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ABSTRACT: The global potential energy surface (PES) search of
large molecular systems remains a significant challenge in chemistry
due to “the curse of dimensionality”. To address this, here we
develop a rigid-body chain method in the framework of a stochastic
surface walking (SSW) global optimization method, termed rigid-
body chain SSW (RC-SSW). Based on the angle−axis representa-
tion for a single rigid body, our algorithm realizes the cooperative
motion of connected rigid bodies and achieves the coupling
between rigid-body chain movement and lattice variation in the
generalized coordinate. By exploiting the numerical energy second
derivative information on rigid bodies, RC-SSW can optimize the
global PES of large molecular systems with an unprecedentedly
high efficiency. We show that RC-SSW is more than 10 times faster in locating the model protein global minimum while revealing
many more low energy conformations than molecular dynamics and can identify low energy phases of molecular crystals up to 172
atoms missed in the sixth CCDC blind test.

1. INTRODUCTION
Global optimization of the potential energy surface (PES)
through large-scale atomic simulations is a powerful and
effective approach for predicting the thermodynamic and
kinetic properties of matter.1,2 However, achieving ergodic
exploration of the PES becomes practically infeasible in
complex systems with high-dimensional degrees of freedom
(DOF). To address this “curse of dimensionality,” theoretical
methods such as coarse-grained force fields3−7 and rigid-body
constraints8,9 have been developed to reduce DOF. While
coarse-grained force fields require redesigning potential
functions�limiting their generality and applicability to
systems with complex atomic interactions10−12�rigid-body
constraints offer greater versatility by remaining compatible
with established atomic-level potential models and even
quantum mechanics (QM) calculations. Nevertheless, the
integration of rigid-body constraints into global PES
exploration methods has long posed a significant challenge.
This stems from a fundamental conflict: global optimization
typically relies on substantial structural perturbations to escape
local energy minima, whereas rigid-body constraints, which
enforce collective atomic motion, inherently restrict such
structural flexibility.

The motion of a single rigid body�translation and
rotation�has long been analytically solved using an angle−
axis representation developed by mathematician Euler.13 In
this framework, a multibody object with multiple DOFs can be
simplified to a rigid body governed by six DOFs: a translational
vector T and a rotational axis vector p. It was not until 2005

that the Wales group incorporated this rigid-body angle−axis
representation into their basin-hopping (BH) global optimiza-
tion framework, creating the rigid-BH method to identify
global minima (GM) for virus capsid clusters,14 which was
further applied to other complex systems.9,15−21 While the
rigid-BH method achieved great success in optimizing large
molecular systems, it introduces unnecessary DOFs between
rigid bodies in chain-like molecules, i.e., neglects the specific
coupling between chained rigid bodies. Explicit bond
constraints between rigid bodies are required if the method
is applied to the PES described by QM calculations or the
latest machine learning potentials.

Since 2013, our group has developed a series of PES
exploration methods based on the stochastic surface walking
(SSW) global optimization approach.22,23 Unlike traditional
global optimization techniques, the SSW method leverages
second-derivative (Hessian) information from the PES to
guide structural perturbations along low-curvature mode
directions, enabling efficient traversal of transition state (TS)
regions between local minima. While the SSW framework,
implemented in the LASP (large-scale atomic simulation with

Received: February 28, 2025
Revised: May 12, 2025
Accepted: May 16, 2025
Published: May 27, 2025

Articlepubs.acs.org/JCTC

© 2025 American Chemical Society
5757

https://doi.org/10.1021/acs.jctc.5c00350
J. Chem. Theory Comput. 2025, 21, 5757−5770

D
ow

nl
oa

de
d 

vi
a 

FU
D

A
N

 U
N

IV
 o

n 
Ju

ly
 1

7,
 2

02
5 

at
 0

8:
15

:4
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tong+Guan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin-Tian+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Jie+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng+Shang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhi-Pan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jctc.5c00350&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.5c00350?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.5c00350?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.5c00350?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.5c00350?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.5c00350?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jctcce/21/11?ref=pdf
https://pubs.acs.org/toc/jctcce/21/11?ref=pdf
https://pubs.acs.org/toc/jctcce/21/11?ref=pdf
https://pubs.acs.org/toc/jctcce/21/11?ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jctc.5c00350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JCTC?ref=pdf
https://pubs.acs.org/JCTC?ref=pdf


neural network potential) software,24,25 has proven highly
effective for exploring PES landscapes of inorganic materi-
als26,27 and small molecules,28,29 extending its application to
complex molecular systems�such as molecular crystals or
proteins�remains a significant challenge.

In this work, we introduce a novel rigid-body global
optimization method, termed rigid-body chain SSW (RC-
SSW), built upon the SSW framework for large molecular
systems, including aperiodic proteins and periodic molecular
crystals. The RC-SSW method incorporates two key
innovations: (i) a mechanics-inspired “crankshaft” motion
algorithm to synchronize movements between interconnected
rigid bodies and (ii) a rigid-body−lattice coupling algorithm
enabling molecular displacement within variable periodic
lattices. We further demonstrate RC-SSW’s capability by
globally optimizing systems such as 20-amino-acid proteins
and 172-atom molecular crystals, showcasing its superior
efficiency compared to the original SSW method, molecular
dynamics (MD), and the rigid-BH approach across diverse test
cases.

2. METHOD
The RC-SSW algorithm employs a three-pronged framework
to enable global optimization of large molecular systems: (i)
rigid-body decomposition, where molecules are partitioned
into interconnected rigid units defined by the angle−axis
representation; (ii) rigid-body chain dynamics, which
synchronizes the motion of rigid bodies through mechanical
linkages; and (iii) rigid-body−lattice coupling, governing
molecular displacements within variable periodic lattices.
This framework integrates these components into a unified
workflow, enabling the systematic exploration of complex
PESs. The RC-SSW algorithm has been implemented in LASP
software with easy access to global neural network potentials.
The mathematical foundations of these algorithms, along with
the RC-SSW workflow, are elaborated on in the sections
below.
2.1. Angle−Axis Representation of a Single Rigid

Body. In the angle−axis representation, the movement of a
rigid body is controlled by two vectors: the position of
geometry center T = {tk, k = x, y, z} and rotation vector p =
{pk}. The rotation vector equals the multiply between a unit
vector p̂ and an angle θ, as shown in eq 1, which are named as
the rotational axis and the rotational angle, respectively.
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Based on this representation, the current Cartesian
coordinates Qt of atoms in a rigid body (rb), Qt = {qi

t, (i ∈
rb)}, can be obtained from the reference frame Qref = {qi

ref}
from eq 2, which involves a rotation via the matrix R followed
by a translation via the matrix Tt. R can be computed using
Rodrigues’ rotation formula (eq 3), where the skew-symmetric

matrix p̃ (p p 0T+ = ) is related to the rotation vector p in eq
4.9
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The atomic forces driving the motion of a rigid body as
derived analytically by Chakrabarti and Wales9 consist of two
parts: the translational force f T (eq 5, in force unit) acting on
the mass center of the rigid body and the rotational force f R dk

(eq 6, in energy unit) around the rotation axis p̂, the torque
driving the rigid body rotation. f T is simply the sum of all
atomic forces Fi of the rigid body (eq 5). f R dk

can be calculated
by using eqs 7−10, which projects the atomic force to three
rotation directions. In the equations, Rk is the derivative of
rotational matrix R with respect to the rotation axis vector
element pk (eq 7), where the computation involves the
derivative of the skew-symmetric matrix p̃ with respect to the
rotation axis vector element pk (eqs 8−10).
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2.2. Rigid-Body Chain Algorithm. To address the
complexity of large, flexible molecules with multiple functional
groups, we extend beyond the conventional angle−axis
representation of rigid bodies. Consider, for example, a
protein: such systems can be conceptualized as composites
of interconnected rigid units (e.g., amino acids) whose motions
are inherently correlated. These units are linked via rotatable
chemical bonds, enabling free rotation around their shared
axis�a structural analogy mirroring the crank pins that
connect neighboring webs in mechanical crankshafts (Figure
1a). A short video on the crankshaft motion of a molecule is

provided in the Supporting Information using the 2-phenyl-
ethan-1-amine molecule as the example. While the concept of
crankshaft motion has been previously utilized in treating
protein backbone motion,30−32 the implementation in this
work is different from them (see below methodology).
Drawing inspiration from this crankshaft mechanism, we
derive a mechanical framework governing the correlated
dynamics of rigid-body chains (Figure 1b−d), enabling the
systematic modeling of complex molecular motion.
2.2.1. Coordinate System of the Rigid-Body Chain. In the

rigid-body chain algorithm, the initial configuration of a
molecule, Qref, consists of a set of reference frames for each

rigid body rbi, whose Cartesian coordinate is Qi
ref = {qm

ref,
(atom m ∈ rbi)}. Taking 2-phenylacetaldehyde molecule as an
example (Figure 1b), one can naturally identify three rigid
bodies in the molecule (rb0: gray, rb1: blue, and rb2: yellow
colors) that are separated by single bonds, e.g., the unit vector
along the bond axis between rb0 and rb1, 0|1 (green) and that
between rb1 and rb2, 1|2 (red). In the notation, e.g., 0|1, the
leading number, i.e., 0, is the parent and the second number,
i.e., 1, is the child rigid body. One can always set a rigid body,
i.e., rb0, as the center rigid body, whose coordinate Arbd0

is
uniquely defined by the angle−axis representation as {T, p}.
The coordinate of the whole molecule with all rigid bodies can
thus be defined as A⃗ = {T, p, θ}, where the {T, p} is the angle−
axis representation coordinate for rb0 (i.e., the translation and
rotation with respect to the whole molecular structure), and
the rotation angle vector θ = {θ0|1, ···θi|j···} labels the rotation
dihedral angle around each bond axis. By definition, θi|j is the
rotation dihedral angle between rbi and rbj, where rbi is
topologically closer to rb0 than rbj, and rbi is the parent rigid
body of rbj. The reference structure has the coordinate

A T 0 0, , , ...ref ref= { { } } , where both p and θ are zero

vectors, and the coordinate of the current structure At , the

structure being operated, is then written as A T p, ,t t t t= { } ,
which can be computed readily from the reference structure.
2.2.2. Coordinate Transformation from a Rigid-Body

Chain to Cartesian. For PES calculation, we need to transform
At back to Cartesian coordinates Qt of the atomic
representation, where Qt can be considered as the translation
(with the vector Tt) of the intrinsic coordinate Qt′, i.e., Qt = Tt

+ Qt′. The intrinsic coordinate of the central rigid body rb0,
Q t

0 , can be obtained directly using eqs 1−3. For any a rigid

body, say, rbj, its Cartesian coordinate Qj
t depends on two

independent rotations, as shown in eq 11, namely, (i) the
rotation of all the parent rigid bodies of rbj that changes the
bond vector i|j to the new bond vector i|j′, as measured by the
rotation matrix Ri|j, and (ii) the self-rotation of rbj about the i|
j′, as measured by the rotation matrix Rj. Both Ri|j and Rj can
be derived from the Rodrigues’ formula (eqs 2−4) by using i|j,
i|j′, and θi|j (also see Supporting Information Section S1).
Equation 11 should be applied to all rigid bodies via the
propagation iteratively starting from rb0.

Q R R Qj
t

jj i j
ref= · ·| (11)

2.2.3. Derivation of the Rigid-Chain Forces. Now, we
derive the force of the rigid-body chain coordinate, f = {f T, f R dk

,
fθ}. The translational force f T and the rotational force f R dk

around the rotation axis p̂ of the whole molecule are already
mentioned in eqs 5 and 6, and we now focus on how to obtain
the rotational force for each rigid body. For any rigid body, say,
rbj, the torque driving its rotation comes from two parts, as
written in eq 12, namely, the torque from atomic forces of its
own Mj and the torque from atomic forces of its all-level
children Mk j j

k j
child .

f M Mj
k j

j
k j

child
i j

= +
|

(12)

Figure 1. Schematic illustration for the rigid-body chain algorithm as
inspired by the crankshaft mechanics. (a) A picture on crankshaft in
mechanics. Each crank pin mimics rotatable chemical bonds, and the
connected crank webs represent the rigid bodies. (b) Using 2-
phenylacetaldehyde as an example for rigid bodies connected by
crankshafts. The molecule contains three rigid bodies: rb0 (in gray),
rb1 (in blue), and rb2 (in yellow), which are connected by rotatable
bonds (in green or in red). (c) A mechanical drawing for the rotatable
bond along 1|2 connecting rb1 and rb2 in (b). A bearing (in green) as
described by the transmit coefficient λ enables the relative rotation of
these two rigid bodies. (d,e) Force decomposition of the atom O1 in
rb2. λF1

⊥1|2, λF1
1,⊥0|1, and F1

0 are its force contributions to the rotations
of rb2, rb1, and rb0, respectively.
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For the first term in eq 12, Mj can be calculated from the

summation of torques contributed by all atoms in the rbj. Each
atomic contribution to the torque (atom m, eq 13) involves the
cross product of a rotational force, Fm

⊥i|j, with the level arm vm
i|j,

where vm
i|j is defined by the atom position and the bond vector i|

j and Fm
⊥i|j equals the projection of atomic force Fm on the unit

vector ui|j (eq 14) that is normal to the plane defined by vm
i|j and

the rigid axis i|j (eq 15). This is exemplified in Figure 1d for
obtaining the contribution from oxygen atom O1 (O1 ∈ rb2)
to the torque of rb2. The λ (0 ≤ λ ≤ 1) is an adjustable
transmit coefficient (typically set as 0.5−0.9) to control the
torque magnitude passing from a rigid body to its parent rigid
bodies. With the transmit coefficient, it is facile to project the
force of the atom m in rbj, Fm, into two components: Fm −
λFm

⊥i|j, the force passing to its parent rigid body rbi and the
force left in the current rigid body rbj, λFm

⊥i|j, as shown in eq 16.
The force projection satisfies the conservation of the overall
force.

The second term in eq 12 describes the torque imposed by
all child rigid bodies on the current rigid body rbj. Taking a
child rigid body rbk as an example, as shown in eq 17, we
follow the similar projection operation P̂ defined in eq 16 to
first project out the atomic force Fo

k of atom O in a child rigid
body rbk that already contributes to the torque to its parent,
Fo

k k k, 1| , where k−1 labels the parent rigid body of rbk (see
Figure 1e, where k refers to rb1 and k−1 refers to rb0). By
operating the projection P̂ recurrently until rbj is reached, we
obtain the force contribution of all atoms in the child rigid
body rbk to the target rigid body rbj, as written in eq 18. To
illustrate this, Figure 1e illustrates how the contribution of the
force of O1 atom in rb2 passing to the torque of rb1, and then,
after the projection, passing to the torque of rb0.
2.2.4. Second Derivative Used in Dimer Rotation.

Following the SSW framework, RC-SSW also utilized the
constrained Broyden dimer (CBD) method33 to locate a soft
mode for structure perturbation by numerically computing the
second derivative of energy.34−36 In RC-SSW, the CBD
method starts by generating a random mode direction N0 in
the rigid-chain coordinate space A⃗ = {T, p, θ} and N0 is then
optimized by CBD rotation to a softened mode N1. In rigid-
body chain representation, the dimer is defined in eq 19, where

A0 and A1 are two configuration images separated by ΔA
distance. ΔA has a fixed length defined by the maximum step
size for the rotational freedoms (i.e., θ and p, typically 5−15°)
and the translational freedom (i.e., T, typically 0.05−0.3 Å). A
relatively large ΔA could in principle lead to rapid exploration

of a large scope of PES but at the cost of resolution on the
reaction pathway between minima. The curvature C is
numerically computed using the finite difference method by

eq 20 using the rigid-chain forces f 0 and f1 of image A0 and

A1, respectively, where f 0/1({f T, f R dk
, fθ}) is the derivative of the

total energy of the image A0 1/ in the rigid-body chain
representation. The addition of the bias potential and the CBD
rotation can then be performed as that in the SSW
method.33,37

A A N An
1 0= + · (19)

f f N
C

A

( ) n
1 0=

·

(20)

2.3. Rigid-Body−Lattice Coupling Algorithm. For
global optimization of periodic systems, apart from all DOFs
of atoms, six DOFs of the lattice are also required to be taken
into account, i.e., a variable cell global optimization. As shown
in our previous work of the variable cell SSW method,23 the
first step to realize the atom−lattice coupling is to establish a
generalized coordinate system that incorporates the lattice
parameters and the coordinates of atoms. In this work, we have
extended the above rigid-body chain representation of a
molecule to incorporate the motion of a lattice, termed the
rigid-body−lattice coupling algorithm. Built on the rigid-body
chain representation, we can set a generalized rigid-chain

coordinate for the current structure as A L,t t t= { } with Lt

being the current lattice, a (3 × 3) matrix. The generalized
coordinate of the reference structure is thus defined as

T L0 0, , , ... ,ref ref ref= { { } } . t now replaces At to realize
variable-cell structure manipulation.

To evaluate the total energy of the system, we have to

transform the rigid-body coordinate At back to its Cartesian
coordinate correspondence Qt by taking into account the
lattice variation. This involves three-step operations as follows.

First, the reference coordinate is translated by a Tt following
the center rigid body and then fitted into the current lattice
from the reference lattice, as shown in eq 21, where the
interchange between the fractional and the Cartesian
coordinates in the lattice is utilized.

Q L L T Q( ( ))nt t tref ref1
= · · + (21)

Equation 21 maintains the fractional coordinate of atoms
under the lattice change, which, however, will generally destroy
the rigid-body condition (e.g., the bonds between atoms are
stretched due to the lattice change). Therefore, a second
operation is required to identify the new Cartesian coordinate
conserving the rigid-body condition.

Second, an optimal Cartesian coordinate Qrt is searched by
minimizing its difference between Qnt (not rigid-body
conserving), where the Qrt is the Cartesian coordinate
satisfying the rigid-body condition and achieves the best fit
in the new lattice Lt. Considering the lattice distortion should
only introduce translational and rotational moves of rigid
bodies, we can obtain Qrt from Qref by applying the translation
TL and the rotation RL, i.e., Qrt = TL + RL·Qref. The TL and RL
can be derived by minimizing the difference between Qrt and
Qnt, i.e., |ΔQ| by using eq 22.
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Q Q Q

T R Q L L T Q

min min

min ( )

rt nt

L L
t tref ref ref1

| | = | |

= | + · · · + |
(22)

T L L TLet L
t tref 1

= · · (23)

we arrive at

Q R Q L L Qmin min L
tref ref ref1

| | = | · · | (24)

The rotation matrix RL can then be analytically solved using
Lagrange multipliers as derived by Kabsch, which has been
widely used in computing the root-mean-square-displacement
(RMSD) between configurations.38

Third, the Cartesian coordinate Qt coordinates in the new

lattice Lt are derived for every rigid body using TL, RL, and At .
The central rb0 is obtained using eq 25, and the other rigid
body rbj where rbi is its parent rigid body can be computed
using eq 26, by inserting eq 11.

Q T R R Qt
L L0 0 0

ref= + · · (25)

Q T R R R Qj
t

L L jj i j
ref= + · · ·| (26)

To better illustrate the rigid-body−lattice coupling, we
attached a video in the Supporting Information showing the
cooperative motion of the molecule and lattice using a urea
crystal as the example, where each urea molecule is defined as a
rigid body. It shows that the rigid bodies can move smoothly
when the lattice transforms (either squeezes or stretches) by
considering both translation and rotation in response to the
lattice change.

It might be mentioned that the internal forces within a rigid
body that are totally projected out in the axis−angle
representation of rigid body do contribute to the stress of
the cell and thus should induce the cell change. It would be
ideal to remove this stress contribution from the total stress in
the Cartesian coordinate system, but this is not yet solved
mathematically. The presence of the residual stress from
internal forces of a rigid body introduces numerical instability
in performing variable-cell rigid-body geometry optimization to
high precision. In practice, one can work around by doing
variable-cell local optimization in the rigid-body representation
within limited steps (e.g., 10−20 steps), followed by the full-
atom optimization without the rigid-body constraints. After the
geometry optimization, the rigid-body conditions can be
restored by setting the optimized structure as the new
reference, as shown in the following flowchart.
2.4. Flowchart of the RC-SSW Method and Reaction

Sampling. The RC-SSW global optimization method can be
implemented readily by modifying the original full-atom SSW
method.22 Taking the fixed-cell version as an example, we
present the flowchart of RC-SSW in Figure 2 and the details
are elaborated below.

(i) The rigid-body chain coordinate A⃗ is generated based on
the input Cartesian coordinate Q and the user-set rigid-
body definition for the target molecules (e.g., the center
rigid body rb0 and the hierarchy rigid body trees). Set

the reference structure A Aref = and Qref = Q and let

the current SSW step A At ref= and Qt = Qref.

(ii) The PES evaluation is performed using the Cartesian
coordinates Qt, and then the atomic forces are
transformed into the forces in the rigid-body chain
coordinate, including the translational and rotational
force of the center rigid body rb0 (eqs 5−10) and all
rotation torques of the rigid bodies (eqs 12−18).

(iii) The SSW climbing procedure is performed to
manipulate the structure to a high energy position
under the rigid-body chain coordinate system (more
details can be found in Supporting Information Section

S2). In the process, At is transformed back to the
Cartesian coordinates Qt (eq 11) whenever the energy/
force/stress evaluation is required.

(iv) The rigid-body local optimization is performed that is
then followed by all-atom full optimization using the l-
BFGS method39 to reach a new minimum Qnew.

(v) Metropolis Monte Carlo algorithm40 is utilized to
determine the acceptance of Qnew. If accepted, we
generate Anew using Qnew and set the new reference

A Aref
new= and Qref = Qnew. Finally, we update

A At ref= and Qt = Qref.
(vi) Steps (ii)−(vi) are repeatedly executed to explore the

PES globally until the SSW step number m exceeds its
predefined maximum mmax.

Figure 2. Flowchart of the fixed-cell RC-SSW method.
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The same as the SSW method being extended for reaction
sampling (SSW-RS method),41 RC-SSW can also be utilized to
reveal the mechanism for the conformation transformation of
aperiodic systems or the molecular crystal phase transition with
periodicity. This is thanks to the soft movement in each RC-
SSW step, where the starting minimum can be facilely matched
atom-by-atom with the arrived minimum, which allows double-
ended TS search methods, such as double-ended surface
walking (DESW), to identify the reaction pathway. For the
similarity to SSW-RS, the RC-SSW reaction sampling is
described briefly as follows.

In performing reaction sampling, the Metropolis MC step
(v) in the flowchart of RC-SSW is replaced with a
conformation match subroutine. This subroutine evaluates
whether the identified minimum differs from the starting
minimum. If the minima are different, the new minimum is
rejected, and the two minima are recorded as an initial state
(IS)/final state (FS) pair for subsequent pathway search. Once
the RC-SSW reaction sampling is complete, all collected IS/FS
pairs are connected to identify potential pathways. The low-
energy pathways identified in this process are then selected as
candidates for TS searches using the (variable-cell) DESW
method.42,43

3. RESULTS AND DISCUSSION
To evaluate the efficiency of RC-SSW in global PES
explorations, we assessed its performance using representative
examples of long-chain molecules, specifically the chignolin
(10 amino acids) and Trp-cage (20 amino acids) proteins, as
well as molecular crystals, including urea, ice, acrolein, and four
complex molecular crystals from the sixth CCDC blind
test.44,45 Table 1 provides a detailed description of these
systems and compares the performance of RC-SSW with other
methods, where applicable. These systems are described in
greater detail in the following sections.

Chignolin (PDB: 1UAO46) and Trp-cage (PDB: 2JOF47)
are both de novo short peptides. The chignolin contains 10
amino residues in sequence, GLY-TYR-ASP-PRO-GLU-THR-
GLY-THR-TRP-GLY, which is designed to form a β-hairpin in
its secondary structure. The Trp-cage contains 20 amino
residues, ASP-ALA-TYR-ALA-GLN-TRP-LEU-LYS-ASP-
GLY-GLY-PRO-SER-SER-GLY-ARG-PRO-PRO-PRO-CSE,
which contains two α-helixes from ALA2 to ASP9 and from

PRO12 to SER14 in its native conformation. In RC-SSW, we
group each peptide bond as well as each aromatic ring in
tyrosine, proline, and tryptophan side chains in these peptides
as one rigid body. By this way, 138 atoms of chignolin and 284
atoms of Trp-cage are abstracted as 34 rigid bodies and 68
rigid bodies, respectively. The AMBERf f 03 force field with the
Onufriev−Bashford−Case (OBC) generalized Born implicit
solvent model (igb = 2)48 is used to evaluate the energy and
force.

Ice, urea, and acrolein are representative rigid molecules that
have no internal rotational DOFs, and thus each molecule can
be conveniently set as a rigid body. The GM of ice (H2O)
crystal is known as the ice XI (Cmc21, #36). Its orthorhombic
primitive cell contains 8 H2O molecules with two horizontal
planes consisting of chair-form hexamers and three vertical
planes consisting of boat-form hexamers. In PES explorations,
we build a cell containing 8 H2O molecules. By taking each
H2O molecule as one rigid body, 24 atoms are abstracted as 8
rigid bodies in total. The general G-NN potential (entry:
CHON_PtPdCuZnNiRuCoTa provided in LASPinput.zip,
Supporting Information, and http://www.lasphub.com/
#/lasp/gpunnLibrary) accessible from the LASP potential
library is used to evaluate energy and force. For urea and
acrolein crystals, the PESs have been studied in our previous
work and others:49−53 the urea GM crystal has a P21212 space
group (#18) with two types of well-ordered strong H bonds
(type-I and II); the acrolein GM crystal only has van der Waals
interaction and thus is a densely packed crystal in the Pbc21
space group (#29). Both urea and acrolein crystals contain 8
molecules (64 atoms), abstracted as 8 rigid bodies. The
GAFF54 implemented in LAMMPS is utilized to evaluate the
energy and force.

Four more complex molecule crystals, ranked as XXII,
XXIII, XXIV, and XXVI from the sixth CCDC blind test,
represent molecule crystals constituted by flexible molecules
with many internal DOFs. GAFF is used to evaluate the PES.
The details in rigid-body settings and GM crystal structures are
described in the following, and more information can be found
in Supporting Information Section S3.

XXII (tricyano-1,4-dithiino[c]-isothiazole, C8N4S3), as
shown in Figure 3, contains no rotatable bonds, but the five-
and six-membered rings are “hinged” by the S···S linkage,
which introduces flexibility to the molecule. Each molecule is

Table 1. Benchmark of RC-SSW Efficiency for GM Optimization of Large Molecular Systems against with Previous Methods, if
Availablea,b

entry Nmolecule Natoms Nrigid body GM description potential N50 (R-BH/MD/SSW) N50 (RC-SSW)

chignolin 1 138 34 β-hairpin AMBERf f 03a (6.0 × 107)d/(2.4 × 108)e 16,496 (1.65 × 107)
Trp-cage 1 284 68 two α-helixes AMBERf f 03a (5.6 × 109)e 41,745 (5.01 × 107)
H2O 8 24 8 Cmc21 G-NNb 1433f 719
urea 8 64 8 P21212 GAFFc 840f 220
acrolein 8 64 8 Pbc21 GAFFc 74,303f 324
XXII 4 60 8 P21/c GAFFc 14,330
XXIII 4 172 20 P1̅ GAFFc 97,278
XXIV 8 + 4 80 16 + 4 P1̅ GAFFc 12,716
XXVI 2 124 10 P1̅ GAFFc 1868

aListed data include the system name; the number of molecules, atoms, and rigid bodies (Nmolecule, Natoms, and Nrigid body, respectively); GM
description; the number of SSW steps; or the corresponding energy/force calculation times in the bracket that achieve 50% successful ratio of
locating the GM (N50).

bRelated PES: (a) the AMBERf f 03 force field with the Onufriev−Bashford−Case (OBC) generalized Born implicit solvent
model; (b) the H−O G-NN potential from the LASP potential library; and (c) the generalized amber force field (GAFF) implemented in
LAMMPS. Previous methods for comparison: (d) R-BH, (e) MD, and (f) original SSW. The efficiency comparison data: the energy/force
evaluation times for R-BHa and MDb (2.5 fs per time step) comes from the research by Wales et al.21 and Shaw et al.,58 respectively.

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://doi.org/10.1021/acs.jctc.5c00350
J. Chem. Theory Comput. 2025, 21, 5757−5770

5762

https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.5c00350/suppl_file/ct5c00350_si_003.zip
http://www.lasphub.com/#/lasp/gpunnLibrary
http://www.lasphub.com/#/lasp/gpunnLibrary
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.5c00350/suppl_file/ct5c00350_si_001.pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.5c00350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


then set as two rigid bodies separated by the S···S linkage
between two rings. The unit cell utilized in RC-SSW
exploration contains 4 molecules with 60 atoms in total,
corresponding to 8 rigid bodies. Its GM has a symmetry of
P21/c (#14).

XXIII (2-((4-(3,4-dichlorophenethyl)phenyl)amino)-
benzoic acid), as shown in Figure 3, contains seven rotatable
single bonds and, in principle, 8 rigid bodies. As the terminal
carboxyl group is found to hardly rotate during PES
exploration, we regroup the terminal carboxyl and its linking
phenyl as one rigid body, and each XXIII molecule is thus set
as 5 rigid bodies. The unit cell contains 4 molecules with 172
atoms in total, corresponding to 20 rigid bodies. Its GM has a
low symmetry of P1̅ (#2).

XXIV is a three-component molecular crystal, i.e., chloride
salt hydrate of (Z)-3-((diaminomethyl)thio)acrylic acid,
[(C4H7N2O2S)+Cl−·H2O], as shown in Figure 3. It involves
flexible organic molecule cations, the cocrystal water
molecules, and single-atom anions. The acid molecule can be
split into three rigid bodies by the HOOC−CH and HO−C
single bonds (the conjugated double bonds of C�C and C�S
and the steric hindrance of the large side groups prefer the
trans conformation of �(NH2)2); each water molecule is a
single rigid body, so does each anion. The unit cell contains
four units of hydrated groups, corresponding to 16 rigid bodies
and 4 Cl− ions. Its GM has a low symmetry of P1̅ (#2).

XXVI (N,N0-([1,10-binaphthalene]-2,20-diyl)bis(2-chloro-
benzamide), C34H22C12N2O2) is the largest molecule among

all test examples, as shown in Figure 3. It contains 2 benzene
groups and 2 naphthalene groups and can be split into 5 rigid
bodies using four rotatable C−C and C−N single bonds. (The
C−C bond connecting two naphthyls is fixed by the steric
hindrance). The unit cell contains two molecules (124 atoms),
corresponding to 10 rigid bodies in total. Its GM also has a low
symmetry of P1̅ (#2).
3.1. Biomolecules. Knowing the structure of biomolecules

such as proteins and nucleic acids is a critical step to
understanding and predict its functionality. To date, with the
help of AI tools such as AlphaFold55 and RoseTTAFold,56

researchers can predict protein native states and even reversely
design new proteins for a specific function by exploiting the AI
technique and the known protein structure data. Nevertheless,
there are great challenges to predict the structure of artificially
designed proteins, where the structures are unknown (e.g., the
short proteins with the number of amino acids below 40). RC-
SSW can serve as a fast method to solve the conformation of
these medium-sized biomolecules and also help to resolve the
dynamical properties due to the conformation change.57

By using RC-SSW, we explored the PES of chignolin and
Trp-cage, and the efficiency is compared with those from R-
BH and MD simulations, as shown in Figure 4a for the
efficiency and in Figure 5a for the PES contour landscapes of
chignolin. In RC-SSW, the MC temperature and the number of
Gaussian biases per SSW step (NG) are set as 700 K and 5,
respectively. 50 independent runs are performed, all initiating
from the same random configuration (a linear configuration).
The chignolin results using R-BH and MD are taken from the
published data of Wales21 and Shaw,58 respectively, and also
repeated by us to plot the PES contour landscapes.

Figure 4a displays the distributions of first encounter times
in finding the chignolin GM under RC-SSW and R-BH within
2 × 108 times of energy/force evaluations. Figure 4a shows that
the averaged energy/force calculation time for RC-SSW to
locate GM is 3.1 × 107 (standard deviation σ = 3.8 × 107),
which is 2.3 times faster than that for R-BH (7.0 × 107, σ = 5.7
× 107) and also outperforms MD. Notably, during the first 2 ×
107 times of energy/gradient calculations, over 45% RC-SSW
runs already locate the GM, being much higher than R-BH
runs (12%).21 As shown in Table 1, the energy/gradient
calculation times required by RC-SSW for 50% GM finding
success rate is 1.65 × 107, 10 times less than that (2.4 × 108) of
MD.58 It might be mentioned that metadynamics, an enhanced
MD method, can also achieve a faster folding rate (∼2.6 times)
than unbiased MD.59 More recently, metadynamics in
combination with the evolution algorithm, as implemented in
CREST,60,61 has been utilized to further enhance the PES
sampling. The idea to add an evolution algorithm is similar to
our RC-SSW method since RC-SSW and the evolution
algorithm are specifically tailored to efficiently escape local
minima and explore the global PES, which makes them
inherently more suited for locating global minimum than MD-
based methods.

The RC-SSW exhibits the same high efficiency in the Trp
cage, which has more amino acids than chignolin. As shown in
Table 1, the 50% success rate for Trp-cage GM findings using
RC-SSW is 5.01 × 107 times of energy/force calculations,
while that using MD is 2 orders of magnitude larger (5.6 ×
109). Figure 4b shows the success rate versus energy force
calculation times in more detail. The average force/energy
calculation times to locate the GM is 5.18 × 107 (σ = 3.12 ×

Figure 3. Molecular Structures from the 6th CCDC blind test with
the entries XXII, XXIII, XXIV, and XXVI. These molecules are
utilized for assessing the efficiency of RC-SSW in finding GM of
molecular crystals. The rotatable bonds are indicated by dotted lines
with black curve arrows for the rotation direction.
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107). During the first 1 × 108 times of energy/gradient
calculations, 68% of RC-SSW runs successfully locate the GM.

This high efficiency of RC-SSW could be understood by
plotting the PES landscapes for chignolin, which can be
visualized by using the two structure fingerprints, namely, the
distance between ASP-3 backbone carbonyl oxygen and GLY-7
backbone nitrogen and the distance between GLU-5 backbone
carbonyl oxygen and THR-8 backbone nitrogen.62 Figure 5b−
d compares the PES landscapes obtained by RC-SSW, R-BH,
and MD methods initiated from the same random config-
uration within 2 × 108 times energy/force calculations. As
shown, RC-SSW identified 9 characteristic conformation
funnels with the low energy configuration (<8 kcal/mol),
denoted using the letters A−I, which can be classified as five
types of conformation: β-hairpin (A−D), unfolding state (UF),
partially folded intermediate (E), α-helix (F, G), and rings (H,
I). Compared with RC-SSW, R-BH and MD locate fewer
conformations within the same times of energy/force

calculations, suggesting their lower ability to explore
conformations. For the general interests of chignolin in
theoretical chemistry,62−67 here we elaborate the structure of
different conformations.

The conformation A, the GM of chignolin, features a
standard β-hairpin as the secondary structure. It is charac-
terized by the hydrogen bonds HB1 (between the backbone
carbonyl oxygen of THR-8 and backbone nitrogen ASP-3) and
the mutant-HB3 (between the backbone carbonyl oxygen of
PRO-4 and backbone nitrogen of GLY-7) as reported by the
Wales group,21 which is slightly different from the native
conformation from PDB.46

The conformations B, C, and D are three mostly discussed
misfolded structure.66,67 They all maintain the β-hairpin
pattern but have one or more mis-linked hydrogen bonds in
their backbones. B misforms the hydrogen bonds between
oxygen of GLY-7 and nitrogen of GLY-1, hydroxyl oxygen of
ASP-3, and nitrogen of THR-6. C is characterized by its mis-
linked HB2 (between the backbone carbonyl oxygen of GLY-7
and backbone nitrogen ASP-3).66 D conserves the mis-formed
hydrogen bonds between oxygen of PRO-4 and nitrogen of
THR-8.

The UF states (see Figure 5b) with randomly aligned
backbones locate at the center region of the map, being at least
40 kcal/mol less stable than A. From UF to GM A, E is an
important intermediate, featuring a beta-turn with the
hydrogen bond between the backbone nitrogen of GLY-7
and the carbonyl oxygen of PRO-4. The formation of this β-
turn pattern is known to be a key step triggering the chignolin
folding.66

Interestingly, RC-SSW identifies two new types of misfolded
conformations that are not reported previously, namely, the α-
helix conformations (F, G) and the ring conformations (H, I).
The conformations F and G have a hydrophobic core from
THR-6 to TRP-9 that forms a stable α-helix. The remaining
sequence builds a random coil connecting to the α-helix by a
hydrogen bond between terminal nitrogen of GLY-1 and
carbonyl oxygen of the GLU-5 side chain. The main difference
between them originates from the side chain oxygen of THR-6,
which belongs to the α-helix. In F, it forms a hydrogen bond
with nitrogen of TYR-2, strengthening the attraction between
the α-helix and random coil. However, in G, it forms the
hydrogen bond with GLY-7 nitrogen, which also belongs to the
α-helix. Consequently, the center of mass distance between α-
helix (from GLY-1 to GLU-5) and random coil (from THR-6
to TRP-9) in G (6.24 Å) is much longer than that in F (4.50
Å), which suggests the loose interaction between random coil
and α-helix in G. Both conformations H and I have a ring
structure, featuring the hydrogen bonds between terminal
nitrogen of GLY-1 and terminal oxygen of GLY-10, and the
hydrogen bonds between oxygens of GLU-5 side chains and
backbone nitrogen from GLY-1, THR-6, and GLY-7. The
structural differences between H and I mainly lie in the
hydrogen bond contributed by the side chain oxygen of THR-
6. In H, the hydrogen bond is formed between THR-6 oxygen
and nitrogen of the TYR-2 backbone and TRP-6 side chain,
whereas in I, it is formed between oxygen of THR-6 and
nitrogen of THR-8. In addition, a hydrogen bond between the
PRO-4 backbone oxygen and TRP-9 side chain nitrogen is
present in I but not in H.

We note that the α-helix (F, G) and rings (H, I) have
smaller root-mean-square radii of gyration (Rg) than other
misfolded conformations (B, C, and D). This indicates that

Figure 4. Distribution of the first encounter time in finding the GM
versus energy/force calculation times. (a) Chignolin and (b) Trp-
cage. In (a), the results of RC-SSW and R-BH are compared, all
initiating from random configurations. The GM structures are
displayed in the insets for reference. The data for R-BH comes
from the previous results reported by the Wales group.21 The dashed
line indicates the 50% successful ratio of locating the GM (also see
Table 1).
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RC-SSW can better explore the condensed folding con-
formations (with smaller Rg) than the R-BH and MD methods.

The coordinates of all the folded/misfolded conformations
(A−I) have been provided as .pdb files in the Supporting
Information. These structures may facilitate the future
verification of the folding kinetics by enhanced MD68,69 and
by protein mutant experiments via NMR.64

3.2. Molecular Crystals. 3.2.1. Efficiency in GM Findings.
The crystal structure prediction of molecular crystals is another
significant challenge in structure prediction. Comparing with
inorganic crystals (such as TiO2, SiO2, and etc.), molecular
crystals generally have much smaller energy spacing between
different phases, and the transition between different crystal
phases can be very difficult due to the steric hindrance. For
example, there are 25 distinct minima within 1 kcal/mol in
urea crystals and the transition between phase A and phase B
need to pass the liquid region (the barrier is higher than 2
kcal/mol).49

By using RC-SSW, we explored three rigid molecular crystals
(ice, urea, and acrolein) and four flexible molecular crystals
from sixth CCDC blind test (XXII, XXIII, XXIV, and XXVI).
It should be mentioned that the traditional GM methods, such
as (rigid) BH, cannot be applied to variable cell periodic
systems, and thus our comparison is made between SSW and
RC-SSW, if possible. For each system, 40 independent runs
were performed from completely randomly generated crystal
structures for no more than 1 × 105 RC-SSW steps. The step

number required by 50% success rate in GM findings is
summarized in Table 1.

As shown in Table 1, locating the GMs for flexible molecular
crystals (occasionally ∼104 steps) always requires much more
RC-SSW steps than the rigid ones (∼102 steps). For the rigid
molecule crystals, i.e., ice, urea, and acrolein, only a few
hundred steps (719, 220, and 324) are required to hit the 50%
success rate in GM findings, respectively. By contrast, it can
take up to 97,278 steps for flexible molecular crystals, as in
XXIII that has the highest number of DOFs (10) for each
molecule. XXVI takes the least time, 1868 steps, mainly
because the GM only contains two molecules with a total of 10
rigid bodies. Compared to SSW, RC-SSW can significantly
speed up the GM search for rigid molecular crystals. In
particular, for acrolein crystal, the GM search using SSW
requires 74,303 steps, while it takes only 324 steps in RC-SSW.
The high complexity of the flexible molecular crystal forbids
the use of SSW to search for GM.
3.2.2. PES Landscape of the XXIII Crystal. Taking the most

complex XXIII crystal as an example, we analyzed the GM
search trajectories and the global PES from RC-SSW. This
molecule, also known as PD-118057, is a potential drug
candidate for heart disease that was first reported in 2005,70

which have five known crystal forms (A, B, C, D, and E), but
only four of them (A, B, C, and D) were successfully predicted
during the test.45 This molecule is the most flexible one in the
sixth blind test, containing 20 rigid bodies in the unit cell,

Figure 5. Global PES explorations for chignolin protein. (a) Name of amino acids in chignolin. The backbone is colored in cyan, and the Cα and
side chains of each residue are highlighted in balls and lines. (b−d) PES landscapes of chignolin obtained within 2.0 × 108 times of energy/force
calculations by RC-SSW, R-BH, and atomistic MD separately. The x and y axes correspond to the distance between ASP-3 backbone carbonyl
oxygen and GLY-7 backbone nitrogen, GLU-5 backbone carbonyl oxygen, and THR-8 backbone nitrogen, respectively. Besides high-energy
unfolding states (UF), 9 low-energy (<8 kcal/mol) funnels (A−I) are identified by RC-SSW with their energy (in kcal/mol) and root-mean-square
radius of gyration (Rg, in Å) labeled. Compared with RC-SSW, R-BH and atomistic MD only locate 5 (A−E) and 4 (A−C, E) conformation
funnels, respectively.
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which features a pair of hydrogen bonds between the hydroxyl
hydrogen and ketonic oxygen of two adjacent molecules.

Figure 6a displays the 40 RC-SSW trajectories by plotting
the energy against a rescaled step ratio (left of the figure),
where only the newly identified minimum that is exothermic
along the trajectory is recorded for clarity. The rescaled step
ratio is defined as the step number divided by the total steps.
On the right of the figure, we plot a one-dimensional density of
state (DOS) to count the trapping time of conformation within
1 × 105 RC-SSW steps for all trajectories. Specifically, within
104 steps, most (36) trajectories drop to an energy region
within 5 kcal/mol to the GM. Within 105 steps, 23 out of 40
trajectories succeed to locate the GM, and others are trapped
minima within 0.4 kcal/mol relative to the GM. For the known
crystal phases, three out of five can be found within 105 SSW
steps, i.e., phase A (4/40 runs), phase B (10/40 runs), and
phase D (6/40 runs), while Phase C is not identified. This is
because C is the least stable (2.6 kcal/mol higher than the
GM) among all known phases with the GAFF potential and
importantly can facilely transform to B phase, as found from
our transition pathway sampling (see Supporting Information
Figure S4 and the following subsection) and also by a previous
work.71 Importantly, the phase E, the one missed in the blind
test, is now identified by RC-SSW in one trajectory at 3.4 ×
105 steps. For trajectories that fail to locate the GM, they end
up trapping at two minima, denoted as F and G (as shown in
the DOS).

Figure 6b displays the energy rank of five known crystal
phases (A, B, C, D, and E) and 53 low-lying minima (<1 kcal/
mol in GAFF) identified within 40 trajectories. For interests,

the GAFF energies of the phases are compared with DFT
calculations using the BEEF functional with van der Waals
correction (BEEF-vdw)72 (see Supporting Information Section
S4 for details). As shown, using GAFF, 53 low-lying minima
mainly concentrate in the small energy window of 0.25−1
kcal/mol above the GM, and none of the five known crystal
phases are within 1.2 kcal/mol above the GM. The energy rank
follows B < D < A < E < C. By contrast, DFT predicts a larger
energy spacing for low-lying minima and particularly, the two
known phases, phase B and C crystal forms are now ranked as
the second and third most stable phase. The most stable phase
in DFT changes to the phase I (P21/c, #14, the structure
shown in Supporting Information Figure S3), 0.6 kcal/mol
more stable than phase C. The energy rank of the five known
crystal forms with DFT is C < B < E < D < A.

In Figure 6c, we have plotted the PES contour plot
generated from 4 × 106 minima obtained from RC-SSW
trajectories. The x-axis is the energy with respect to the GM,
and the y-axis is a Steinhardt-type order parameter with L = 4
(OP4)

73 to measure the molecular dipole pattern in crystal.
The vectors along the hydrogen bond direction (see Figure 6c,
inset) of molecules are utilized to compute OP4. In Figure 6c,
one can distinguish crystal phases from the amorphous ones,
which are roughly 5 kcal/mol above the GM in energy (dotted
line in Figure 6c). Above it, PES enters the amorphous region,
which has a high and continuous DOS (deep blue color),
containing numerous energy-degenerate structures; the center
of the amorphous region has an OP4 value of 0.53. Most
crystalline phases of XXIII fall into a narrow region with OP4
equal to 1.0 and energies ranging from 0 to 8 kcal/mol.

Figure 6. Global PES landscape and phase transition for the XXIII crystal. (a) The RC-SSW trajectories (40 runs) for finding the GM starting from
the random initial structure. The x axis is the step ratio, and the y axis is the relative energy with respect to the GM. The distribution of trapping
steps at specific energy level (a 1-dimensional DOS) within the 40 runs in 1 × 105 RC-SSW steps is shown besides with the corresponding trapping
states denoted. (b) Energy spectrum of low-lying minima, including 5 known crystal forms (A, B, C, D, and E) under GAFF and density functional
theory (DFT). The colors from blue to red denotes the energy rank from low to high under GAFF. (c) The two-dimensional global PES of XXIII
minima from SSW trajectories projected onto energy (y-axis, with reference to the GM) and structure fingerprint as described by the Steinhardt
type order parameter (L = 4). A, B, C, D, E, F, G, H, I, and GM are labeled by white cross. The dashed line represents the boundary between the
solid and liquid regions. (d) Three critical structures in the transition pathway from A to D, including A, TSAD, and D. Two sets of hydrogen bonds
are colored in red and black.
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Specifically, among 53 distinct metastable crystal phases below
1 kcal/mol, 40 have OP4 > 0.986. For the five known phases,
phases B, C, and E all belong to this region, while phases A and
D are distinct with OP4 being 0.55 and 0.75, respectively. We
found that for those minima with OP4 close to 1.0, the
hydrogen bonds are all parallel in space, indicating that the
hydrogen bond is a major driving force for the crystallization,
which is similar to that found in urea crystal.49 The second
most stable minimum H, 0.005 kcal/mol above the GM,
locates at a small OP4 (0.71). Nearby H, there is a seventh
most stable minimum I, being the most stable phase in DFT,
locates at OP4 0.76.
3.2.3. Phase Transition Mechanism of Five XXIII Crystal

Forms. To better understand the crystal phase between
different XXIII forms, we have performed the RC-SSW
reaction sampling by 4 × 105 SSW steps for each known
crystal phases, i.e., IS = A/B/C/D/E. Inherited from SSW
reaction sampling,26,41,49,74,75 RC-SSW also provides a power-
ful computational tool to understand the molecular crystal
phase transition. The distinct pathways are screened and
connected using VC-DESW methods, from which the
pathways with low barriers are refined using DFT calculations.
Below we will illustrate the representative A → D trans-
formation and the other transformation pathways, including A
→ B, B → C, and B → E, are detailed in Supporting
Information Figure S4.

Figure 6d highlights how A is transformed to D in the lowest
energy pathway. Although both A and D have similar layer-like
structures, their OP4 is quite different, suggesting the dipole
pattern changes from one phase to another. RC-SSW identified
the lowest energy pathway as a one-step reaction, which has a
high energy barrier of 31.9 kcal/mol, far above the liquid zone.
In the reaction, the most obvious structural change occurs at
the terminal chlorophenyls (Cl, green balls), which rotate
around the Ph−C (Ph: 3,4-dichlorophenyl) bonds by about
180°. Due to the steric effect of these terminal Cl, the volume
at the TS (TSAD, 2007 Å3) is 27% and 25% larger than the IS
(A form, 1576 Å3) and the final state (D form, 1608 Å3),
respectively, although the hydrogen bonding network in crystal
is reserved during this process. By analyzing the phase
transformation trajectory, we found that the high barrier is
caused by the steric repulsion due to the rotation of the
terminal aromatic ring. Therefore, the crystal phases with a
similar packing motif, such as A and D, do not necessarily have
a facile transformation pathway.

4. CONCLUSION
The RC-SSW method developed in this work represents a
powerful theoretical tool for exploring the PES of large
molecular systems with many DOFs. The RC-SSW includes
two important algorithm innovations: (i) the rigid-body chain
method to move connecting rigid bodies and (ii) the rigid-
body−lattice coupling algorithm to allow the cooperative
movements between rigid-body and variable lattice. By
combining these two methods with the SSW method, a global
optimization method using the second-derivative information,
we achieve highly efficient global exploration for large
molecular systems with different geometries, as demonstrated
in two model proteins (up to 20 AAs), three rigid molecular
crystals, and four flexible molecular crystals from the sixth
blind test as benchmarks (up to 172 atoms). In particular, RC-
SSW achieves more than 10 times speed-up in locating the GM
of model proteins along with the finding of many more low

energy conformations and identifies missed low energy phases
of challenging molecular crystals in the sixth CCDC blind test.
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