regime,
where tunneling is important, the analytical EC-2009 surface
is more accurate due to the unrealistic oscillations in the
adiabatic reaction path on the MC surface, which negatively
influence the tunneling.

The integral cross-sections in the range 10–30 kcal mol−1

have been evaluated using quasi-classical trajectory (QCT)
calculations on both surfaces [72, 78] and are plotted in
Figure 6. As apparent from this figure, both surfaces agree
reasonably, showing typical threshold behaviour, starting
from 10 kcal mol−1 and increasing with the translational
energy. Unfortunately, there is no experimental data for
comparison, and we think that these theoretical results might
stimulate experimental work on this little studied system.

Finally, the angular distributions of the H2 product
with respect to the incident H atom has only been deter-
mined using the EC-2009 surface [78]. Figure 7 plots this
property for collision energies of 25 and 40 kcal mol−1. At
25 kcal mol−1, the scattering distribution is in the sideways-
backward hemisphere, associated with a rebound mechanism
and low impact parameters. When the collision energy
increases, 40 kcal mol−1, the scattering is shifted slightly
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Figure 5: Arrhenius plots of ln k (cm3 molecule−1 s−1) for the
forward thermal rate coefficients of the H + NH3 → H2 + NH2

reaction against the reciprocal of temperature (K) in the range
200–2000 K. Solid black line: analytical EC-2009; dashed blue line:
interpolated MC; dotted red line: experimental values from [77].

towards the sideways hemisphere, due to larger impact
parameters.

As was mentioned above, the EC-2009 surface describes,
in addition to the aforementioned hydrogen abstraction
reaction, the ammonia inversion, an example of interesting
intramolecular dynamics. Figure 8 plots the equipotential
contours in the two significant coordinates, r(N–H) bond
length and <H–N–H angle, for the analytical EC-2009 PES
and the CCSD(T)/cc-pVTZ ab initio level, for comparison.
As seen, the contours are smooth and the analytical PES
reproduces the fitted ab initio data points [39].

A very stringent test of the quality of this surface is the
ammonia splitting, which demands spectroscopic accuracy.
The inversion motion is represented by a symmetric double-
well potential. As a consequence of the perturbation originat-
ing this double well, a splitting of each degenerate vibrational
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Figure 6: QCT reaction cross-section (a2
0) versus the collision ener-

gy (kcal mol−1) for the H + NH3 → H2 + NH2 reaction computed
using the analytical EC-2009 (solid line) and interpolated MC
(dashed line) surfaces.
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Figure 7: H2 product angular distribution (with respect to the inci-
dent H) for the H + NH3 → H2 + NH2 reaction at 25 kcal·mol−1

(solid line) and 40 kcal mol−1 (dashed line), computed using QCT
calculations on the EC-2009 surface.
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Figure 8: Ammonia inversion reaction. Contour plots of the
analytical EC-2009 (upper panel) and CCSD(T)/ccpVTZ ab initio
surface (lower panel).

level into two levels appears, ΔE, due to quantum mechanical
tunneling [71], and the splitting increases rapidly with the
vibrational number. The splitting ΔE can be computed from
the tunneling rate of inversion, ktunn, which is in turn
obtained from the imaginary action integral, θ(E), using the
WKB approximation [79]:

ΔE0 = ktunn

2c
,

ktunn = 2cν2

π
exp[−θ(E)],

(27)

with c being the speed of light and v2 the eigenvalue
associated with the inversion mode of ammonia, 1113 cm−1.
Figure 9 plots this path for ammonia where the first two
pairs of split eigenvalues are superimposed. The computed
splitting is listed in Table 4 together with experimental values
[80] for comparison. The EC-2009 results overestimate the
experimental values. The reason for the discrepancy mainly
lies in the shape of the PES, although other factors such as
the tunneling calculation cannot be discarded. Indeed, we
found [39] that the overestimation we obtain in tunneling
splitting is due to our barrier to inversion being slightly
lower and thinner than those of other studies. Unfortunately,
tunneling splitting is so sensitive to the shape of the PES
that a few tenths of kcal·mol−1 give rise to a factor of
four in the computed splitting. With respect to the effect
of isotopic substitution, for the ND3 case we obtain a
value ΔE = 0.37 cm−1. Although this is greater than the
experimentally reported value, 0.05 cm−1 [81], it correctly
predicts about one order of magnitude reduction upon
isotopic substitution. In sum, despite the enormous effort
required for the construction of the potential energy surface,
it does not suffice to obtain spectroscopic accuracy, and our
surface can only give a qualitative description of the splitting
in ammonia.

5. When the Problems Increase

The benchmark H + CH4 hydrogen abstraction reaction,
with five light atoms and a single heavy atom, which allows
a large number of very high-level ab initio calculations to
be performed, gives the impression of the process being a
“piece of cake” regarding polyatomic bimolecular reactions.
However, it still presents kinetics and dynamics differences
depending on the potential energy used and discrepancies
with the experimental measures. Then, what will the case be
when more complicated systems are studied? In this section
we will analyze some problems which can appear alone or in
combination in the study of polyatomic systems and strongly
complicate the construction of potential energy surfaces.

5.1. The Spin-Orbit Problem and Multisurface Dynamics.
This is a typical problem, for instance, in reactions involving
halogen atoms, X(2P), with molecular systems, R–H:

X
( 2P

)

+ H–R −→ XH + R (X = F, Cl, Br). (28)

The halogen atom presents two spin-orbit electronic states,
2P3/2 and 2P1/2, with a splitting of 404 cm−1 (1.1 kcal mol−1),
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Figure 9: Classical potential for the ammonia inversion path
obtained from the EC-2009 surface. The first two pairs of eigen-
values are shown.

Table 4: Eigenvalues of ammonia inversion (in cm−1).

ν2 EC-2009a Exp.b

0+ 0.00 0.00

0− 3.64 0.79

1+ 861.39 932.43

1− 962.90 968.12

2+ 1533.36 1598.47

2− 1942.29 1822.18
a
[39]; b[80].

882 cm−1 (2.5 kcal mol−1), and 3685 cm−1 (3.5 kcal mol−1)
for F, Cl, and Br, respectively. A priori, the smaller the
separation, the greater the possibility of the reaction coming
from the two states, which complicates the PES construction
and the dynamics study.

This problem affects all the previously described theo-
retical methods to develop surfaces, because it is a problem
intrinsic to the initial information required: the quan-
tum mechanical calculations. For this problem, relativistic
calculations would be needed, which would immensely
increase the computational cost and would make these
calculations impractical in polyatomic systems. In addition,
new functional forms for the analytical functions need to
be developed to include the coupling between states and its
dependence on coordinates [82, 83], in order to make it
possible to include nonadiabatic effects and hopping between
surfaces in the dynamics study of these multistate systems.

In the case of atom-diatom reactions, some results have
shed light on the spin-orbit problem, although some the-
ory/experiment controversies still persist. For instance, for
the well-studied F(2P3/2, 2P1/2) + H2 reaction, Alexander et al.
[82, 84] found that the reactivity of the excited s-o state
of F is small, 10–25% of the reactivity of the ground s-
o state, and concluded that the overall dynamics of the
F + H2 reaction could be well described by calculations
on a single, electronically adiabatic PES, although for a

direct comparison with experiment the coupling between the
ground and excited s-o surfaces must be considered.

For the analogue Cl(2P3/2, 2P1/2) + H2 reaction, because
of the larger energy separation, one would expect that
the reaction could evolve on the ground-state adiabatic
surface, with the contribution of the chlorine excited
state, 2P1/2, being practically negligible according to the
Born-Oppenheimer (BO) approach. However, recently a
theory/experiment controversy has arisen on this issue.
Thus, Lee and Liu [85–87] demonstrated experimentally the
contrary for the Cl + H2 reaction; that is, the excited chlorine
atom (Cl∗) is more reactive to H2 than the ground-state
chlorine (Cl) by a factor of at least ≈6. In any case, even
taking into account experimental error bars, the authors
were confident about the reactivity relationship Cl∗ > Cl,
which could have a significant effect on the temperature
dependence of the thermal rate coefficients. The authors
interpreted this surprising result by postulating a nonadia-
batic transition (breakdown of the BO approximation) from
the excited Cl∗ to the ground-state Cl surface by either
electrostatic or spin-orbit coupling in the entrance channel.
This experimental study initiated a major theoretical and
experimental debate on the influence of the excited Cl∗ in
the reactivity of the Cl + H2 reaction. Different laboratories
[88–93] performed theoretical/experimental studies of the
validity of the BO approximation in this reaction, concluding
that the adiabatically allowed reaction (Cl(2P3/2) + H2) will
dominate the adiabatically forbidden reaction (Cl(2P1/2) +
H2). Hence, these results are in direct contrast with the
experiment of Liu et al. [85–87], suggesting that this
experiment claiming high reactivity of Cl∗ needs to be
reexamined.

In the case of polyatomic systems, this level of sophis-
tication has not been achieved and would still be com-
putationally prohibitive. Thus, some approaches have been
considered to take into account, indirectly, the s-o effect in
the construction of the PES and the dynamics study. First,
for thermochemical or rate coefficient calculations, the s-o
effect on the multiple electronic states is taken into account
by the electronic partition function of the reactants in the
usual expression

Qe = 4 + 2 exp
(

− ε

kBT

)

, (29)

where ε is the s-o splitting of the halogen atom. Second, there
is an additional effect on the barrier height (Figure 10). In
fact, if we assume that along the entire reaction path the
states are fully quenched, considering the s-o effect would
lower the energy of the s-o ground state of the halogen
atom by 1/3 ε below its nonrelativistic energy, increasing
the barrier height by this amount. This represents 0.38,
0.83, and 1.17 kcal mol−1, respectively, for F, Cl, and Br. Our
group considered these approaches in the construction of the
surface for the F(2P) + CH4 [42], Cl(2P) + CH4 [49], and
Cl(2P) + NH3 [94, 95] reactions. Note, however, that this
approach is to some extent incoherent in the sense that as
we move away from the saddle point towards reactants the
energy asymptotically tends to zero, the energy of the lower
state of the halogen atom. However, as we move from the
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Figure 10: Schematic representation of the potential energy along
the reaction path for a reaction with spin/orbit effects on the
reactants. Red line: nonrelativistic calculations.

saddle point towards reactants, it should tend asymptotically
to 1/3 ε until it reaches the point where the two states interact.
From that point towards the reactants, the surface has to tend
to zero. There is therefore a gap of up to 1/3 ε between the
exact result and our approximation results. However, we can
assume that this gap is sufficiently small and is located so
far from the dynamically important regions of the surface
that we can safely neglect it. Moreover, in our analytical
surfaces, the changes in the energy can be fitted in order to
change the slope of the reaction path so that this asymptotic
behaviour can be corrected. In addition, in the latter case of
the Cl(2P) + NH3 reaction, because of the presence of wells
in the reactant channel (see below), this gap occurs before
the system reaches the well in the region connecting the well
with reactants, and its influence on the kinetics and dynamics
is entirely negligible.

5.2. The Molecular “Size” Problem. Obviously, the cost of
calculating the quantum chemical information needed to
build the PES increases exponentially with the number
of electrons involved, and it is still a prohibitive task
for large molecules and heavy atoms. Thus, for instance,
while the H + CH4 benchmark reaction involves five light
hydrogen atoms with only eleven electrons, when third-
row atoms are considered, for instance, H + SiH4, nineteen
electrons are involved, or when larger systems are considered,
for instance, H + CCl4, four heavy chlorine atoms and
75 electrons must be included in the calculations. This
represents an enormous computational effort, and that is
prohibitive if high-level ab initio calculations are used to
obtain chemical accuracy. Obviously, fitting or interpolation
approaches, based on grids of 20000–30000 data points or
direct dynamics calculations are still unaffordable, although
more economical alternatives could be used to calculate the
quantum mechanical data, such as the “dual level” technique,
where the geometries and vibrational frequencies are calcu-
lated at a lower ab initio or DFT level and the energies are

calculated as single points on these geometries at a higher
quantum mechanical level. Even so, the computational effort
would be enormous.

In these complicated cases with a large number of
electrons, our strategy to build the PES, based on a smaller
number of ab initio calculations, represents an interesting
and practical alternative. Thus, our laboratory has con-
structed surfaces for several five-body systems, H + NH3 [39,
44], 11 electrons, F + NH3 [45], 19 electrons, and Cl(2P) +
NH3 [94, 95], 27 electrons; six-body systems, H + SiH4 [46],
19 electrons, H + GeH4 [96], 37 electrons, Cl(2P) + CH4

[49], 27 electrons, Br(2P) + CH4 [51], 45 electrons, H +
CCl4 [52, 97], 75 electrons; one of seven bodies, OH + CH4

[53], 19 electrons. In addition, we have also studied reactions
with asymmetrically substituted methane, H + CH3Cl and
Cl + CHClF2 [98, 99], which represent another challenge
in the PES construction for polyatomic systems, because in
addition to the aforementioned problems, the possibility of
several reaction channels needs to be taken into account.
Although the older surfaces were semiempirical, that is, they
combined theoretical and experimental information in the
fitting procedure due to computational limitations at that
time, the newer surfaces, those developed from 2007 onward,
are based exclusively on quantum mechanical information:
H + CH4 [41], H + CCl4 [97], H + NH3 [39], and Cl(2P) +
NH3 [95].

It is noteworthy that the functional form has remained
almost unchanged, being that of the H + CH4 reaction,
adding different modifications following the requirements of
the systems under study. Thus, for the five-body systems we
removed the dependency on one of the hydrogen atoms of
CH4, and for the seven-body system, OH + CH4, we added
additional Morse and harmonic terms to describe the OH
bond and <HOH angle, while for the asymmetric reactions
we allowed the four atoms bonded to the carbon atom to
vary independently. In addition, we improved the analytical
form when building the Cl + NH3 surface by allowing the
equilibrium N–H distance to vary along the reaction path
[95].

5.3. Reactions with More Complicated Topology. The last
problem analyzed in this section is that associated with the
presence of several maxima and minima in the polyatomic
reaction. As was recently noted by Clary [100], “reactions
with several maxima and minima in the potential energy
surface present the severest challenge to calculating and
fitting potential energy surfaces and carrying out quantum
dynamics calculations.”

Basically, taking into account the topology of the poten-
tial energy surface and independently of whether the reaction
is exothermic, endothermic, or thermoneutral, the bimolec-
ular reactions can be classified into three broad categories
(Figure 11): reactions with a single barrier (Figure 11(a));
barrierless reactions (Figure 11(b)), and reactions with more
complicated potentials (e.g., Figures 11(c) and 11(d)). We
focus on this last case with polyatomic systems (n > 4).
Obviously, the existence of wells in the entry and exit
channels is associated with the presence of heavy atoms,
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Figure 11: Schematic representation of the potential energy along the reaction path for different types of bimolecular reactions. R, P and
C denote, respectively, reactants, products, and intermediate complexes. In all the cases, the vertical axis represents the energy and the
horizontal axis the reaction coordinate.

especially halogen atoms, which favour the formation of
intermediate complexes, either van der Waals or hydrogen-
bonded complexes. Thus, bimolecular reactions with a
complicated topology, as shown in Figures 11(c) or 11(d),
also tend to pose several of the problems considered above,
that is, the increase of the number of electrons involved and
the spin-orbit problem. In addition, the presence of several
maxima and minima requires a fine evaluation of the ener-
gies, gradients, and Hessians needed for a correct description
of the PES. This, obviously, represents a complication in the
construction of the PES, and only very few global surfaces
have as yet been developed [26, 95].

We finish this section by describing the most complicated
surface analyzed by our group [95]: the analytical potential
energy surface for the Cl(2P) + NH3 polyatomic reaction,
which presents several wells in the entry and exit channels,
with a topology showed in Figure 11(d). Different interme-
diate complexes were found in the entry and exit channels at
the CCSD(T)/cc-pVTZ level, and the intrinsic reaction path
was calculated (energies, gradients, and Hessians) starting
from the saddle point. With respect to the barrier height,
one of the most difficult energy properties of a PES to
estimate, different laboratories report electronic structure
calculations using different levels (correlation energy and
basis sets) [94, 95, 101–103]. Gao et al. [102] constructed
the reaction path using the MPWB1K density functional
(DFT) method [104], finding a barrier of 5.2 kcal mol−1,
and, using different correlation energy levels and basis sets,
despite, they reported values in the range 4.8–6.2 kcal mol−1.
Xu and Lin [103] performed a computational study of the
mechanisms and kinetics of the reaction. The geometries
of the stationary points were optimized using the B3LYP
DFT method, and their energies were refined with the
modified Gaussian-2 (G2M) theory. They obtained a value
of 7.2 kcal mol−1, in contrast with the preceding values.
Finally, we [94] obtained a barrier height of 7.6 kcal mol−1

at the CCSD(T)/cc-pVTZ level and of 5.8 kcal mol−1 [95]
at a higher level, CCSD(T) = FULL/aug-cc-pVTZ, close
to Gao et al.’s result. These results illustrate the dramatic
influence of the electronic correlation and basis set on the
correct description of the barrier, and it must be borne in
mind that small differences in the saddle point produce large
deviations in the kinetics and dynamics analysis. To further

complicate the study of this reaction, the spin-orbit coupling
must be considered, since the chlorine atom has two low-
lying fine structure electronic states, 2P1/2 and 2P3/2, with a
separation of ε = 882 cm−1 ≈2.5 kcal mol−1. As discussed
above, the spin-orbit coupling was taken into account in
our nonrelativistic calculations in two ways: first, in the
electronic partition function of the reactant (29), and second,
by adding one-third of the split between the two states,
that is, 0.8 kcal mol−1, to the barrier height, where we have
assumed that the s-o coupling is essentially fully quenched at
the saddle point. With this correction, our best estimate of
the barrier height was 6.6 kcal mol−1.

With all this information, an analytical PES was con-
structed and kinetics information was obtained using
VTST/MT methods [95]. The results agree well with exper-
imental values of the rate coefficients and equilibrium
constants, showing that the wells have little influence on the
kinetics of the reaction. This is mainly due to the fact that
VTST/MT for this reaction, whose reaction path is lower
in energy than the products, assumes that tunneling has no
effect. Therefore, kinetics is controlled by the properties of
a transition state, which is located near the saddle point. In
addition, calculations of the recrossing of the transition state
that the presence of wells could cause showed that it is very
small. Therefore, only the saddle point region determines the
reaction probabilities.

An exhaustive dynamics study using QCT and QM
methods is currently in progress in our group and should be
published soon. From the results it seems that the reaction
cross-sections show significant values at very low collision
energies using both methodologies. In order to analyze to
what extent the presence of wells (especially the well on
the reactant side) is responsible for this behaviour, further
studies will be carried out with a model surface similar to the
Cl + NH3 from which the wells have been removed. Note
that the latter study is possible because of the availability
of an analytical surface that can be refitted to remove the
wells without significantly modifying other regions of the
PES, which is an added value to this kind of analytical PES.
These kinds of study can help us to understand the dynamics
of such a complicated system and whether transition-state
theory, which (as noted above) assumes that only the saddle
point region is significant, needs to be challenged.
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6. Final Remarks

The construction of potential energy surfaces in polyatomic
reactive systems represents a major theoretical challenge,
with a very high computational and human time cost.
Based on high-level electronic structure calculations, fitting,
interpolation, and analytical (defined by functional forms)
approaches have been developed and applied in the kinet-
ics and dynamics (classical, quasi-classical, and quantum
mechanical) study of these reactions. However, in spite of
the enormous progress in the last 20–30 years in theoretical
algorithms and computational power, the construction of
potential energy surfaces in polyatomic systems has still not
reached the level of accuracy achieved for the triatomic
systems.

The quality of these surfaces is still an open and debatable
question, and even for the benchmark H + CH4 polyatomic
reaction, which involves only five light hydrogen atoms and
eleven electrons, small differences are found depending on
the PES construction and the dynamics method. Unfor-
tunately, the problems will increase for other important
chemical systems, where some effects are present such as
spin-orbit coupling, increase in the number of electrons
and molecular size, or potentials with more complicated
topology. In these cases, the kinetics and dynamics results
will be even more strongly dependent on the quality of the
PES. In the last few decades, there has been much theoretical
effort on the part of various laboratories, but there is still
much to do in this research field.

Throughout this paper, the emphasis has been put on
the strategy developed by our group which has constructed
about 15 surfaces for polyatomic systems of five, six and
seven bodies. These are freely available for download from
the POTLIB websites, http://comp.chem.umn.edu/POTLIB/
or http://users.ipfw.edu/DUCHOVIC/POTLIB2001/, or can
be requested from the authors.

The analytical surfaces developed in our group are based
on a basic functional form with slight modifications to suit
it to each of the systems studied. In this sense, they are
very specialized force fields, with mathematical functions
that allow further improvements to be introduced. For
example, adding terms to describe anharmonicity, mode-
mode coupling, or an improved dependence of the constants
of the fit on the reaction coordinate are possibilities, which
can improve the functional form.

The inclusion of additional reaction channels, such as
the exchange reactions in methane or ammonia, is another
pending matter in work on our surfaces. This would open up
the possibility of analyzing competitive channels and could
lead to a better understanding of the behaviour of complex
reactions.

An additional advantage of this approach is the negligible
computational cost of the evaluation of the potential energy
surface and its derivatives, which is a very desirable feature
when one wants to apply expensive QM methods for the
study of these reactions. Undoubtedly, with the evolution of
computer resources, eventually a point will be reached when
direct dynamics calculations using high ab initio levels will
be feasible. However, until then, the possibility of having

an analytical function that can describe the potential energy
with reasonable accuracy is the fastest option. In recent years
ad hoc surfaces have been constructed which only reproduce
a single kinetics or dynamics property but do not provide
a complete description of the reaction system. However, the
aim of our work is to build a PES that reproduces at least
qualitatively all the kinetics and dynamics features of the
reactive system. Obviously a quantitative description of all
kinetics and dynamics properties will be the final goal, and
with this target in mind in our group we have adopted a
flexible functional form that can be easily improved and
adapted to other similar systems.
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[42] C. Rángel, M. Navarrete, and J. Espinosa-Garcı́a, “Potential
energy surface for the F(2P3/2, 2P1/2) + CH4 hydrogen
abstraction reaction. Kinetics and dynamics study,” Journal
of Physical Chemistry A, vol. 109, no. 7, pp. 1441–1448, 2005.



18 Advances in Physical Chemistry

[43] J. Espinosa-Garcı́a, “New analytical potential energy surface
for the CH4 + H hydrogen abstraction reaction: thermal rate
constants and kinetic isotope effects,” Journal of Chemical
Physics, vol. 116, no. 24, pp. 10664–10673, 2002.

[44] J. C. Corchado and J. Espinosa-Garcı́a, “Analytical potential
energy surface for the NH3 + H ↔ NH2 + H2 reaction:
application of variational transition-state theory and analysis
of the equilibrium constants and kinetic isotope effects using
curvilinear and rectilinear coordinates,” Journal of Chemical
Physics, vol. 106, no. 10, pp. 4013–4021, 1997.

[45] J. Espinosa-Garcı́a and J. C. Corchado, “Analytical surface for
the reaction with no saddle-point NH3 + F → NH2 + FH.
Application of variational transition state theory,” Journal of
Physical Chemistry A, vol. 101, no. 40, pp. 7336–7344, 1997.

[46] J. Espinosa-Garcı́a, J. Sansón, and J. C. Corchado, “The
SiH4 + H → SiH3 + H2 reaction: potential energy surface,
rate constants, and kinetic isotope effects,” Journal of Chemi-
cal Physics, vol. 109, no. 2, pp. 466–473, 1998.

[47] J. Espinosa-Garcı́a and J. C. Garcı́a-Bernáldez, “Analytical
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