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Growth onset of perylene-based nanocrystals
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[Iupokoe KCIOIb30BaHUE OPraHUYECKUX HAHOKPUCTAIIIOB TpeOyeT Oosee TiyOOKOro MOHH-
MaHHs MEXaHM3MOB HX 3apOMbIIco0pa3oBaHus. B 4acTHOCTH, MPENCTOUT BHISCHUTH HAYAIIO
3apoJIbIIe00pa30BaHus, XOTS ObLUTH IPEANPHHATEI OTPOMHBIC YCHIIHS KaK B SKCIICPHUMEHTAIb-
HBIX MCCJIEIOBAHUAX, TaK U B UCCICIOBAHUAX C HCIOIh30BAHNEM MOJAEIHPOBaHUs. B 3TOM HC-
CJIeJOBaHUH MBI TIPOBOJMM MOJEIHPOBAaHIE MOJIEKYIIpHOI nuHamukn (M/]), monkpereHroe
kBaHTOBO-Mexannmdeckumu (DFT) pacderamu, 9T0OBI MOHATh MEXaHU3MBI 3apOXKACHUS OpTa-
HUYECKUX HaHOKpUcTawioB nepwieHa. Hamm pacuersl DFT noka3eiBatoT, YTO MOJIEKYJIIpHAs
YKJIaIKa JUIOM K JIMITY H JIUIIOM K Kpalo MOKeT B KOHEYHOM HTOT€ NMPHBECTH K 00pa30BaHUIO
HAaHOKpHCTAIa TIepuieHa Trma enoyku. C Apyroi CTOPOHBI, Pe3yNbTaThl MOJACITUPOBAHHS Me-
TonoM MJI moka3pIBaroT 0Opa3oBaHUE KJIACTEPOB, KOTOPOE MPOAOJIKAETCS C 3apOKICHHUEM
KpPHUCTAJUIOB B (pOpME OJHOHAINPABIEHHOIO MM Pa3HOHAIIPABIEHHOTO POCTA, B 3aBUCUMOCTHU
OT CKOPOCTH IOJIa4M MOJIEKYJIbl IEepUJIeHa B BaKyyMe. DTO HCCIEIOBAHUE MOMOXKET JydIle
MOHSATH MPOLIECC YIPABJICHUSI POCTOM OPraHUYECKHMX HAaHOKPHCTAUIOB B COBPEMEHHOIN HaHO-
TEXHOJIOTUH.

KnrodeBble ci10Ba: opraHWYecKHi HAHOKPHUCTAILI, MEXaHH3M 3apOIbIIIcO0pa30BaHUs, MOJIEKYISIpHAs
JMHAMUKa, KBAHTOBO-MEXaHWIECKHE pacdeTsl, 3G (HEeKT KracTepu3ariy.

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 . . .
uct several technologies, including pharmaceuticals, agro-

Organic nanocrystals (ONCs) are being used for 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
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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
(CyHj,) 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 A, 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].

ITI. 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 m-
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 Ejy is obtained as a difference
between energies of the packed n molecules or cluster
E.is and isolated molecules (E;, E;, E;) that belong
to the cluster:

E.=Eu.—(E+E,+...+E)).
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Figure 1.
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 A)
is closer to the energy of pentacene dimers obtained
from other quantum mechanical calculations, which
ranges from —0.58 eV to —0.97 ¢V [13]. The forma-
tion of both cofacial (due to m-m 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 initial steps of the sequential stacking of perylene molecules, shown in the top view (upper panels)

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

*:: 3
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420 ps

Figure 2. Clustering steps ofperylene molecules.
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(Fig. 2, 50-60 ps), an increase in the number of mo-
lecules in a cluster leads to its growth in only one di-
rection (Fig. 2, 110-125 ps). This unidirectional
layer-by-layer growth behavior was also experimen-
tally observed when perylene molecules were in-
serted faster (i.e. in the case of a high chemical poten-
tial) [15]. However, due to the increasing instability
of such a structure, the shape of a cluster gradually
turns into a round-like form (Fig. 2, 420-500 ps).
This process continues until crystal nuclei starts to
appear [4].

The results of the MD simulations also show that

after a rather long simulation time (i.e. few hundreds
of ns), the perylene molecules in a given cluster can
be arranged in an ordered manner, as in the crystal
structure (cf. (@) and (b) in Fig. 3). Although the re-
sulting final cluster structure is not the exact structure
of the perylene crystal, both structures are quite com-
parable (Fig. 3). Such a small difference in these
structures can be explained by a phase transition or
structural transformation between the clustering
process and crystal growth [16, 17], which will be
studied in our further investigations.

Figure 3. Structure of the obtained cluster (a) and perylene crystal (b).

IV. Conclusions

In this work, the nucleation mechanism of organ-
ic nanocrystals is revised using reactive molecular
dynamics (MD) simulations and quantum-mechanical
(DFT) calculations. In particular, the initial molecular
packing and subsequent stages of clustering of the pe-
rylene molecules are interpreted using the DFT and
MD, respectively. Specifically, we find that cofacial
(face-to-face) and face-to-edge stacking modes as
well as flux-dependent cluster formation can clarify
the underlying mechanisms in the nucleation on set of
perylene-based nanocrystals.
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[N]

OpraHuk HaHOKpUCTaJUIapJaH KeHT (olganaHu
VIAQPHUHT WIK XOCWJI OYIHII MeXaHU3MJIAPUHU
SXIIMPOK TYUIYHUIIHM Tanal® Kuiamgu. ['apum skcre-
pUMEHTad Ba MOJE/UIAIITUPUIN OunaH OOFIHK
TaAKUKOTIapaa Oy Oyiinya >xyzna KaTa HUILIap aMmaira
OLIMpWIraH Oyiicana, HUIIOHA CTPYKTypa XOCHI
Oy MUIIMHUHT WIJIK OocKkuuIapu Xanurava
MaBXyMJIUTH4Ya KOJIMOKJIa. bus ymoy
TaJAKUKOTIApUMH3/la OpPraHUK MEepWIEH HaHOKpU-
CTAJUTApUHUHT HyKJeanus (SApOJaHHILI) MEXaHHU3M-
JIApUHHU SXIIMPOK TYIIYHUII Makcaiuga KBaHT MeXa-
auk  (DFT) xwuco0-kmroOmapm OwimaH  Kyurad-
KyBBaTJIaHTaH MOJIEKyJsip AuHamuka (MD) monen-
JAITHPHII TAAKUKOTJIAPUHU aMalira OIIMPAHK. Xy-
cycaH, omHuHT DFT XncoO-kuToOmapumu3 NIyHTa
JanojaT KWIAWKH, F03Ma-103 Ba 103-€H MOJIEKYJAp
TYIUIAHUIIIAp OXHP-OKUOATHa apyacHMOH MepUIIeH
HaHOKPHUCTAJMHUHTIIAK/UIAHUIINIAa OJMHO  KEIHIIH
MyMKHUH. borika TomoHaaH 3ca, MD mopaemnamtu-
pUII HaTWXaJlapy BaKyyMJaru IHEepuIeH MOJIeKyJia-
JApUHUHT KUPUTWIMII TE3NUTHra OOFIUK X0JAa Oup
TOMOHJIaMa €KU KYI WYHANIMIUIM YCHUII IIAKIuAaru
HUIIOHA KPUCTAIIAPUHHU aKC 3TTUPAJUraH KiacTep-
JApHUHT IAKUIAHWIIA MYMKWHIUTUHH KypcaTaau.
Yy TaaKUKOT 3aMOHaBUHHAHOTEXHOJIOTHSAA Op-
TaHUK HAaHOKPHUCTAJ YCHUIIM OOIIKAPYBUHU SXIIUPOK
TymyHuInra EpaaM oepaju.

Kanur cy3nap: opraHuk HaHOKpUCTAaJ, HyKJealus MeXaHU3MH,

MOJICKYJISIp AMHAMHUKA, KBaHT-MEXaHMK XucoOJaluiap, Kiacrep-
TaHum 3P PeKTu

©Academy of Sciences of Republic of Uzbekistan, 2021



