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We propose a simple and general mesoscale soft patchy particle model, which can felicitously de-

scribe the deformable and surface-anisotropic characteristics of soft patchy particles. This model
can be used in dynamics simulations to investigate the aggregation behavior and mechanism of
various types of soft patchy particles with tunable number, size, direction, and geometrical ar-
rangement of the patches. To improve the computational efficiency of this mesoscale model in
dynamics simulations, we give the simulation algorithm that fits the compute unified device ar-
chitecture (CUDA) framework of NVIDIA graphics processing units (GPUs). The validation of
the model and the performance of the simulations using GPUs are demonstrated by simulating
several benchmark systems of soft patchy particles with 1 to 4 patches in a regular geometrical ar-
rangement. Because of its simplicity and computational efficiency, the soft patchy particle model
will provide a powerful tool to investigate the aggregation behavior of soft patchy particles, such
as patchy micelles, patchy microgels, and patchy dendrimers, over larger spatial and temporal
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scales.

1 Introduction

Patchy particles with specificity and directionality, have
brought an almost unprecedented revolution in materials sci-
ence!"13.  Recently, a vast collection of ordered and disor-
dered self-assembled structures had been achieved in experi-
ments and simulations through the rational design of patchy par-

712-14 " For instance, biomimetic helices1>-1° (e.g. sin-

ticles
gle, double, triple, and even Boerdijk-Coxeter helices), low-
coordinated two-dimensional (2D)20-24 (e.g. square, Kagome,
and honeycomb) and three-dimensional (3D)2°2° (e.g. dia-
mond, simple-cubic, pyrochlore, and perovskite) open lattices,
dodecagonal quasicrystal3%31 empty liquid32-33, and colloidal
gels and glasses3436 which are difficult or even impossible to
realize by colloids with isotropic interactions, have been obtained
from the self-assembly of patchy particles. These self-assembled
structures possess diverse potential application in biomaterials,
optics, photonics, microelectronics, catalytic supports, and novel
structural and functional materials®11:12:15,37.38  Meanwhile,
patchy particles can serve as very useful model systems to under-
stand the long-standing fundamental questions such as the forma-

39-42_the collective behavior of living systems 4344,

45-47

tion of glasses
and the crystallization of proteins
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Besides aforementioned hard patchy particles, another major
category of patchy particles is soft patchy particles (SPPs), which
play an important role in bridging the gap between ultra-soft
block copolymers and hard patchy particles*->3, and thus repre-
sent a large class of novel building blocks for desired aggregated
structures 1248:51-54 I contrast to conventional hard and non-
deformable patchy particles, SPPs are flexible and deformable,
and have been realized as patchy micelles from the self-assembly
of block copolymers>%55-62  single-patch Janus microgels by
atom transfer radical polymerization or Pickering emulsion-based
method®3:%4, and single-patch Janus dendrimers®5:%¢ and hy-
perbranched polymers®” by divergent or convergent approaches.
The softness and deformability of SPPs can be quantitatively de-
scribed by the elastic modulus®1>3, and tuned by varying the
cross-linking density>>98, the grafting density®3, the number of
primary branches, the density of radial branches®%°  and so
on. Due to their soft and deformable characteristics, SPPs ex-
hibit fascinating aggregation behaviors into a variety of striking
new self-assembled structures, and accordingly show novel ag-
12,50-53,62,67  Thus, SPPs bring new ex-
citement to materials science, and will attract more attention on

the self-assembly of novel and designable soft functional materi-
alg 50,61,62,65,67

gregation mechanisms

As described above, SPPs mostly consist of a large number of
monomeric units. Their sizes typically range from about 10 nm
to 1000 nm, and even up to the micrometer scale49-50.61,62,65.
the length scales of their aggregated structures will be much
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larger. Thus, the aggregation phenomena of SPPs involve both
the microscopic and mesoscopic scales. It is an extremely chal-
lenging task and also a more feasible strategy to gain insight
into the aggregation behavior and mechanism of SPPs via com-
puter simulation. Because of the complex microscopic architec-
tures of SPPs, mesoscopic coarse-grained methodologies are bet-
ter choices to provide solutions to clarify the aggregation behav-
ior of SPPs50,62,65,67,69,70 Eor example, coarse-grained molecular
dynamics by fitting all-atom simulations of the Janus dendrimer
bilayers has provided a scheme for simulating the self-assembly of
single-patch Janus dendrimers®%%°, and a first-principle coarse-
graining procedure has been employed to investigate the hierar-
chical self-assembly of telechelic star polymers>%-62, Neverthe-
less, to date, there are still no general mesoscopic coarse-grained
models available for investigating the aggregation behavior of
various types of SPPs with tunable softness. Actually, several gen-
eral patchy models®, including rigid-body patchy models371,72,
spot-like patchy models3273-75 and extended Kern and Kern-
inspired patchy models1434.76-80 have been successfully devel-
oped for hard patchy particles, which may serve as useful ref-
erences for developing general mesoscopic model for SPPs. In
our previous works, a simple single-site mesoscale model that
can reflect the soft and deformable characteristics of soft Janus
particles, has been proposed to study the self-assembly of soft
one-patch and triblock Janus particles>~>3. But, this single-site
soft Janus particle model is specifically designed to describe one-
patch particles®! and two-patch particles with patches on oppo-
site poles®2°3 which is not applicable to describe multi-patch
particles.

Therefore, in this study, we mainly aim to develop a general
and effective mesoscale model to describe the aggregation behav-
ior of SPPs with tunable number, size, direction, and geometrical
arrangement of the patches. In our model, each patchy particle
is represented by a single spherical particle with a given num-
ber of attractive patches whose geometry is specified by a set
of patch vectors. The interaction between SPPs is described by
a single-site soft anisotropic attractive potential that can reflect
deformable and surface-anisotropic characteristics of SPPs. As
compared with models consisting of patchy particles formed by
a number of beads arranged in a regular lattice371.72, the ma-
jor advantage of our single-site patchy particle model is simple,
easy to implement, and computationally efficient. This single-site
anisotropic potential provides an easy way to generate a wide
range of patchy particle models with different anisotropies, sim-
ply by changing the number, size, direction, and geometrical ar-
rangement of patches. Another advantage of our patchy particle
model is that the single-site anisotropic potential can be used to
describe various types of SPPs with different degrees of particle
softness. The simulation parameters in this potential can be fixed
from the experimentally measurable particle properties. Thus,
our soft patchy particle model can also be directly mapped onto
experimental systems in different conditions®1-53,

Due to high computational performance, graphics processing
units (GPUs) are becoming an increasingly important element
of computer simulation’281-86 Several highly optimized GPU-
accelerated molecular dynamics (MD) packages have been de-
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signed for investigating polymeric systems efficiently, such as
GROMACSS8!, LAMMPS®2 AMBER?®&3:84 HOOMD-blue’2, and
GALAMOSTS®>. In order to improve the computational efficiency
of this soft patchy particle model in dynamics simulations, we
give the simulation algorithm that fits the compute unified de-
vice architecture (CUDA) framework of NVIDIA GPUs. The vali-
dation of the model and the performance of the simulations using
GPUs are demonstrated by simulating several benchmark systems
of SPPs with 1 to 4 patches, that adopt spherical, linear, triangu-
lar, and tetrahedral geometries. With the simplicity and efficiency
of the mesoscale model and the formidable computational power
of GPUs, the soft patchy particle model allows us to simulate the
aggregation behavior of SPPs over greater length and time scales.

2 Soft patchy particle model

In our model, we describe deformable and surface-anisotropic
characteristics of SPPs via a single-site soft anisotropic attractive
potential, inspired by the soft-particle model in dissipative parti-
cle dynamics (DPD)®” and the Kern-Frenkel model”®. The pro-
posed anisotropic potential is expressed as

R M M;
afa;; i\ 2 i My N i [ i\ 2
=5 (1*%) -X ):lfv (n;(snj-rij) 5 J*(#) rij < djj

Uij = 2 ij K=1— "ij ij
0 rij > djj,
(€D}
where
cos zof cos ﬁ if cos 8 > cos 6 and cos 8% > 6}
f(nf,n%,r,y) = 208 7 204 =T m J =
0 otherwise.

2

Here, r;; is the distance between the centers of particles i and
J» di and d; are the diameter of particles i and j, respectively,
and d;; = (d; +d;)/2. So the effect of the size polydispersity of
patchy particles can be considered in our model. But for sim-
plicity, we choose d;; = d; = d; = 1.0 as the unit of length in this
study, define the interaction cutoff radius r. = d;;, use kgT as the
unit of energy, and choose the mass m; of the particle as the unit,

thus the time unit 7 = , /midfj /kpT >1-53.88 _ Al] the variables and

parameters in the following are given in reduced units. As illus-
trated in Figure la, the green parts of the particle surface rep-
resent the attractive patches, M; and M; are the number of the
attractive patches of particles i and j, the directions of the attrac-
tive patches k¥ (k =1, M;) and A (A =1, M;) on particles i and
j are specified by patch vectors nf and n;l, respectively, both of
which are unit vectors. 6/ is the angle between nf and the in-

terparticle vector rj; = r; —r;, and 9} is the angle between n;l

R ¢ - " K _ Ko g /e A_
and r;; (r;; = —r;;), and then cos % = —nf -r;;/r;; and cos Gj =
A
J
9} = arccos(cos 9}) = arccos(njl -r;j/rij). The sizes of the attrac-

n’ -r;j/rij. Thus, 6/ = arccos(cos 6}) = arccos(—nf -r;;/r;;), and

tive patches x and A are described by 6 and 6}, which are half of
the opening angle of the attractive patches (i.e. the semi-angular
widths of the patches). The fraction of surface of particle i cov-
ered by the M; attractive patches, y, is related to 6, by the rela-

M; K
tion y = ¥, sin%(%)7680, In Eq. 1, the magnitude of aff controls
k=1

This journal is © The Royal Society of Chemistry [year]
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the strength of repulsion, ocl‘.‘} controls the strength of attraction
between the attractive patches, and v controls the angular width
of the attraction. Thus, both a;‘} and v control the flexibility of
patchy particle aggregates. As described above, due to the sim-
plicity and efficiency of this single-site anisotropic potential, it is
very easy and convenient to obtain a wide range of patchy par-
ticle models with different anisotropies, simply by changing the
number M;, size 6, direction n¥, and geometrical arrangement
of the patches of particle i. In this study, several typical patchy
particle models with M; = 1 to 4 patches, which are regularly ar-
ranged in spherical, linear, triangular, and tetrahedral geometries
(as shown in Figure 1b), are used to evaluate the performance of
the soft patchy particle model.

Fig. 1 (a) Graphical representation of soft patchy particle model. In this
example, there are two patches regularly arranged in a linear geometry.
(b) Typical patchy particle models with M; = 1 to 4 patches, regularly
arranged in spherical, linear, triangular, and tetrahedral geometries,
respectively.

Our soft patchy particle model can also be directly mapped
onto experimental systems in different conditions in the same
way as the soft Janus particle model®'~>3. The parameter o
is related to the linear elastic modulus E of the particle by af} =
nEd2;; /659, Here, d,yy is the effective diameter of soft patchy
particle, and can be estimated by d.fr = (off + o1} /2) / (eff + o).
If & is defined as the range of attraction related to the effec-
tive diameter d.rr, and (14 8)d.rr = d;j, then § is also related
to off and o} by & = &}/(2af + &;}). The energy minimum
of the attractive potential at r;; = d,ss gives the adhesion en-
ergy G = —U/"™ = ai(1 — dosy) /4, which determines the asso-
ciation strength between patchy particles and can be tuned by
altering the salt concentration, pH, or temperature in experi-
ments >389, Thus, the simulation parameters ¢ and o4} can be
fixed from experimentally measurable particle properties includ-
ing the elastic modulus E, the effective diameter d,r, and the
adhesion energy G. In the simulations, changing O‘S and oc{} cor-
responds to varying the elastic modulus E and adhesion energy
G, respectively. Therefore, our soft patchy particle model can be
used to describe various types of SPPs with different degrees of
particle softness.

This journal is © The Royal Society of Chemistry [year]
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3 Algorithm and Implementation

In dynamics simulations, all patchy particles have the position
r;, velocity v;, angular momentum L;, angular velocity w;, nor-
malized quaternion q;, mass m;, moment of inertia tensor I;, and
number of the attractive patches M;, and all attractive patches
have the direction n¥ and size 6. Here, the normalized quater-
nion q; = (gi0,9i,1,4i2.¢3) is introduced in order to describe the
orientation of patchy particle i, and generate a minimal represen-
tation of the rotation matrix from the body frame to the space

frame 729192
b
eS:A(qi)e ) (3)
with
4i0% +ai1® —gi2® —4i3® %(‘Ii.llli,z ~4i04i3) 2(qi14i3 +49i09i2)
A (qi) = 2(gi,19i2 +4i.09i3) 0% —qin* +4i2> —4i3 2(gi249i3 — 4i.09i.1)
2(gi,19i3 — 9i.092) 2(gi249i3 +4i.04i1) 4i0° —4i1” —4i2” +4i3
@
and
q,-‘():cos%cos (—4’;"/)7 gi1 :sin%cos —‘p;"’ , )
5
qip = sin%sin (%) ,  gi3=Cos g sin ‘HTW ,

where 0, ¢, and y are the Euler angles in the standard con-
vention’%>%1.92 In the body frame, a patchy particle’s center of
mass is at the origin and the moment of inertia tensor If’ is di-
agonal 722192 For spherical patchy particles with homogeneous
mass distribution mainly considered in the present model, the
moment of inertia tensor If’ is taken as unit diagonal matrix for
the sake of simplicity. Although the space-fixed direction of the at-
tractive patches nf varies with time in the simulations, the body-
fixed direction nf” will not change provided that nl’.d’ is specified
in the body frame at the beginning of the simulations. The trans-
formation of the directions from body-fixed frame to space-fixed
frame is handled in a manner analogous to Eq. 3,

n¥ = A(q)nf”. (6)

The motion of patchy particles is governed by Newtonian me-
chanics7>91.92 and the equations of motion of the particles in the
space frame are given as

I"i =V (7)

b= 10 ®)
m;

Li = 1’-17 (9)

. 1

q= Es(qi) o;, (10

where F; =Y ;F;; and 7; = }; 7;; are the force and torque acting
on patchy particle i due to all its direct neighbors, respectively. In
Eq. (10),

o; = (0,0, 0, 0f) = A(q,) (1)) 'AT (q;)L;, 11
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and

qi0 —9i1  —4i2 —9i3
qi,1 qi,0 qi3 —dqi2
qi2  —4i3 qi,0 qi,1
qi3 qi2 —dqi,1 qi,0

(12)

The force between two neighboring patchy particles F;; is given
by the derivation of Eq. (1),

.. 8U,~‘,~
Y ar,-j
M; M;
_ R rij \ Yij oy ( ) (1 rij) rij
= 1——|—=+ , 7rA A
& ( dij) rij Ku—l{ s (nfomyor) (2 dij ) rij
A 2
b R BT W (nK ot r,{) L
2 |dij  \dj PN 205 M 20) dcosOF
dcosOf w6} . nor 96} Jcos6t  gox
——+b cos — + ——sin —2- cos ,
arij 29,% 29’L 20} acosel Ir;j 20
(13)
where
26K 0 if cos? 6 =1 14
dcosOf _7\/1*CI°W otherwise, )
39]/1 0 if cos? 9]’»1 =1 a5
= 1 ;
9cos 6 j;L By 7 otherwise,
aCOSGiK:7ﬁ+(an~I;‘j)l'ij7 16)
al‘,‘j rij rij
and
dcos0t n* (n}? 'rij) rjj
J ] 173 17)

Br,-j rij rij

The torque 7;; acting on patchy particle i due to its neighboring
particle j is given by

2
i (T v-1 A )
[du‘ (dtj) }Vf (n“ A

o TOF 90K w0} v
720K dcosOf 201 rij’

(18)

The equations of motion of patchy particles in Egs. (7)-(10) are
numerically integrated via a velocity-Verlet-like algorithm7291,
Firstly, the velocity and angular momentum at time ¢ + %St, and
the position and orientation at time 7+ 0t are calculated using the

4| Journal Name, [yeat], [vol.], 1-9

equations
vi(t+ = SI)— ,()+ 6 m(i) 19)
v (0480) = 1 (£) + Stvi(e + %&), (20)
Li(t+ %St) =L;(r)+ %611:,- (1), 2D
@i +60) =0 <q,- (t),6t,a)i(t+%6t)), 22)

where the angular velocity ; (¢ + 15¢) is calculated via Eq. (11),
and the function Q is an application of the Richardson method 72
to reduce the error in integrating the Eq. (10). The Richardson
method to update quaternion q; from ¢ to ¢ + 8¢ is implemented
as follows:

{1+ 80) = A (a (0)) () AT (@ () L+ 560), 23)
q:(t 16t—IS (1)) ok(t 15t (24)
q;( +§ )= 5 (q; (1)) @;i( +§ )s
(1 81) = ;1) + 81 + 3 81), (25)
It 16t =q;(t 161"t 151‘ (26)
Qi(+§ )—q,()+§ qz‘(+§ )s

o+ 360 = (ait+ 500 ) 42 AT (a4 380 ) i+ S,

@7
it + %5;) - %s (q;(t+ %61)) ol (t + %ar)., 28)
QY+ 81) = a1 + 3 81) + 811+ 30, 29)
qi(t+8t) = 2q) (t + 8t) — ¢} (t + 8¢). (30)

To preserve the constraint q,',o2 -I—q,',12 +qz',22 +qi,32 =1, all the
quaternions in Egs. (23)-(30) should be renormalized after being
updated®!. The force F; and torque 7; at time ¢ + &¢ are then
calculated based on the position and orientation at time 7 + 61,
and the velocity and angular momentum are advanced fully to
t + 8t using

Lo+ o),

i

vi(t+6t) =vi(t+ (31

Li (1 81) = Li(t+ 3.80) + 5805 (1 +51). (32)

In the present model, the simulations are performed in the NVT
ensemble. The Nosé-Hoover (NH) thermostat is used to con-
trol the temperature at target value®3. The coarse-grained sol-
vent particles are explicitly considered in the simulations, and
for a system of N particles, the number of patchy particles is
N, = N x ®, and the number of spherical solvent particles is

Ny =N x (1 —®) (P is the concentration of patchy particles in

This journal is © The Royal Society of Chemistry [year]
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solution). The solute-solvent and solvent-solvent interactions
follow the first term of Eq. (1). The equations of motion of
the solvent particles are numerically integrated via the standard
velocity-Verlet algorithm®!. Then, the data structures required
to implement the above velocity-Verlet-like algorithm consist of
the following quantities for each patchy particle: N,, m;, If’, r;,
vi, Li, 0, q;, n}‘b, F;, and 7;. The NH thermostat is applied
to both solvent particles and patchy particles to achieve better
temperature control. It should be noted that the coarse-grained
model may lead to the reduction in degrees of freedom of sol-
vent particles, and therefore, result in different entropy. But this
problem can be partially solved by constructing effective coarse-
grained potential that is designed to reproduce correct structure
and thermodynamic properties of a given system at a specific con-

dition 51:53,87.89,90,94,95

Algorithm 1 Numerical integration of the equations of motion of soft patchy particles

Kernel 1 The first step of the velocity-Verlet-like algorithm
Require: (N, /blockDim) blocks run on the device
1. i < blockldx.x* blockDim.x +threadldx.x
2.if i < N, then
3. vi=vi(t),r=r)
Li=Li(t), ¢ = q; (t)
F, = F; (1), 1, = 7, (1)
Vi(t+81/2) < vi(t)+ 181
Vi < Vi(t+61/2)
r; <1 (1) +81vi (t+61/2)
L; (t+8t/2) < Li (t) + 3 617 (¢)
10. L;<L;(t+6t/2)
1. o (t+6t/2) « A (1) (1) AT (a; (1)) Ly (1 4 6/2)
12. q; < 0(q;(t),6t,0;(t+ 61/2))
13. end if
Kernel 2 Calculating the force and torque
Require: (N,/blockDim) blocks run on the device
1. i <= blockldx.x* blockDim.x + threadldx.x
2.if i < N, then
r; = r;(1+61), q; = q; (t + 6t)
4. F;(t+61)<0,7,(t+61) <0
5. fork=0toM;—1do
6. nf (¢ +81) « A(q; (4 81))n”
7
8
9

F;(1)
;

0 XNk

Rad

end for
for k=0to NN[i] — 1 do
J < NLI(i, )]

10. rj =r;(t+01),q; = q;(t+6t)
11. rjj(t+6t) < r;i(t+81) —r; (t+ 6t)
12. for L =0toM;—1do
13. (14 61) < A(q; (1 +80)n?’
14. end for
15. F;(t+08t) « F, (1 +80) +F;; (rij(t+5t)¢n;‘(t+51)ﬁn‘/} (r+5t))
16. T+ 81) T (14 81) + 1y (r,», (t+81),nf (1 + 1), (z+5z))
17.  end for
18. F; < F;(1+61), 1, < 7; (1 + 61)
19. end if

Kernel 3 The second step of the velocity-Verlet-like algorithm
Require: (N, /blockDim) blocks run on the device
1. i < blockldx.x* blockDim.x +threadldx.x
2. if i < N, then
3. vi=vVi(t+61/2),L; = L; (t+61/2)
4. Fi=>F;(1+01), 1 = 1;(t+ 1)
5. vi(t+81) < vi(t+6t/2)+ %st%ﬁ”
6. Li(t+81) < L;(r481/2)+ 38t (t+ 8t)
7. end if

This journal is © The Royal Society of Chemistry [year]
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To optimize the performance of the soft patchy particle model,
we give the algorithm that can take full advantage of current
GPUs. All data structures are stored in device memory, and all
integration steps are performed on the GPU7285, The integration
of Newton’s equations of motion for patchy particles in Egs. (19)-
(32) is implemented on GPUs using three kernels given in Algo-
rithm 1. In the pseudocode of these three kernels, device mem-
ory reads and writes are denoted by = and < respectively, local
memory writes are denoted by « 728>, As shown in Algorithm 1,
one thread is assigned for each patchy particle. The first step of
the velocity-Verlet-like algorithm is performed in Kernel 1. Each
thread firstly loads state data describing its assigned patchy par-
ticle from global memory, advances the velocity, position, angu-
lar momentum, and orientation of each patchy particle following
Egs. (19)-(22), using the current values of the loaded quantities,
and finally writes the updated state data to global memory. Ker-
nel 2 evaluates the forces and torques from the updated positions
and orientations in Kernel 1. The neighbor list (NL) and neighbor
number (NN) arrays in Kernel 2 record the tags and the number
of the neighboring particles of each patchy particle, respectively.
As in Kernel 1, each thread loads position and orientation for as-
signed patchy particle from global memory, calculates the force
F;; and torque 7;; acting on patchy particle i due to its neigh-
boring particle j, and then the force F; and torque 7; acting on
patchy particle i due to all its direct neighbors are summed and
written out to global memory. In Kernel 3, the second step of
the velocity-Verlet-like algorithm is performed, the velocity and
angular momentum of each patchy particle are updated fully to
t + 6t via Egs. (31) and (32); one thread is assigned for each
patchy particle in a way analogous to Kernel 1. Meanwhile, the
standard integration kernels, similar to Algorithm 1 except that
only the integration of the equations of translational motion for
isotropic particles is performed, are used to update the solvent
particles to the next step following the standard velocity-Verlet
algorithm 891,

4 Validation and Performance

The soft patchy particle model is implemented in GALAM-
OST?8> package. Various quantities, including transitional and ro-
tational energies, momenta, temperatures, as well as temperature
and pressure stability 78> are scrutinized to validate the model.
Several typical patchy particle systems with M; = 1 to 4 patches
(regularly arranged in spherical, linear, triangular, and tetrahe-
dral geometries given in Figure 1b) are chosen as the benchmark
systems and simulated to compare the self-assembled structures
and evaluate their relative performances.

In our previous work, the self-assembly of soft one-patch Janus
particles had been successfully investigated with the aid of soft
Janus particle model®!. Due to the deformable and anisotropic
features of soft Janus particles, a number of fascinating hierarchi-
cal superstructures, especially double helices and single helices,
are observed by properly tuning Janus balance and the strength
of attraction between attractive patches®!. Here, to validate our
newly developed soft patchy particle model, we follow Ref.>! and
choose the benchmark system that consists of 192000 particles in
a 40 x 40 x 40 cubic box with periodic boundary conditions. The

Journal Name, [year], [vol], 1-9 |5
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number of soft one-patch particles is N, = 192000 x &, the number
of solvent particles is Ny = 192000 x (1 — ®), ® = 5%, ocf;- = 396,
v =1/2, and 6¥ = 120°. In the body-fixed frame, the patch vec-
tor of the one-patch particle in Figure 1b is n} = (0,0,1). Each
simulation starts from an initially isotropic configuration, and is
executed using GALAMOST on GeForce GTX 980. After equilib-
rium, as shown in Figure 2a and b, SPPs with one patch also
self-assemble into double helices at al‘.‘} =220 (i.e. the adhesion
energy G ~ 10.00 kgT), and single helices at a;‘}- =330 (G~ 19.00
kgT), in remarkably good agreement with the results in Ref.>.

(b)

Fig. 2 Helical structures self-assembled from soft one-patch particles
in Figure 1b for different o while keeping o;f =396, v = 0.5 and
0 =120°: (a) double helices (oc;‘} =220, i.e. G~ 10.00 kgT) and (b)

single helices (a;} =330, i.e. G~ 19.00 kgT).
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Fig. 3 Ordered HC and BCT packing structures formed by soft patchy
particles with two patches in Figure 1b when al.’; =396, a,-A;- =88 (G ~2.00
kgT), and v = 0.5: (a) top view of HC structure (6,5 = 45°), (b) side view
of (a), (c) top view of BCT structure (6% = 60°), (d) side view of (c).

The ordered packing behaviors of soft two-patch particles with
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a linear patch geometry as shown in Figure 1b are simulated,
and the corresponding results are compared with those of soft tri-
block Janus particles in Ref.>2. In the body-fixed frame, the patch
vectors of the two-patch particle in Figure 1b are n! = (0,0,1)
and n? = (0,0,—1). The same parameter values are chosen as in
Ref. 52, with N, = 24000, ® = 100%, o = 396, &} = 88 (G ~2.00
kgT), and v = 1/2. As shown in Figure 3, the ordered hexago-
nal columnar (HC) and body-centered tetragonal (BCT) packing
structures are also observed for the soft patchy particle model, at
the same conditions as in Ref.>2 with 6% = 45° and 6% = 60°.
Therefore, our soft patchy particle model can successfully de-
scribe the aggregation behaviors of soft one-patch and two-patch
particles.

In order to verify the ability of this soft patchy particle
model to simulate the aggregation behavior of soft multi-
patch particles, we study the self-assembly of soft three-patch
and four-patch particles with regular triangular and tetrahe-
dral arrangement of the patches respectively, using GALAM-
OST package on GeForce GTX 980. In the body-fixed frame,
the patch vectors of the three-patch particle in Figure 1b are
n} = (0,0,1), n? = (0.8660,0,—0.5), and n} = (—0.8660,0,—0.5),
and the patch vectors of the four-patch particle in Fig-
ure 1b are n! = (0,0,1), n? = (0.8165,-0.4714,-0.3333), n} =
(—0.8165,—0.4714,—0.3333), and n! = (0,0.9428,-0.3333). The
simulated systems also consist of 2.4 x 10* particles with & = 5%,
al.’j. = 396, a;‘j =220 (G ~ 10.00 kgT), and v = 1/2. According
to Refs.>2, the size of the attractive patches 6% is chosen as
60X = 45° to satisfy the single-bond-per-patch condition. A time
step 8¢ = 0.0027 is used. To obtain well-ordered self-assembly
structures, the annealing method in Refs.529 is adopted in the
simulations. The total simulation time is 2.5 x 107 8¢, which con-
tains three stages. The first 8.0 x 10°87 is the relaxation stage at
T = 1.0. The following 5.0 x 10°8¢ is the annealing stage, which
contains five annealing cycles. In each cycle, the temperature in-
creases from 1.0 to 3.0 gradually in 5.0 x 1078z, and then back to
1.0 also in 5.0 x 1038¢. The last 1.2 x 107 8¢ is the equilibrium stage
at T = 1.0 for obtaining the ordered self-assembly structures.

(b)

Fig. 4 (a) Graphene-like two-dimensional structure with a hexagonal
honeycomb lattice and (b) diamond lattice structure self-assembled from
soft three-patch and four-patch particles with regular triangular and
tetrahedral arrangement of the patches in Figure 1b respectively, at

ok =396, aff =220 (G ~ 10.00 k3T), v =0.5, and 65 = 45°.

As shown in Figure 4a, soft three-patch particles with a regular

This journal is © The Royal Society of Chemistry [year]
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triangular arrangement of the patches can self-assemble into the
graphene-like two-dimensional structure with a hexagonal hon-
eycomb lattice, which accommodates a large potential in opto-
electronic applications®”-?8. As can be seen in Figure 4b, soft
four-patch particles with a regular tetrahedral patch arrangement
are able to stabilize the diamond lattice structure, which is very
similar to the observation in the hierarchical self-assembly of
telechelic star polymers from SPPs to diamond crystals %2, Up
to now, the diamond lattice structures have attracted consider-
able attention in the field of patchy particles3473.79:99 due to
their potential applications in photonics and bio-sensing 100-101,

The performance of the soft patchy particle model imple-
mented in GALAMOST is obtained by simulating several typical
systems of SPPs on GeForce GTX 980, as shown in Figure 5. As
suggested in Ref.85 besides all hardware-related factors, the per-
formance of GALAMOST is also influenced by a range of factors
such as particle softness, integration time step, and simulation
parameters. Thus, for the sake of performance comparison, all
the chosen benchmark systems have identical simulation settings
with the number of patchy particles, N, = 1200, the number of sol-
vent particles, Ny = 22800, aft = 396, o} = 220 (G ~ 19.00 kgT),
v=0.5, 6f =45°, T =1.0, and 8¢t = 0.0027. Each benchmark sim-
ulation is performed 2 x 10° time steps, and the performance data
in Figure 5 are obtained from the average over the last 1 x 10°
time steps.

T T T

Soft one-patch model 1384

Soft two-patch model 1222

Soft three-patch model 1055

Simulaiton models

Soft four-patch model 866

I

400 800 1200 1600
Performance (time steps per second)

o

Fig. 5 Performance of the soft patchy particle model implemented in
GALAMOST obtained by simulating several typical systems of soft
patchy particles in Figure 1b on GeForce GTX 980. The performance
data are measured by time steps per second. All these systems have
identical simulation settings with the number of patchy particles,

N, = 1200, the number of solvent particles, N; = 22800, a}? =396,

ot =220 (G~ 19.00 kgT), v = 0.5, and 6,5 =45°.

In order to describe the aggregation behavior of SPPs with
tunable number, size, direction, and geometrical arrangement
of the patches, the quaternion method is used to describe the
surface-anisotropic characteristics of patchy particles, which will
consume some computational time in the simulations. Neverthe-
less, the performances of these soft patchy particle models imple-
mented in GALAMOST are quite high, and only decrease slightly
with increasing the number of the patches, as shown in Figure 5.

This journal is © The Royal Society of Chemistry [year]
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Even for the most computational time-consuming soft four-patch
model, only about three hours are needed to run a simulation of
1 x 108 time steps. Therefore, the performance of the soft patchy
particle model implemented in GALAMOST is very satisfactory.
Our soft patchy particle model is a good candidate to simulate
the aggregation behavior of various types of SPPs.

5 Conclusions

In summary, we introduce a simple and general mesoscale soft
patchy particle model, capable of investigating the aggregation
behavior and mechanism of various types of soft patchy particles
with tunable number, size, direction, and geometrical arrange-
ment of the patches. The simulation algorithm, that fits the CUDA
framework of NVIDIA GPUs, is reported in detail to improve the
computational efficiency of this mesoscale model in dynamics
simulations. The validation of the model and the performance
of the simulations using GPUs are presented by a series of bench-
mark model tests. In the present study, we choose several typical
patchy particle models as the benchmark systems only to evaluate
the performance of the soft patchy particle model, rather than to
model any one specific system. Specific soft patchy particles will
be modeled as building blocks to show how to self-assemble de-
sired structures by rational design of soft patchy particles. These
minimal models are helpful to deepen our understanding on the
fundamental questions such as the formation of glasses, the col-
lective behavior of living systems, the crystallization of proteins,
and so on. Efforts in these directions are underway. Further-
more, despite its success in describing soft patchy particles with
surface chemistry anisotropy, a major drawback of the present
soft patchy particle model is that it is not applicable to describe
shape-anisotropic patchy particles. Therefore, the development of
an effective mesoscale model, designed to simulate the aggrega-
tion behavior of soft patchy particles with both surface chemistry
anisotropy and shape anisotropy, will also be the focus of our fu-
ture study.
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VOV

Seft-Patchy Particle Model

A simple and general mesoscale soft patchy particle model is proposed to investigate the

aggregation behavior and mechanism of various types of soft patchy particles with tunable number,
size, direction, and geometrical arrangement of the patches.



