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Широкое использование органических нанокристаллов требует более глубокого пони-
мания механизмов их зародышеобразования. В частности, предстоит выяснить начало 
зародышеобразования, хотя были предприняты огромные усилия как в эксперименталь-
ных исследованиях, так и в исследованиях с использованием моделирования. B этом ис-
следовании мы проводим моделирование молекулярной динамики (МД), подкрепленное 
квантово-механическими (DFT) расчетами, чтобы понять механизмы зарождения орга-
нических нанокристаллов перилена. Наши расчеты DFT показывают, что молекулярная 
укладка лицом к лицу и лицом к краю может в конечном итоге привести к образованию 
нанокристалла перилена типа елочки. С другой стороны, результаты моделирования ме-
тодом МД показывают образование кластеров, которое продолжается с зарождением 
кристаллов в форме однонаправленного или разнонаправленного роста, в зависимости 
от скорости подачи молекулы перилена в вакууме. Это исследование поможет лучше 
понять процесс управления ростом органических нанокристаллов в современной нано-
технологии. 

Ключевые слова: органический нанокристалл, механизм зародышеобразования, молекулярная 
динамика, квантово-механические расчеты, эффект кластеризации. 

The wide application of organic nanocrystals requires a deeper understanding of their nuclea-
tion mechanisms. In particular, the onset of nucleation still needs to be elucidated, although 
tremendous efforts have already been made in both experimental and simulation studies. In 
this research, we conduct molecular dynamics (MD) simulations, supported by quantum-
mechanical (DFT) calculations, to understand the mechanisms of the nucleation onset of or-
ganic perylene nanocrystals. Our DFT calculations indicate that face-to-face and face-to-edge 
molecular stacking can ultimately lead to the formation of a herringbone-style perylene nano-
crystal. On the other hand, the results of MD simulations show the formation of clusters, which 
continues with the crystal nucleation in the form of unidirectional or multidirectional growth, 
depending on the feeding rate of perylene molecule in vacuum. This research helps to better 
understand the control of the growth of organic nanocrystals in modern nanotechnology. 

Keywords: organic nanocrystal, nucleation mechanism, molecular dynamics, quantum-mechanical cal-
culations, clustering effect. 
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I. Introduction 

Organic nanocrystals (ONCs) are being used for  

 
several technologies, including pharmaceuticals, agro-
chemicals, organic electronics, etc. [1, 2]. Because of 
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their importance, ONC synthesis has been studied for 
many decades [1, 3]. 

For the synthesis of ONCs, various fabrication 
techniques are used, such as the reprecipitation me-
thod, supercritical fluid crystallization method, etc [1]. 
Among these growth techniques, the reprecipitation 
method is a convenient method for synthesis of ONCs 
with controlled size and morphology [1]. In particular, 
in this method, the organic molecules are quickly ex-
posed to the poor solvent surroundings, which induce 
the nucleation and subsequent growth of the molecules 
to ONCs. The size and morphology of resulting ONCs 
can be controlled by means of tuning some parameters, 
including temperature, stirring speed, etc [1, 2]. Sever-
al ONCs are widely fabricated using the reprecipitation 
method, such as nonlinear optical dyes, fullerene and 
some polymers and fluorescent dyes [1-3]. 

Recent studies showed that further successes in 
application of these nanocrystals require deeper under-
standing of ONC nucleation and consequent growth 
mechanisms [3]. Two main theories are used to ex-
plain the onset mechanisms of nanocrystal growth, i.e. 
classical and non-classical nucleation theories [4]. In 
classical nucleation theory, the crystal nucleation 
process is followed as single-step mechanism. Namely, 
crystal nuclei have the same structure as original crys-
tal. On the other hand, non-classical theory explains 
the crystal nucleation process in two-step mechanisms: 
an emergence of initial liquid-like clusters followed by 
an appearance of the crystalline order. 

Despite these well-known nucleation theories that 
explain the ONC synthesis, as well as a number of ex-
perimental and simulations studies trying to under-
stand the underlying mechanisms [5], the nature of the 
onset of nucleation of these functional ONCs is still 
elusive. 

In this study, to support the experimental evi-
dences, we conduct computer simulations, namely, 
molecular dynamics (MD) simulations together with 
quantum mechanical (DFT) calculations to understand 
the mechanisms of the nucleation onset of ONCs from 
cyclic aromatic hydrocarbon molecules. In particular, 
using DFT calculations we study initial molecular 
packing steps of perylene molecules, whereas applying 
MD simulations, we investigate subsequent clustering 
mechanisms of perylene molecules in vacuum in order 
to elucidate the sintering behavior of these organic mo-
lecules, thereby considering non-environmental effect. 

II. Computational methodology 

In this study, we perform MD simulations based 

on the ReaxFF reactive potential [6]. The latter is ap-
plied to properly describe the interactions between 
atoms of the system, allowing the MD to simulate 
both physical and chemical processes, including 
chemical reactions [7]. In our simulations perylene 
(C20H12) molecules are consecutively inserted into a 
simulation box at random positions. Initial distance 
between inserted molecule and already existing (i.e. 
already added) molecules exceeds 10 Å, so that there 
are no molecular interactions. The formation ONC 
clusters from perylene molecules is simulated at room 
temperature (300 K) using Bussi thermostat (i.e. NVT 
ensemble) [8]. Prior to thermal equilibration, the 
energy of the simulation system is minimized using 
the conjugate gradient method [9]. To support our 
classical MD results, the DFT calculations are per-
formed using the VASP software [10]. All DFT      
optimizations are carried out in the generalized gra-
dient approximation (GGA), employing the revised 
Perdew-Burke-Ernzerhof (RPBE) functional [11]. 

III. Results and discussion 

Our quantum mechanical calculations reveal that 
the perylene molecules (Fig. 1, single) initially form 
into dimer (Fig. 1, dimer) with cofacial (face-to-face) 
stacking interactions, due to the presence of π-
electrons in the inner (or central) part of these adja-
cent molecules [12]. 

At the edjes of the perylene molecule, where           
C-H bonds exist, the electrons are closer to the more 
negative C atoms [3]. Thus, noncovalent interactions 
such as electrostatic, induction and London disper-
sion interactions as well as exchange-repulsion forces 
lead to the formation of non-bonding C···H links with 
neighbor molecules [3, 13]. Consequently, such weak 
attractive non-bonding interactions allow third mole-
cule to be located perpendicular (face-to-edge) to the 
dimer, thus forming a trimer (Fig. 1, trimer) [12]. The 
results show that such a packing of molecules (i.e., 
the formation of trimer) is energetically more favora-
ble, since the interaction energy in the trimer struc-
ture is higher than in the dimer structure, i.e., −0.75 
eV and −0.38 eV, respectively (see Fig. 1). Note that 
the interaction energy Eint is obtained as a difference 
between energies of the packed n molecules or cluster 
Eclus and isolated molecules (E1, E2,   En) that belong 
to the cluster: 

int 1 2( )clus nE E E E E= − + +…+ .                      (1) 
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Figure 1. The initial steps of the sequential stacking of perylene molecules, shown in the top view (upper panels) 
and side view (bottom panels).

In particular, the interaction energy of the cofa-
cial (face-to-face) perylenes in the molecular dimers 
and trimers (with an intermolecular distance of 3.5 Å) 
is closer to the energy of pentacene dimers obtained 
from other quantum mechanical calculations, which 
ranges from −0.58 eV to −0.97 eV [13]. The forma-
tion of both cofacial (due to π-π stacking [12]) and 
edge-to-face stacking configurations (due to noncova-
lent interactions [13]) in the structure of packed mo-
lecules (or clusters) indicates that the structure of the 
growing perylene-based nanocrystal belongs to the 
herringbone arrangement [12]. 

The formation of clusters is observed in our clas-
sical MD simulations. The simulation results reveal 
that the number of clusters containing different num-
ber of molecules gradually increases during the 
process of molecular packing [14] (Fig. 2).  

The results also indicate that the number of mo-
lecules in a single cluster is inversely proportional to 
the number of clusters in a vacuum. In addition, a 
shape of clusters is gradually transformed with an in-
crease of the number of their molecules. Namely, 
while a cluster with a small number of perylene mo-
lecules expands in all three dimensions

 
Figure 2. Clustering steps ofperylene molecules. 



 

©

 

(
l
r
l
t
s
t
o
t
T
a

i
d
(
p
r
M
(
w
t
p
A
c
t
A
C
F
v

10                

©Academy of S

(Fig. 2, 50−6
lecules in a c
rection (Fig
layer-by-laye
tally observ
serted faster 
tial) [15]. H
of such a st
turns into a 
This process
appear [4]. 

The resu

 

IV. Co

In this w
ic nanocryst
dynamics (M
(DFT) calcul
packing and 
rylene molec
MD, respect
(face-to-face
well as flux
the underlyin
perylene-bas
Acknowledg
carried out i
ture of the C
Antwerp, a 
Centre VSC,
Flemish Gov
versity of An

                    

Sciences of Rep

60 ps), an in
cluster leads

g. 2, 110−1
er growth be

ved when p
(i.e. in the c

However, due
ructure, the 
round-like 

s continues 

ults of the M

onclusions 

work, the nuc
tals is revis

MD) simulati
lations. In pa
subsequent 
cules are int
tively. Speci
e) and face-
-dependent 
ng mechanism
sed nanocrys
gements.The
inpart using 
CalcUAcore 
division of 
, funded by 
vernment (de
ntwerp. 

          U. Kh

public of Uzbekis

ncrease in th
s to its growt
25 ps). Th
ehavior was 
erylene mol
ase of a high

e to the incr
shape of a 
form (Fig. 
until crystal

MD simulatio

Figure 3. Str

cleation mec
ed using re
ons and quan
articular, the
stages of clu
terpreted usi
ifically, we f
-to-edge sta
cluster form
ms in the nu

stals. 
e computati
the Turing 
facility of t
the Flemish
the Hercules
epartment EW

halilov, M. Yu

stan, 2021 

e number of
th in only on

his unidirect
also experim

lecules were
h chemical po
easing instab
cluster grad
2, 420−500
l nuclei star

ns also show

ructure of the

chanism of or
active mole
ntum-mecha

e initial mole
ustering of th
ing the DFT
find that cof

acking mode
mation can cl
ucleation on s

ional work 
HPC infra s
the Universi
h Supercomp
s Foundation
WI) and the

usupov, A. To

f mo-
ne di-
tional 
men-
e in-
oten-
bility 

dually 
0 ps). 
rts to 

w that 

after 
of ns
be ar
struc
sultin
of th
parab
struc
struc
proce
studi

 obtained clus

rgan-
cular 

anical 
cular 

he pe-
T and 
facial 
es as 
larify 
set of 

was 
struc-
ty of 
puter 
n, the 
Uni-

Refe
  [1] K

o
c
3

  [2] O
c
(

  [3] L
c
5

  [4] R
t
C

  [5] G
A
o
s

  [6] A
h

ojiboev, P. N

a rather lon
s), the peryle
rranged in a

cture (cf. (a) 
ng final clust

he perylene c
ble (Fig. 3)
ctures can be
ctural transf
ess and crys
ied in our fur
 

ster (a) and pe

 

erences 
K. Baba, H. Ka
organic nanocr
crystal (Intech.
307-199-2 (201
O. Ostroverkho
chanism and a
(2016). 
L. Rongjin, W
crystals of org
529-540 (2010)
R.J. Davey, S.L
tion of organic 
Chem. Int. Ed.
G.C. Sosso, J.
A. Zen, and A
open questions 
simulations. Ch
A.C.T. Van Du
hydrocarbons. J

Nematollahi, 

ng simulation
ene molecul
an ordered m

and (b) in F
ter structure 

crystal, both 
. Such a sm
e explained 
formation b
stal growth 
rther investig

erylene crystal

asai, K. Nishida
rystals. Dr. Yo
 Open, Rijeka 

11). 
ova. Organik 

applications. Ch

. Hu, Y. Liu, a
ganic semicond
). 
L.M. Schroeder
crystals − A m

52, 2166-2179 
 Chen, S.J. C

A. Michaelides. 
and future cha

hem. Rev. 116, 
uin, et al. Reax
J. Phys. Chem. 

D. Husanova

n time (i.e. f
es in a given

manner, as in
Fig. 3). Alth
is not the ex
structures ar
mall differen
by a phase 

between the
[16, 17], w

gations. 

l (b). 

a and H. Nakan
oshitake Masud

2011), p. 15. 

optoelectronic 
hem. Rev. 116

and D. Zhu. M
ductors. Acc. C

r, and J.H. Ter 
molecular persp

(2013). 
Cox, M. Fitzner

Crystal nuclea
allenges in mole

7078-7116 (20
xFF: a reactive
A 105, 9396-94

a, S. Mirzaev

few hundreds
n cluster can
n the crysta

hough the re-
xact structure
re quite com-
nce in these
transition or

e clustering
which will be

nishi. Functiona
da (Ed.) Nano
ISBN 978-953

materials: me
6, 13279-13412

icro- and nano
Chem. Res. 43

Horst. Nuclea
pective. Angew

r, P. Pedevilla
ation in liquids
ecular dynamics
16). 

e force field for
409 (2001). 

v 

s 
n 
l 
-
e 
-
e 
r 
g 
e 

 

al 
-
-

-
2 

-
3, 

-
w. 

a,            
s: 
s 

r 



Growth onset of perylene-based nanocrystals  11 
 

©Academy of Sciences of Republic of Uzbekistan, 2021 

  [7] Thomas P. Senftle, et al. The ReaxFF reactive force-field: 
development, applications and future directions.npj Compu-
tational Materials 2, 1-14 (2016). 

  [8] G. Bussi and M. Parrinello. Stochastic thermostats: compar-
ison of local and global schemes. Comp. Phys. Commun. 
179, 26-29 (2008). 

  [9] M.R. Hestenes, and E. Stiefel. Methods of conjugate gra-
dients for solving linear systems. Journal of Research of the 
National Bureau of Standard 49, 409-438 (1952). 

[10] G. Kresse, J. Furthmüller. Efficiency of ab-initio total ener-
gy calculations for metals and semiconductors using a 
plane-wave basis set. Comput. Mater. Sci. 6, 15 (1996). 

[11] B. Hammer, L. Hansen, J. Nørskov. Improved adsorption 
energetics within density-functional theory using revised 
Perdew-Burke-Ernzerh of functional. Phys. Rev. B 59, 
7413-7421 (1999). 

[12] Z. Yao, J. Wang, and J. Pei. Control of π-π stacking via 
crystal engineering in organic conjugated small molecule 
crystals. Cryst. Growth Des. 18, 7-15 (2018). 

[13] C. Sutton, C. Risko, and J.-L. Brédas. Noncovalent intermo-
lecular interactions in organic electronic materials: implica-
tions for the molecular packing vs electronic properties of 
acenes. Chem. Mater. 28, 3-16 (2016). 

[14] Q. Li and Z. Li. Molecular packing: another key point for 
the performance of organic and polymeric optoelectronic 
materials. Acc. Chem. Res. 53 (2020) 962−973. 

[15] Y. Lai, H. Li, J. Pan, J. Guo, L. Kang, and Z. Cao. Synthesis 
of ultrathin nanosheets of perylene. Cryst. Growth Des. 15, 
1011-1016 (2015). 

[16] S. Jeon et al. Science 371, 498-503 (2021). 
[17] T. Nakamuro, M. Sakakibara, H. Nada, K. Harano, and E. 

Nakamura. J. Am. Chem. Soc. 143, 1763-1767 (2021). 
 

Перилен асосидаги нанокристаллар ўсиши-
нинг илк босқичлари 
У. Халилов1,2, М. Юсупов1,2, А. Тожибоев3,4,             
П. Нематоллахи2, Д. Хусанова1, С. Мирзаев1 
1 Ўзбекистон Фанлар академияси Арифов номидаги Ион-
плазма ва лазер технологиялари институти, Дўрмон йўли 
кўчаси. 33, 100125, Тошкент, Ўзбекистон 

2 PLASMANT тадқиқот гуруҳи, Нано лаб. маркази, кимё 
бўлими, Антверпен университети, Universiteits plein 1, 
2610, Антверпен, Бельгия 

3 Геология фанлари университети, Олимлар кўчаси 64-уй, 
100041, Тошкент, Ўзбекистон 

4 МирзоУлуғбек номидаги Ўзбекистон Миллий университе-
ти, Университет кўчаси 4, 100174, Тошкент, Ўзбекистон 

 
 
 
 
 
 
 
 
 
 

Органик нанокристаллардан кенг фойдаланиш 
уларнинг илк ҳосил бўлиш механизмларини 
яхшироқ тушунишни талаб қилади. Гарчи экспе-
риментал ва моделлаштириш билан боғлиқ 
тадқиқотларда бу бўйича жуда ката ишлар амалга 
оширилган бўлсада, нишона структура ҳосил 
бўлишининг илк босқичлари ҳалигача 
мавҳумлигича қолмоқда. Биз ушбу 
тадқиқотларимизда органик перилен нанокри-
сталларининг нуклеация (ядроланиш) механизм-
ларини яхшироқ тушуниш мақсадида квант меха-
ник (DFT) ҳисоб-китоблари билан қўллаб-
қувватланган молекуляр динамика (МD) модел-
лаштириш тадқиқотларини амалга оширдик. Ху-
сусан, бизнинг DFT ҳисоб-китобларимиз шунга 
далолат қилдики, юзма-юз ва юз-ён молекуляр 
тўпланишлар охир-оқибатда арчасимон перилен 
нанокристалинингшаклланишига олиб келиши 
мумкин. Бошқа томондан эса, МD моделлашти-
риш натижалари вакуумдаги перилен молекула-
ларининг киритилиш тезлигига боғлиқ ҳолда бир 
томонлама ёки кўп йўналишли ўсиш шаклидаги 
нишона кристалларини акс эттирадиган кластер-
ларнинг шаклланиши мумкинлигини кўрсатади. 
Ушбу тадқиқот замонавийнанотехнологияда ор-
ганик нанокристал ўсиши бошқарувини яхшироқ 
тушунишга ёрдам беради. 
Калит сўзлар: органик нанокристал, нуклеация механизми, 
молекуляр динамика, квант-механик ҳисоблашлар, кластер-
ланиш эффекти 
 
 
 


