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Reaction sampling and reactivity prediction using
the stochastic surface walking method†

Xiao-Jie Zhang and Zhi-Pan Liu*

The prediction of chemical reactivity and thus the design of new reaction systems are the key

challenges in chemistry. Here, we develop an unbiased general-purpose reaction sampling method, the

stochastic surface walking based reaction sampling (SSW-RS) method, and show that the new method is

a promising solution for reactivity prediction of complex reaction systems. The SSW-RS method is

capable of sampling both the configuration space of the reactant and the reaction space of pathways,

owing to the combination of two recently developed theoretical methods, namely, the stochastic

surface walking (SSW) method for potential energy surface (PES) exploration and the double-ended

surface walking (DESW) method for building pathways. By integrating with first principles calculations,

we show that the SSW-RS method can be applied to investigate the kinetics of complex organic

reactions featuring many possible reaction channels and complex hydrogen-bonding networks, as demon-

strated here using two examples, epoxypropane hydrolysis in aqueous solution and b-D-glucopyranose

decomposition. Our results show that simultaneous sampling of the soft hydrogen-bonding

conformations and the chemical reactions involving hard bond making/breaking can be achieved in the

SSW-RS simulation, and the mechanism and kinetics can be predicted without a priori information on the

system. Unexpected new chemistry for these reactions is revealed and discussed. In particular, despite

many possible pathways for b-D-glucopyranose decomposition, the SSW-RS shows that only b-D-glucose

and levoglucosan are kinetically preferred direct products and the 5- or 7-member ring products should

be secondary products derived from b-D-glucose or levoglucosan. As a general tool for reactivity prediction,

the SSW-RS opens a new route for the design of rational reactions.

1. Introduction

The chemical reactivity of matter is a subject of fundamental
importance in chemistry. It has long been a goal to predict the
reactivity of a given reactant without recourse to experiment.
Mathematically, this requires the exploration of the PES of the
reaction system to identify the low energy reaction pathways
that can occur under certain experimental conditions.1 The
proper sampling of both the minima and the barrier regions on
the PES is essential in order to quantify the reaction kinetics.
The reactivity prediction is however long regarded as a formid-
able task, although a chemical reaction may involve only a few

molecules at the reaction center. The outstanding difficulties
include the large configuration space of molecules interacting
with the environment, the high barriers separating the minima
and a large number of possible reaction channels towards
different products. How to reduce the dimensionality in reac-
tion space and how to improve the efficiency of locating the
favorable reaction channels are open questions in theoretical
chemistry.

The enhanced sampling techniques based on molecular
dynamics (MD) methods, such as string MD,2 umbrella-sampling
MD,3 metadynamics4,5 and replica exchange MD,6,7 were most
often utilized to investigate the PES of reactions.8–10 A predefined
reaction coordinate is critical to bias the simulation towards the
desired product, but it may yield an inaccurate transition state
(TS), free energy and rate constant when the chosen reaction
coordinate does not capture the molecular mechanism. In order
to sample reaction channels and identify the most favorable one in
kinetics, alternative methods must be utilized, such as kinetics
Monte Carlo,11–14 transition path sampling,15–17 discrete path
sampling18,19 and minima hopping guided pathway searching
method,20,21 which however are computationally much more
demanding. In general, these path sampling methods still require
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some basic knowledge of the PES, e.g. an initial path that connects
the reactant and product and a database of minima in the discrete
path sampling method. For the more widely utilized kinetics
Monte Carlo method, it relies on a database of the rate of all
elementary reactions (events), from which a rate list can be
established and updated dynamically to describe the time evolu-
tion of the system. The transition path sampling method requires
a path ensemble, where a number of reaction pathways are present
to connect the predefined reactant and product. Monte Carlo
importance sampling is then utilized to sample the path ensemble
by, for example, performing short MD simulations from the barrier
region that is distinguishable using the pre-designed order
parameter. Due to the computational cost, the transition path
sampling and discrete path sampling methods are most often
applied to systems that can be described by a classical potential
(e.g. no explicit chemical bond making/breaking), such as the
protein conformation change22 and the particle morphology
transformation.23,24

In recent years, new methods have been proposed aiming to
explore the PES of chemical reactions starting from a given
reactant, for example, gradient extremal following method,25

reduced gradient following method,26 anharmonic downward
distortion following method27–30 and artificial force induced
reaction (AFIR) method. In general, these methods involve the
pathway (or pseudopathway) collection with the explicit TS
location. As a representative, the AFIR method integrated with
first principles calculations was utilized to establish the reac-
tion network of some organic molecules,29,31 demonstrating
the great potential for reactivity prediction. These methods
focus on the sampling of possible reaction pathways by forcing
the reaction to occur towards different products. The sampling
of the conformation space of the reactant could be a problem
for these methods, but it can be amended by combining with
other efficient stochastic conformation-generation methods.

Very recently, we developed a new global optimization
method, SSW method,32 to explore PES unbiasedly via the smooth
structure perturbation (surface walking), where the second deriva-
tive information is taken into account. The method has been
utilized to identify the global minimum (GM) of complex systems,
including short-ranged Morse clusters,32 carbon fullerene up to
100 atoms38 and Boron clusters.33,34 One key strength of the SSW
method is the ability to sample the minima on PES by following
likely pathways, which enables the applicability of the method for
both structure prediction and pathway searching.

Inspired by the recent progress of reaction pathway sampling,
here we develop a general-purpose method, SSW-RS, for auto-
mated reaction sampling and reactivity prediction. The new
method combines our recently developed SSW method and
DESW method, and can identify low energy pathways without
the need of a priori information on the reaction. The SSW-RS
method is naturally parallel and thus can be applied to large and
complex systems with modern computing facilities. By integrat-
ing with first principles calculations, we apply the SSW-RS
method for the reactivity prediction of two organic reactions
featuring many possible reaction channels and complex
hydrogen-bonding networks. We show that the SSW-RS method

has a high efficiency of reactivity prediction and can cope with
reaction systems with large degrees of freedom and high
barriers involved in chemical bond making/breaking.

2. Methodology
2.1 Theoretical background

The algorithm for the reaction sampling in the SSW-RS method
is rooted in the continuous time Markov chain model for
reaction kinetics16,19 and here we briefly outline the theoretical
background. The transition rate to a state a from the other
states on the PES can be described by the Master equation,

dpa

dt
¼
X
baa

kabpbðtÞ � kbapaðtÞ
� �

(1)

where kab is the rate constant of transition from state b to state
a and the pa(t) is the population of state a, being a function of
time t. Obviously, the construction of the transition rate for
each pair of states (the transition rate matrix) is critical in
kinetics, but can be extremely expensive in practice as the
system size grows.19,35,36

As illustrated in Fig. 1a, we may consider a complex reaction
network that contains a number of major intermediates, each
represented by a large circle labeled using a capital letter from
A to D. For each intermediate, there are a number of geometrically
distinguishable configurations (microstates) represented by the
small squares inside the large circle. Specifically, in molecular
systems, these microstates may represent the same molecules
at different configurations, e.g. different H-bonding networks
and cis–trans isomers, and each intermediate could represent
the molecules with different bonding patterns.

The equilibrium assumption can often be introduced to
simplify the computation of the transition rate matrix by
separating the fast reactions from the slow reactions. If we
consider that the interconversion rate between microstates
(inside the circle, Fig. 1a) is much faster than the conversion
rate between intermediates (the arrow connections, Fig. 1a),

Fig. 1 (a) Illustration of a complex reaction network, containing a number
of major intermediates, labeled as A, B, C and D (large circles), with each
intermediate containing a number of possible configurations (small
squares). (b) Illustration of SSW-RS starting from one configuration in A.
The purpose of SSW-RS is to identify the important low energy con-
figurations of A (including the GM) and the connectivity to other products
in B, C and D.
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one can derive the rate of transition between intermediates,
say, A and B, as shown in eqn (2) with the equilibrium
condition.

dpA

dt
¼ kABpBðtÞ � kBApAðtÞ (2)

Here pA/B is the overall population of the intermediate A/B.
The rate constant kAB (similarly kBA) can be further expressed as

kAB ¼
1

peqB

X
a2A

X
b2B

kabp
eq
b (3)

where kab is the rate constant of transition between two micro-
states (belonging to A and B intermediates, respectively).
Because it is an elementary reaction, kab can be calculated
using transition state theory as in eqn (4):

kab ¼ Aexp
�DG
kT

� �
(4)

In eqn (3), the population ratio, peq
b /peq

B (the superscript eq
represents the equilibrium condition), can in principle be calcu-
lated from statistic mechanics using the partition function (Z) of
all microstates, as described by eqn (5). Because the number of
microstates is extremely large for systems even with a few atoms,
one has to use approximations to compute the population ratio.
For reactions where the vibrational component of the partition
function is similar for the microstates concerned, the population
ratio can be reduced to a function of the configuration com-
ponent of the partition function, as shown in eqn (5):

p
eq
b

peqB
¼ ZbP

i2B
Zi
�

exp �Eb � E0

kT

� �
P
i2B

exp �Ei � E0

kT

� � (5)

where Eb and E0 are the energy of the reactant at the microstate b
and at the GM of the intermediate B.

From eqn (3)–(5), one can see that the rate constant of
transition kAB between two intermediates can be computed
once the equilibrium distribution of the microstates and the
free energy barrier linking the microstates at the two inter-
mediate regions are known. Therefore, for reactivity prediction,
it is essential to achieve the proper sampling for both the
microstates of the reactant and the pathways connecting to
other products. In the following, we will show that the SSW-RS
method can be utilized to calculate these quantities by simulta-
neously sampling the configuration space of the reactant and
the reaction space of pathways, as illustrated in Fig. 1b.

2.2 SSW and biased SSW methods

The recently developed SSW global optimization method32,37 is
the central part of the SSW-RS. The SSW method can explore a
PES unbiasedly by gradually perturbing the structure from one
minimum to another. Unlike the other global minimum search
methods, the SSW method features the random direction
generation, the soft mode following and the smooth surface
walking. The details of the SSW algorithm can be found in our
previous papers32,37 and here we briefly describe the algorithm,

focusing on the initial random direction in the SSW and the
biased SSW PES exploration.

The SSW method is an unbiased PES exploration method,
originating from the bias-potential driven constrained Broyden
dimer (BP-CBD) method38,39 for TS location developed by
the group. Each step in SSW simulation contains a climbing
procedure and a relaxation procedure to perturb the structure
from one minimum to another, where the climbing procedure
involves the consecutive Gaussian addition and repeated local
relaxation, which is followed by the relaxation procedure to remove
all the bias potentials and carry out unconstrained structure
optimization. At the end of each SSW step, a structure selection
module, e.g. using Metropolis Monte-Carlo scheme, is applied to
accept/refuse the new minimum. The SSW method makes no
attempt to locate the TS explicitly during PES exploration.

In the SSW method (also in BP-CBD), the barrier of the
reaction can be surmounted by adding consecutively Gaussian
bias potentials. The reaction direction where Gaussians are
added is refined from a randomly generated direction using the
biased constrained Broyden dimer method. The randomly
generated initial direction N0

i (i labels the index of the SSW
step) is thus critical for the efficiency of PES exploration, which
is designed to include two components related to the global
structure deformation (Ng

i ) and the local bond formation
(N l

i),
32,37 as shown in eqn (6) and (7):

N0
i ¼

N
g
i þ lN l

i

N
g
i þ lN l

i

�� �� (6)
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(7)

where l controls the ratio between the global and the local
components; and qA and qB are the coordinates of two randomly
selected atoms A and B, respectively, which should not be in close
contact.32,37 Both Ng

i and Nl
i are important for PES exploration to

prevent the long-time trapping in one particular minimum, since
different reaction channels, including the global structure defor-
mation and the local chemical bond making/breaking, can be
involved from one minimum to another. In practice, l is often set
as a random number in between 0.1 and 15.

In this work, we also designed a biased initial reaction
direction, N 0

i (b), by grouping a third component, Nr
i, with the

unbiased N0
i , as shown in eqn (8):

N0
i ðbÞ ¼

N0
i þ l0Nr

i

N0
i þ l0Nr

i

�� �� (8)
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where the parameter l0 controls the ratio between the unbiased
direction N0

i and the biased direction Nr
i. Nr

i can be inputted to
contain the information on a desirable reaction pattern, e.g. a
bond formation mode between two predefined atoms. We will
show in Sections 3 and 4b that the biased search can be a useful
tool to expedite the reaction sampling, especially when the
reaction pattern is partly known.

2.3 SSW-RS method

a. Reaction sampling. The reaction sampling is carried out
by using the SSW method, as illustrated in Scheme 1, which
aims to generate an ensemble of reactant–product pairs for
pathway building. The two structures of the reactant–product
pair are geometrically close on PES (e.g. coordinate matched)
thanks to the smooth structure perturbation of the SSW
method, and they can be utilized later for TS location and
pathway determination using the double-ended TS searching
method, e.g. DESW method in this work.

The SSW reaction sampling starts from one random configu-
ration of the reactant, which is the input structure and may well
not be the GM of the reactant. During the simulation, the
structures nearby this reactant will be visited, including the
conformation isomers of the same reactant (the same phase
region) and the likely products with different bonding patterns
(the other phase regions). The region of the SSW sampling can
be better visualized in Fig. 1b, where the starting structure is a
conformation of intermediate A.

Different from the Metropolis MC scheme in the global
structure search, a special structure selection module (to decide
whether a new minimum is accepted or refused) needs to be
designed in reaction sampling, which is described as follows. If
a new minimum in the other phase regions is identified, we
record/output the reactant structure and the product structure
of the current SSW step. Then the program will return back to
the reactant by rejecting the new minimum to continue the PES
exploration; on the other hand, if the new minimum identified
is still at the same reactant phase, the simulation will accept
the new isomeric structure and continue the structure explora-
tion. The whole procedure will be repeated until a certain
number of reactant–product (R–P) pairs are collected, typically
a few hundreds of R–P pairs when the first principles calcula-
tions are utilized for sampling (see Scheme 1).

The structure selection module for reaction sampling there-
fore needs to determine whether a chemical reaction occurs
(inside or outside the reactant phase). The probability for
accepting a new minimum is described by eqn (9)

Pr ¼
0; reaction occurs

1; otherwise

(
(9)

where the occurrence of the reaction is characterized by the
making–breaking of chemical bonds or the change of the local
chirality of the atom, which are generally associated with
reactions of high barrier. Pr can be computed by comparing
the bond matrix and the chirality of the new minimum with the
starting minimum. With eqn (9), the sampling of the reactant
conformation can be automatically carried out along with the
search of reaction pathways. When Pr equals 1, the new mini-
mum must be an isometric configuration and its energy and
structure are recorded for conformation analysis of the reactant
region, as described by the partition function in eqn (5). On the
other hand, the probability P for recording a R–P pair is further
given in eqn (10) and (11),

P = (1 � Pr)�Pmc (10)

Pmc ¼
exp

E Rmð Þ � E Rmtð Þ
kT

� �
; when E Rmtð Þ4E Rmð Þ

1; otherwise

8><
>:

(11)

where Pmc is the Metropolis Monte Carlo probability for accept-
ing the new minimum Rmt or reverting to the starting mini-
mum Rm. The Metropolis Monte Carlo scheme in reaction
sampling helps to screen the highly endothermic reactions,
which will not be considered for pathway building.

b. Pathway building. Once enough R–P pairs are collected,
we then need to find the reaction pathways connecting these
R–P pairs, as illustrated in Fig. 2. Because the reactants and the
products obtained from the SSW reaction sampling may be

Scheme 1 The flow chart of the SSW-RS method.

Fig. 2 Illustration of building DESW pseudo pathways to connect two
minima regions (R and P) on a two-dimensional PES. The purpose of
pathway building is to identify the lowest energy pathway (the red curve).
Black dots: the points along the DESW pseudo pathway; blue dots: the
maximum energy point along the DESW pseudo pathway.
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separated by more than one minimum, the highest energy TS
along the pathway will be first identified and the barrier
calculated with respect to the GM energy of the reactant will
be utilized as a quantitative measure to compare different
pathways and to select the low energy pathways. The exact
knowledge of the minimum energy pathway (MEP) at this stage
is in fact not essential (MEP will be calculated only for a few
lowest energy pathways that are important for kinetics). We
utilize the DESW40 method to identify the highest energy TS for
a R–P pair and the procedure is described as follows.

The DESW method operates with two structural images
starting from the reactant and the product, respectively, to
walk stepwisely towards each other. The surface walking
involves the repeated bias potential addition and local relaxa-
tion with the biased-CBD method to correct the walking direc-
tion, in a manner similar to the SSW and BP-CBD method.
Since the TS location is the concern, the Gaussian width
utilized in the DESW method is generally much smaller, e.g.
0.1–0.2 Å, compared to that (0.6 Å) in the SSW method for PES
exploration. The DESW method can fast build a pseudo path-
way to connect two minima since the added Gaussian functions
effectively smooth the corrugated PES. The TS location is then
performed from the highest energy image point (Emax) at the
pseudo pathway using the single-ended CBD TS searching
method.38

To speed up the pathway screening, the Emax of the pseudo
pathway in DESW (see blue dots in Fig. 2) can be a good
estimation for the barrier height of the real pathway since the
Gaussian width utilized in DESW is generally small (e.g. 0.1 Å).
This is because the pseudo pathway tends to converge to the
real pathway at the TS region where the frequency (eigenvalue)
of the reaction coordinate is negative.40 Because of the large
number of R–P pairs in the database, in practice we exploit the
Emax of the pseudo pathway as the estimated barrier and only
those pathways that have Emax lower than a preset energy value
(e.g. 3.0 eV) will be selected to locate the TS explicitly. After the
TSs are identified for these pathways, the lowest energy pathways
can be identified by comparing the barrier of these pathways.
The MEP will finally be retrieved using the Gonzalez–Schlegel
IRC method41 as utilized in our previous work,40 by extrapolating
the TS structure towards the reactant and the product.

It should be emphasized that the above procedure com-
pletes the PES exploration nearby one particular reactant, as
illustrated in Fig. 1b. For multiple-step reaction systems with
multiple intermediates (Fig. 1a), the same procedure has to be
carried out by starting from other intermediates, and the whole
reaction network can be established eventually. Methods such
as Dijkstra’s algorithm42 can be utilized to analyze the network
and identify the reaction mechanism. On the other hand, if the
overall rate of the reaction system is the concern, the transition
rate matrix can be constructed using eqn (3)–(5) based on the
database from SSW-RS (including the reactant structures and
the located pathways), and methods such as kinetic Monte
Carlo can be utilized to simulate the reaction kinetics.

While the key elements of the SSW-RS for reactivity predic-
tion, e.g. the pseudopathway building and the TS location, are

similar to many of the elegant approaches proposed in recent
years,21,28,43 the SSW-RS has its own advantages using the SSW/
DESW method as the reaction-sampling/pathway-building tech-
niques. For example, the SSW-RS is a general purpose method
for both association and dissociation reactions. The SSW-RS
has the ability to explore different types of PESs, flat PES or
corrugated PES, without using the history-dependent para-
meters to prevent local trapping. This guarantees the easy
implementation and high transferability of the SSW-RS method
for different applications, from molecules to clusters and to
periodic crystals. An immediate benefit is that the SSW-RS can
sample simultaneously the reactant conformations, a flat PES
with very low barriers of conformation transformation, and the
reaction pathways that have high barriers to unexpected pro-
ducts. These features of the SSW-RS method will be demon-
strated in the following examples.

2.4 Calculation setups

In the following sections, all the SSW-RS simulations were
carried out in the framework of first principles DFT as imple-
mented in the SIESTA package,44 which was utilized to evaluate
the energy and force. The exchange–correlation functional
utilized is the GGA-PBE45 functional and the optimized numerical
atomic orbital46 with double-x polarization is utilized as the basis
set. The force convergence criterion is set as 0.1 eV Å�1 for each
degree of freedom in the SSW reaction sampling to collect all the
R–P pairs. The more stringent criterion of 0.05 eV Å�1 for each
degree of freedom is utilized to converge the structures (including
the reactant, product and TS) at the low energy pathways.

For b-D-glucopyranose decomposition, we also utilized the
hybrid M06-2X functional47 together with the aug-cc-pVTZ basis
set48,49 as implemented in the Gaussian09 program50 to refine
the reaction kinetics for all lowest energy reaction channels,
which were utilized to compare with the results in the literature.

In the SSW-RS, the Gaussian width, ds, is set as 0.5 Å and the
number of Gaussians per SSW step, H, is 8, which are reduced
compared to the previous work for global structure search
(e.g. ds = 0.6 and H = 10). This is because the purpose of
reaction sampling is to identify low energy pathways, the
efficiency of which will decrease with too large ds and H
(the geometry perturbation should not be too aggressive). The
temperature utilized in the Metropolis Monte Carlo scheme is
generally high, e.g. 3000 K, to remove only too high energy
products (and pathways) that are kinetically unlikely.

All SSW-RS simulations were run in parallel to speed up the
collection of R conformations together with R–P pairs. At least a
few thousands of SSW steps are required in order to achieve a
satisfied statistics for identifying enough low energy R confor-
mations, e.g. a few hundreds of structures with energy B1 eV
above the lowest energy structure obtained (i.e. the regarded
GM), and a significant number of low reaction pathways, e.g.
B10 times for each low energy pathway (see examples in Tables
1 and 2). One merit of SSW-RS is that each SSW run is
independent and there is no requirement for communication
between parallel runs. The DESW pathway building is a post
processing technique, which can also be separated into many
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small jobs, each containing a portion of R–P pairs. By parallel-
izing the SSW-RS, the overall computational time required for
reactivity prediction can be reduced by more than one order of
magnitude.

3. Comparison with the AFIR method
for vinyl alcohol and formaldehyde
recombination

In order to provide the first idea of the utility of the SSW-RS
method for automated reaction prediction, we have applied the
method to a model reaction, the recombination between vinyl
alcohol and formaldehyde, which was previously studied by
Maeda and Morokuma51 using the AFIR method. It would be
interesting to compare these two methods in terms of their
efficiency, including the reactant minimum search and the
reaction pathway finding. For this system, if as many as
possible low energy pathways are concerned, the AFIR method
takes 59 208 force (gradient) and 1465 Hessian evaluations to
identify 22 distinct reaction pathways, 8 of them with the
barrier below 2.5 eV,51 as summarized in Table 1. If only the
lowest energy pathway is concerned, AFIR can finish in 3490
force and 87 Hessian calculations by setting suitable simula-
tion parameters. Since the Hessian calculation is not required
in the SSW-RS method, we will focus on the times of the force
evaluations versus the low energy reaction pathway identified.

Unbiased SSW-RS

First, we carried out the unbiased SSW-RS simulation in
parallel for ten jobs starting from a random initial structure
(0.5 eV above GM). It takes in total 57 591 force evaluations
(379 SSW steps) to obtain 51 R–P pairs (see Section 2.4 for
calculation details). The DESW method was then utilized to
connect all the 51 R–P pairs, and 44 reaction pathways were
obtained with the TS being successfully located (the TS search
is given up if the DESW pseudopathway is too long in distance,
e.g. 48 Å). Among them, we identified 12 distinct reaction
pathways, 9 of them with the barrier below 2.5 eV. All these path-
ways were refined using Gaussian 09 at the level of RB3LYP/6-31G

and confirmed using IRC analysis in order to compare with the
AFIR results. We noted that SSW-RS already identifies the
lowest energy pathway at the very beginning of the simulation:
the average force evaluation times for finding this pathway is
2200 from all the parallel jobs and the minimum times is 442
(two SSW steps). We have summarized our main results in
Table 1 and compared with the AFIR results. The detailed
pictures of these pathways are shown in Fig. S1, ESI.†

From Table 1, it can be found that within roughly the same
force evaluation times, the SSW-RS has obtained 9 out of 10 low
reaction pathways (below 2.5 eV), while the AFIR method has
identified 8 out of 10. Importantly, the SSW-RS method identi-
fied a new low energy pathway, i.e. the second lowest reaction
pathway (barrier 1.47 eV), that was not identified in AFIR. In
Fig. 3, we have highlighted the reaction snapshots for this
reaction pathway, including IS, TS and final state (FS), which
features collective two hydrogen transfer from vinyl alcohol to
formaldehyde, leading to the final product of ethenone and
methanol. Pathway 7 and pathway 8 have the same final
product and a very similar barrier: the SSW-RS identifies path-
way 8 and the AFIR method identifies pathway 7. Table 1 also
shows that the SSW-RS method exhibits a clear preference for
the low barrier pathways, e.g. the lowest barrier channels
(identifies 20 times) dominating the pathways searched. This
explains why the total pathways (12 pathways) identified from
SSW-RS are less than those from the AFIR method (22 path-
ways) but the low energy pathways identified are even one more
than that from the AFIR method.

For the vinyl alcohol and formaldehyde recombination, it is
noted that the lowest energy pathway has a barrier much lower
than that of the other pathways. If only this lowest energy
pathway is concerned, SSW-RS still performs well: it takes on
average 2200 force evaluation steps to identify the lowest energy
channel, which is also comparable with the AFIR method
(3490 force and 87 Hessian calculations; note that the exact
comparison is not possible because the two methods have a
different theoretical framework and are implemented in different
computational packages).

In addition to the reaction pathway searching, the SSW-RS
method can also simultaneously explore the reactant configurations

Table 1 Comparison of the identified ten low energy pathways from the SSW-RS method and AFIR (the names, aldol-high-PX, listed are the same as
those reported51) for vinyl alcohol and formaldehyde recombination (these pathways are shown in Fig. S1, ESI)a

Pathway AFIR Npath(SSW-RS)b IS energy/eV TS energy/eV FS energy/eV

1 Aldol-high-P1 20 �0.36 0.28 �1.23
2 — 2 �0.29 1.18 �0.28
3 Aldol-high-P5 1 �0.36 1.30 �0.62
4 Aldol-high-P4 4 �0.29 1.31 �0.54
5 Aldol-high-P2 4 �0.36 1.42 �0.74
6 Aldol-high-P13 1 �0.12 1.84 �0.85
7 Aldol-high-P6 0 �0.11 1.85 �0.49
8 — 1 �0.29 1.87 �0.48
9 Aldol-high-P8 2 �0.11 2.07 �1.00
10 Aldol-high-P12 3 �0.36 2.15 �1.28

a SSW-RS method: 57 591 force evaluations (379 SSW steps) to identify 12 distinct pathways, 9 lowest shown in the table. AFIR method: 59 208 force
and 1465 Hessian evaluations to identify 22 distinct reaction pathways, 8 lowest shown in the table. All energies are calculated using Gaussian 09 at
the level of RB3LYP/6-31G. b Npath: the times of the same pathway being identified by the SSW-RS method.
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within the same global optimization scheme. By contrast, the
reactant sampling is carried out by random structure generation
in the AFIR method, which is expected to be demanding in order to
sample enough reactant configuration space for complex multiple
molecular systems (e.g. see examples in the following section). By
investigating the configuration space of the reactant from SSW-RS
simulation, we found that the GM of the reactant has an energy of
�0.36 eV (with respect to the isolated molecules) identified within
10 minima visited, corresponding to the initial state (IS) of the aldol-
high-P1 pathway also identified in the AFIR method. The SSW-RS
identified the second lowest initial state structure (�0.29 eV) within
7 minima visited.

Biased SSW-RS

It might be mentioned that the AFIR method involves artificial
force to ‘‘push’’ two molecules together. This in fact corre-
sponds to a biased reaction direction. Following a similar idea,
we therefore also performed the biased SSW-RS search by
adding a biased direction Nr

i (eqn (7) and (8)), which is
generated by randomly selecting two atoms, each from one
molecule, to provide an initial bond formation mode (eqn (7)).
In the biased SSW-RS simulation, we found that the reaction
probability increases largely: within 146 288 force evaluations,
226 R–P pairs were collected and finally 165 reaction pathways
were obtained. The overall efficiency increases by 1.7 times

compared to the unbiased SSW-RS method. The biased SSW-RS
is thus more efficient than the AFIR method.

To recap, we show that the SSW-RS can be utilized for
automated reaction pathway searching and the efficiency of
locating the low energy pathways (e.g. below 2.5 eV) is compar-
able with that of the existing AFIR method. The SSW-RS has
some additional advantages. (i) It has a clear preference for
the low energy pathways, which are kinetically more relevant. In
the case of vinyl alcohol and formaldehyde recombination, an
important low energy pathway, i.e. the second lowest energy
pathway, is identified by the SSW-RS method but is missed in
the AFIR search. (ii) It can simultaneously sample the reactant
configurations using the global optimization method and thus
can be straightforwardly applied for reaction rate prediction
using eqn (5). (iii) It does not require the calculation of Hessian
and the incorporation of the biased reaction direction can
further enhance the pathway sampling. This allows the applica-
tion of SSW-RS to much large systems where the analytical
Hessian is often difficult to obtain or compute.

4. Epoxypropane hydrolysis

To further examine the performance of the SSW-RS method, we
have applied the method in different types of reactions, namely
the association reaction (epoxypropane hydrolysis in aqueous
solution) and the dissociation reaction (b-D-glucopyranose decom-
position). The epoxypropane hydrolysis occurs in solution and
involves a complex intermolecular hydrogen bonding network in
the reaction, being a good representative of associative organic
reactions. The epoxypropane hydrolysis is also a relatively simple
reaction of high selectivity with propylene glycol (PG) as the major
product. The b-D-glucopyranose decomposition is the initiating step
in glucose pyrolysis occurring at high temperatures (e.g. 800 K),
featuring high barrier reactions and multiple reaction channels.
The detailed reaction mechanism remains highly debated52 and

Table 2 SSW-RS results for epoxypropane hydrolysis in aqueous solution and b-D-glucopyranose decompositiona

Product Npath
b Npath/Ntot

c (%) Npath/NSSW
a (%) Minimum barrier/eV Reaction energy/eV

Epoxypropane hydrolysis
PG-C1 8 12 0.21 1.11 –0.50
PA 13 19 0.34 1.50 –0.52
PG-C2 27 40 0.71 1.58 –0.62
AA 5 7 0.13 1.86 0.16
Others 14 22 0.37 43.00 —

b-D-Glucopyranose decomposition
D-Glucose 16 10 0.47 1.15(1.52)d 0.84(0.73)d

Levoglucosan 10 6 0.30 1.90(2.23) 0.29(0.14)
b-D-Glucofuranose 11 7 0.32 2.04(2.50) 0.53(0.35)
b-D-Glucoseptanose 3 2 0.09 2.24(2.38) 0.36(0.10)
2,5-Anhydro-D-mannose 14 9 0.41 2.41(3.14) 0.51(0.43)
Others 102 66 3.02 42.5 —

a Epoxypropane hydrolysis, SSW-RS method: 765 929 force evaluations (NSSW = 3812 SSW steps) to identify 4 distinct pathways (o3.0 eV), 4 lowest
shown in the table. b-D-Glucopyranose decomposition, SSW-RS method: 584 381 force evaluations (NSSW = 3376 SSW steps) to identify 14 distinct
pathways (o3.0 eV), 5 lowest shown in the table. b Npath: the times of the same pathway being identified by the SSW-RS method. c Ntot is the total
number of pathways obtained from SSW-RS, i.e. 67 for epoxypropane hydrolysis and 156 for b-D-glucopyranose decomposition. d The data in
parentheses are calculated using the M06-2X functional47 with the aug-cc-pVTZ basis set (see the calculation details in Section 2.4).

Fig. 3 The second-lowest energy pathway of vinyl alcohol and formal-
dehyde recombination identified from the SSW-RS method. From left to
the right are the IS, TS and FS structures. C: gray; O: red; H: white, except
that the O atom in formaldehyde is highlighted in yellow. Key distances
(in Å) at the TS are labeled.
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we aim to utilize the unbiased SSW-RS method to provide an
insight into the pyrolysis kinetics.

a. Unbiased sampling

While both acid and base are good catalysts for epoxypropane
hydrolysis, in this work we focused on the reaction under the
neutral pH condition for simplicity, which is a good starting
case for testing the ability of SSW-RS to sample the high barrier
reactions (without catalysts) together with the low barrier
isomeric transformation in solution. The generally regarded
mechanism is depicted in Scheme 2, where a water molecule
attacks the carbon atom (C1) of epoxypropane and leads to the
ring opening. In aqueous solution, it is expected that the
hydrogen-bonding network helps to stabilize the polarized
reaction intermediates. Therefore, a main challenge here is to
identify the flexible hydrogen-bonding network in the low
energy reaction pathways.

In the SSW-RS simulation, we contained three explicit water
molecules and one epoxypropane in a cubic box (10 � 10 � 10 Å)
with the periodic boundary condition. These molecules were
immersed in an implicit periodic continuum solvation back-
ground that describes the long-range solvation polarization effects.

The periodic continuum solvation model based on the mod-
ified Poisson–Boltzmann equation, namely CM-MPB method,
was utilized for implicit solvation, which has been applied
recently by us for describing a number of reactions at the
solid–liquid interface.53–55

Our unbiased SSW-RS simulations were carried out in
parallel for eight jobs. In total, 3812 SSW steps were performed
(765 929 force evaluations), and 102 R–P pairs were collected to
yield an ensemble of R–P pairs. We noticed that SSW-RS spends
most of the simulation time (3710 out of 3812 SSW steps) in
exploring the conformation space of epoxypropane in solution
(reactant conformation) and only less than 3% of the time in
exploring the reaction space of pathways.

In Fig. 4, we show the configuration energy spectrum of the
reactant structures collected from the SSW trajectories at the
low energy end (within 0.5 eV above the GM conformation). It is
obvious that the energy spacings of the reactant conformations
are quite small, indicating a flat PES of the reactant conforma-
tions. This is obvious because the major difference between the
conformations is the hydrogen-bonding network and the
presence of the implicit continuum solvation further flattens
the PES. The representative structures from the spectrum,
including the GM, are also shown in Fig. 4.

The GM conformation is identified from the SSW-RS trajec-
tories within 50 SSW steps, which is close to a four-member
hydrogen-bonding ring (note that the exact GM structure may
well be different under a different calculation setup due to the
very flat nature of the PES). The other minima differ from the
GM structure in the hydrogen-bonding network. For example, a
linear H-bonding network appears only B0.03 eV above the
GM. The H-bonding network starts to break down, leading to
separate clusters, at B0.1 eV above the GM.

The DESW method was utilized to connect all the 102 R–P
pairs, and 67 reaction pathways were obtained with the TS
being successfully located (the TS search is given up if the
DESW pseudopathway is too long in distance, e.g. 48 Å).
Among them, 53 have the reaction barrier lower than 3.0 eV.
These pathways can be grouped into four different reaction
channels, named from Epo-P1 to Epo-P4, with only three
different final products, being PG, propionaldehyde (PA) and
allyl alcohol (AA). Epo-P1 and Epo-P3 produce the same final
product, PG, but the reaction mechanism differs in the carbon
atom of the epoxypropane that is attacked by water: it is the C1
in Epo-P1 but the C2 in Epo-P2 (see Scheme 2). The located
structures for the IS, TS and FS of the lowest energy pathway are
shown in Fig. 5, and the numerical results on the reaction

Scheme 2 The generally regarded mechanism for epoxypropane hydro-
lysis without acid/base catalysts.

Fig. 4 The configuration energy spectrum of the epoxypropane/water
structures in solution (continuum solvation model) obtained from SSW-RS.
Grey: C atom, red: O atom.

Fig. 5 The lowest energy pathway for epoxypropane hydrolysis obtained from SSW-RS. Owing to the periodic boundary condition (the dotted line), the
reaction features a hydrogen-bonding chain, where the H2O (W1) loses its H to epoxy O but accepts another H from the neighboring H2O (the periodic
image of W3). Grey: C atom, red: O atom; and yellow: the highlighted epoxy O. Key distances (in Å) are labeled.
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channels are summarized in Table 2. The energy profile of the
lowest energy pathways to form the three different products,
PG, PA and AA, is summarized in Fig. 6. The main results are
elaborated in the following.

Epo-P1. This reaction channel has the lowest energy pathway
with the calculated barrier being 1.11 eV. In the pathway, a
water molecule attacks the C1 atom of epoxypropane, leading to
PG (PG-C1). Interestingly, at the located TS (see Fig. 4) the
molecules align up as a chain, yielding a proton-passing path
by exploiting the periodic boundary condition, where the H2O
(W1 in Fig. 5) loses its H to epoxy O but accepts another H from
the neighboring H2O (the periodic image of W3).

Epo-P2. This reaction channel involves the 1,2-H transfer in
epoxypropane that leads to PA. The calculated barrier is 1.50 eV.
The nearby water molecules help to stabilize the TS by forming
hydrogen-bonding with the epoxy O (see Fig. S2 of ESI† for the
reaction snapshots).

Epo-P3. This reaction channel is initiated by a water mole-
cule attacking the C2 atom of epoxypropane and finally also
yields PG (PG-C2) (see Fig. S3 of ESI† for the reaction snap-
shots). The calculated barrier is 1.58 eV, much higher than that
in Epo-P1, obviously owing to the larger steric repulsion at the
C2 position.

Epo-P4. This reaction channel produces AA, involving the
hydrogen transfer from the methyl group of epoxypropane to
the epoxy O mediated by the surrounding water molecules. The
calculated barrier is 1.86 eV, the highest among the four path-
ways. In the reaction, the hydrogen atom of a water molecule
first passes to the epoxy O of epoxypropane, which facilitates
the ring opening of epoxypropane. Simultaneously, a hydrogen
atom linked to the methyl group shifts to the nearby water
molecule and a proton-passing chain is formed among the
water molecules (see Fig. S4 of ESI† for the reaction snapshots).

Based on the energetics of the pathways shown in Fig. 6, we
can conclude that PG is the only likely product under normal
conditions since the barrier of Epo-P1 is considerably lower
than that of the other reaction pathways. The identified reac-
tion mechanism from the unbiased SSW-RS is also consistent
with the generally regarded two-step mechanism as depicted in
Scheme 2, except that it is a one step reaction via a collective
proton transfer process as revealed from theory. Apart from the
energetics, the computational simulation provides a clear

atomic level picture of the TS, which features the collective
proton transfer network involving more than one water mole-
cule nearby epoxypropane. It is important to notice that the
geometry of the TS (a chain structure) in the lowest energy
pathway is distinct from that of the GM at the IS (a ring
structure). This example shows that the predictive power of
SSW-RS is particularly useful in complex reactions, where the
structure of low energy TSs is hard to be pre-guessed according
to the IS conformations.

b. Biased sampling

It is possible to expedite the reaction sampling by adding
predefined reaction patterns in the SSW-RS, as described in
eqn (8). While the guess of the exact TS or the reaction
coordinate can be challenging in complex reaction systems,
we notice that the guess of an approximate reaction direction is
in fact likely in many reactions, considering that the functional
group of the reactant is often known, such as the C1, C2 and the
epoxy O atoms in epoxypropane. By defining the reaction patterns
according to the functional group of the reactant, one may reduce
significantly the degrees of freedom in the reaction space of
pathways and thus expedite the reaction search.

To demonstrate this idea, we also examined the perfor-
mance of the biased SSW-RS for epoxypropane hydrolysis and
the performance was compared with that of the unbiased
SSW-RS. For the biased reaction direction, we designed two types
of bond formation modes centering on a pair of atoms (eqn (7)) –
type-I, the C1 atom with a neighboring O atom of water, and
type-II, the C2 atom with a neighboring O atom of water
molecules (also see Fig. 7, inset) – and selected one of them
stochastically as Nr

i (eqn (7)) in each SSW step. The l0 parameter
in eqn (8) is set as a random number ranging from 0.1 to 10.

In total, 450 SSW steps were carried out in the biased SSW-
RS starting from the same reactant conformation as in the
unbiased SSW-RS. 75 R–P pairs were collected from the trajec-
tories and 55 pathways were consequently established with the
TS being located using the DESW method. Not surprisingly, we

Fig. 6 The energy profile of the lowest energy pathways to form the three
major products in epoxypropane hydrolysis obtained from SSW-RS. The
energy is with respect to the GM of epoxypropane/water in solution
(continuum solvation).

Fig. 7 Comparison of the efficiency to identify the reaction pathways in
the biased SSW-RS (red) and the unbiased SSW-RS (blue) in epoxypropane
hydrolysis. Ntot, Npath and NSSW are as those defined in Table 2. The inset
illustrates two types of biased reaction directions (Nr

i in eqn (8)). On the
Y axis, Nx represents Ntot or Npath referring to Epo-P1 or Epo-P2; Ntot, Npath

and NSSW are as those defined in Table 2.
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found that the reaction channels represented by Epo-P1 and
Epo-P3 now dominate the identified pathways, and no new low
energy reaction channels other than the four reaction channels
presented above appear. The overall efficiency using the biased
and the unbiased SSW-RS is compared in Fig. 7.

Fig. 7 shows that there is a significant increase in the
probability to sample the pathways compared to that to sample
the reactant conformations: the probability to sample reaction
pathways is now 17% in the biased SSW-RS, 10 times higher
than that in the unbiased sampling (0.17%). Consistently,
the probability to identify the reaction channels belonging to
Epo-P1 increases by more than 35 times, from 0.2% to 7%, and
for those belonging to Epo-P3 it increases by about 10 times,
from 0.7% to 6%. The probability to identify the reaction
channels belonging to Epo-P2 and Epo-P4 remains quite con-
stant, being about 0.4% in the biased sampling. It is also
noticed that the GM conformation of the reactant is identified
after 100 SSW steps, which takes more efforts than that in the
unbiased sampling (50 SSW steps).

It is obvious that the biased pathway sampling has a higher
efficiency to identify pathways, in particular those associated
with the predefined reaction directions. This is however at the
expense of the efficiency to sample the reactant configurations.
Apparently, the ratio of the pathway sampling to the reactant
configuration sampling could be tuned by the value of l0: when
l0 = 0, the biased sampling reverts back to the unbiased
sampling. The biased SSW-RS provides a useful mechanism
to fast resolve some important reaction patterns when the
information on the reaction, e.g. the reaction sites, is (partly)
known. Due to the parallel nature of the SSW-RS sampling, it is
beneficial to combine the unbiased and the biased sampling
for resolving a complex reaction network.

5. b-D-Glucopyranose decomposition

Not limited to the association reaction, the SSW-RS method can
also be applied to the dissociation reaction without extra coding,
as demonstrated here using the decomposition reaction of
b-D-glucopyranose. b-D-Glucopyranose is a main building block
of cellulose, a widely available biomass chemical.56,57 Pyrolysis of
cellulose can produce many different chemicals,58 including
useful biofuels59 and high value fine chemicals.60 The selectivity
is the major concern. The mechanism and kinetics of b-D-
glucopyranose pyrolysis have been the hot topic in biomass
research.61–63 However, due to the presence of many possible
reaction channels, the reaction network of b-D-glucopyranose
pyrolysis is not established yet. Here with the unbiased SSW-RS,
we explore the initial reaction channels of b-D-glucopyranose
decomposition, which is known to be the key event in cellulose
pyrolysis.

The unbiased SSW-PS simulation starts from a b-D-
glucopyranose molecule in the chair conformation, which is
contained in a large vacant cubic cell (10 Å length). In total,
3376 SSW steps were carried out (584 381 force evaluations)
and 207 R–P pairs were collected from eight parallel runs of

SSW-RS simulation. In total, 354 conformations of b-D-
glucopyranose were collected, from which the GM structure
was identified (these are shown in Fig. S5, ESI†). Among the
R–P pairs, 156 reaction pathways were established with the TS
being explicitly located, 68 of them with the barrier below 3.0 eV.
By inspecting these low energy barrier reaction pathways, we
identified 15 possible reaction products (listed in Table S1, ESI†)
and 5 of them can be produced with relatively low barrier (o2.5 eV
from PBE), i.e. D-glucose, levoglucosan, b-D-glucofuranose, b-D-
glucoseptanose, and 2,5-anhydro-D-mannose, as summarized in
Fig. 8, and the reaction channels associated with these five
products are named from Glu-P1 to Glu-P5. The reaction snap-
shots, including the located IS, TS and FS, for the five lowest
energy pathways are shown in Fig. 9. The probability of SSW-RS
to identify the pathways and the energetic data are also listed in
Table 2. Our main results on the pathways are detailed in the
following.

Glu-P1 is the ring opening of b-D-glucopyranose to produce
D-glucose. This reaction has the lowest barrier (1.15 eV from
PBE, 1.52 eV from M06-2X, see Table 2) among all the pathways,
but is endothermic by B0.7 eV, indicating that the reaction
favors the close-ring form thermodynamically. At the TS, the
bridging O (Obr) accepts a proton from the neighboring O6
(the O atom connected with C6, see Fig. 8), which simulta-
neously accepts a proton from the O1 (the O atom connected
with C1). The OH groups on C3 and C6 help to stabilize the
nascent terminal O in acetaldehyde via hydrogen-bonding.

Glu-P2 is the dehydration of b-D-glucopyranose to levoglucosan.
This pathway has the second lowest barrier among all the path-
ways, being 1.90 eV from PBE and 2.23 eV from M06-2X. The
relatively low barrier of the reaction is consistent with the fact that
levoglucosan is a common product found in the pyrolysis of
cellulose.62,64 The TS identified by SSW-RS features a hydrogen-
bonding network among the O(H) on C1, C3 and C6, which is
similar to that reported in the previous theoretical study.65

Fig. 8 Five lowest energy pathways of b-D-glucopyranose decomposi-
tion leading to five different products from SSW-RS.
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Compared to the two lowest energy pathways, Glu-P3, Glu-P4
and Glu-P5 have much higher barriers (42.0 eV from PBE and
42.5 eV from M06-2X), where the Glu-P3 and Glu-P5 produce
the 5-member ring products b-D-glucofuranose and 2,5-anhydro-
D-mannose and Glu-P4 produces the 7-member ring b-D-
glucoseptanose. The TSs in these pathways are generally
complex in geometry, involving both the 6-member ring open-
ing (of b-D-glucopyranose) and the new 5- or 7-member ring
formation, where the C–O bond between C1 and Obr is length-
ened significantly in order to free the C1 to form new bonding
with the other atoms. Taking the Glu-P3 as an example (see
Fig. 9), the located TS features a hydrogen-bonding network of
O1H� � �O3H� � �O6H and a long C1–Obr distance of 2.62 Å.

It is of interest to compare our identified pathways with
those studied previously. The Glu-P1 and Glu-P2 pathways are
theoretically studied recently.66 According to the structures
reported, we recalculated these pathways (using the same
calculation setup here) and found that the barriers are 2.22 eV
for Glu-P1 and 2.37 eV for Glu-P2. The first one is much higher
than that (1.69 eV) obtained from the SSW-RS method, and the
second is the same as what we calculated (2.37 eV). We noticed
that the difference in Glu-P1 is due to the more favorable TS

structure (Fig. 9) identified in this work. Similarly, the previous
reported barrier for the formation of 2,5-anhydro-D-mannose
(in Glu-P5) from b-D-glucofuranose,65 4.05 eV using M06-2X, is
also 0.90 eV higher than the barrier found in this work. This can
be attributed to the absence of two important hydrogen-bonding
networks at O6H� � �Obr and O1H� � �O2 at the TS in the previous
study.65 From these comparisons, we conclude that the SSW-RS
is capable of identifying more stable TS conformation in these
complex organic reactions.

By computing the preexponential factors and free energy
barriers, we have estimated the rate of the above five pathways
according to microkinetics with the aim to provide an insight
into the mechanism of b-D-glucopyranose pyrolysis. At the
typical pyrolysis temperature, 800 K, the first two pathways,
Glu-P1 and Glu-P2, are the most relevant initial reaction
channels, where the computed rate constants are 58.4 and
9.92 � 10�2 s�1. The other pathways are at least three orders
of magnitude slower compared to the Glu-P2. Therefore, we
conclude that the 5- and 7-member ring products, 2,5-anhydro-D-
mannose and b-D-glucoseptanose, should be the secondary products
from either the D-glucose or levoglucosan (1,6-anhydro-b-D-glucose).
This conclusion agrees with the suggestion from previous experi-
mental studies on cellulose and glucose pyrolysis. For example,
using a mass spectrometer to detect the pyrolysis products, Lin
et al.62 and Vinu et al.52 suggested that the 5-member ring molecule
5-(hydroxymethyl) furfural (5-HMF) cannot be produced directly
from b-D-glucofuranose (b-D-glucofuranose is the precursor of
5-HMF) or b-D-glucoseptanose, but should be produced from the
chain D-glucose after three consecutive dehydration reactions.

Finally, we may add a few remarks on the potential applica-
tions of the SSW-RS method in the future. The above examples
indicate that the combination of SSW-RS and the first princi-
ples DFT calculations, SSW-RS/DFT, is a powerful tool to resolve
the mechanism and the kinetics of complex reaction systems,
which can now be routinely carried out for systems below
30 atoms, including organic molecules and solid crystals.67

The efficiency of the reaction sampling for the two systems, as
measured by Npath/Nssw in Table 2, is generally in the range of
0.1% to 1% for a single product, the value being also quite
constant for all low barrier reaction channels despite that fact
that the difference of the barrier between them can be more
than a few tens of eV. Obviously, the SSW reaction sampling
does not follow the physical law of kinetics as obeyed in the
traditional MD simulation, which enables the fast sampling of
the conformation space and the reaction space. However,
because of the poor scaling of first principles calculations
and the exponential increase in the number of microstates
for large systems, we noticed that the application of the
unbiased SSW-RS/DFT to large systems (e.g. beyond 50 atoms)
is still of great challenge, where more than a few thousands of
SSW steps can be prohibitively expensive in computation (each
SSW step contains B300 energy/force evaluation steps32,67).

In these circumstances, other measures must be taken
to expedite the reaction search, for example, by developing
and utilizing reactive force fields for an initial SSW sampling,
which should at least provide the information on the likely

Fig. 9 Reaction snapshots of the five lowest reaction pathways in the
b-D-glucopyranose decomposition obtained from SSW-RS. Key distances
(in Å) are labeled.
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reaction patterns. Based on this a priori knowledge, it is
possible to increase the efficiency of reaction sampling via
the biased SSW-RS as demonstrated for epoxypropane hydro-
lysis. With the help of the massive parallel computing and the
biased sampling, our ongoing work shows that the SSW-RS/DFT
can be applied to understand the heterogeneous catalytic
reaction at the solid–liquid interface (systems with more than
100 atoms),54,68,69 where the effects of the metal surface, the
water solution and the coverage of coadsorbates on the reaction
can be considered in one unified framework.

6. Conclusion

This work develops an unbiased general-purpose method, the
SSW-RS method, for reaction sampling and reactivity predic-
tion. The new method is based on two recently developed
techniques, the SSW method for PES exploration and the DESW
method for pathway building and TS location. We show that, as
derived from the Master equation in kinetics theory, the
reactivity prediction requires the proper sampling on both the
conformation space of reactants and the reaction space of
pathways. The SSW method is such a suitable sampling tool
for reactivity prediction. The DESW method, being in the same
theoretical framework as the SSW method, is utilized for the
fast assessment of a large number of pathways in a complex
reaction. By combining the SSW-RS method with first principles
DFT calculations, we have first compared the performance with
the existing methods. We showed that (i) the unbiased SSW-RS is
particularly efficient for identifying the low energy pathways. It
revealed a new (the second lowest energy) pathway for vinyl alcohol
and formaldehyde recombination, which is not found previously;
(ii) the SSW-RS is able to sample reactant configurations during
the pathway sampling within the global optimization scheme; (iii)
the biased SSW-RS simulation can be incorporated readily in the
framework and it increases the performance dramatically.

Two new example reactions with complex PES, the epoxypropane
hydrolysis in aqueous solution and the b-D-glucopyranose decom-
position, are further examined using SSW-RS. For the epoxypropane
hydrolysis in aqueous solution, the SSW-RS simulation reveals four
different reaction channels with the barrier below 2.0 eV, and the
lowest energy pathway is initiated via a water molecule attacking the
C1 atom of epoxypropane, which agrees with the generally regarded
mechanism. Importantly, the SSW-RS is able to resolve the complex
hydrogen-bonding network for both the IS and the TS. In the lowest
energy pathway, three water molecules nearby epoxypropane are
found to take part in the reaction to produce PG. We also show that
the biased SSW-RS can further speed up the reaction sampling
towards the biased reaction direction by more than 10 times.

For b-D-glucopyranose decomposition, the SSW-RS simula-
tion reveals 15 possible products, indicating the presence of a
complex reaction network in this system. Five of them have
relatively low barriers (below 2.5 eV). By analyzing the five
lowest energy pathways leading to these five products, we found
that only b-D-glucose and levoglucosan are kinetically preferred
as the direct products from b-D-glucopyranose. The other

products, such as the 5- or 7-member ring molecules,
b-D-glucofuranose and b-D-glucoseptanose, should be second-
ary products. In one word, the one-step ring rearrangement
from the 6-member ring to 5- or 7-member rings is kinetically
not preferred, even though the SSW-RS reveals the presence of
such reaction channels involving complex collective movement
of atoms. Our results provide new insights towards the under-
standing of the selectivity of cellulose pyrolysis.
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