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Controlling polymorphism, that is, in which structure a molecule B0
crystallizes, still remains an unsolved problé&Since polymorphs o 20
generally have different physical properties (e.g., solubility for a 2000 [ [——HCP -

drug), understanding this phenomenon is crucial for many systems.
In this work, we use molecular dynamics simulations to study the
onset of crystallization in supercooled liquids of spherical particles
and to shed light on the molecular mechanisms underlying
polymorph selection. Our results show that we achieve polymor-
phism control in this simple system. By modifying the conditions
of crystallization, we invert the stability of two polymorphs and
form crystallites whose structure is predominantly that of the stable
polymorph. However, our simulations reveal that kinetics plays a a%ime
major role not only during the nucleation step but also in the growth Fjgure 1. Evolution of the number of fcc, bee, and hep particles during
mechanism. We show that the growth of the postcritical crystallites the growth of the crystal nucleus fdr= 10 (¢ = 0 denotes the time at
of the stable polymorph proceeds through a complex mechanismWhich the bias potential is switched off and the system starts to evolve
involving the heterogeneous nucleation of a third metastable reely).
polymorph followed by the conversion of this third polymorph into
the stable structure. This mechanism is reminiscent of the phe-
nomenon of cross-nucleation observed in experiméhitsalso has
significant consequences on the structure of the crystal eventually
formed since the conversion of the third polymorph is not complete
and remnants of the third polymorph get trapped in the crystallite.
Experiments on charge-stabilized colloidal suspensions have
shown that adding a salt destabilizes the base centered cubic (bcc)
structure and stabilizes the face centered cubic (fcc) structure. In
simulations, we can reproduce this effect by changing the value of
the dimensionless screening paraméttar the Yukawa (screened- g 3
Coulomb) potentiat. The expressions and system of units we use s 42
are given in the Supporting Information. We consider two systems. ﬁ'i £
First, for A = 10 and a temperatuie= 3.319x 103 (25% below O
the melting point), fcc is stable and bcc is metastabl&econd, )
for 2 =5 andT = 2.594 x 1072 (25% below the melting point), Figure 2. .= 10: outside view of the critical nucleus= 0); cross section
we have the opposite: bcc is stable and fcc is metastaMe.add and outside view at = 160 (gray, fcc; yellow, hcp; and red, bec).
that for both values of, the hexagonal close packed (hcp) structure
is metastable and that its free energy is only slightly larger to that the nucleation step. However, when fcc is stalile<( 10), the
of the fcc structuré. fraction of fcc particles increases with the size of the precritical
We carry out two different types of molecular dynamics (MD) nucleus. We anticipate that, in this case, polymorph selection will
simulations, corresponding to the two mechanistic steps of nucle- take place during the growth step.
ation and growth. We first induce the formation of a critical nucleus. ~ Once we have formed a critical nucleus, we can simulate the
We perform MD simulations together with an umbrella sampling growth step. We proceed as in previous wHrkhe system of 3200
bias potential on systems of 3200 particles. The bias pot&ntial particles is embedded in a larger system of liquid to form a system
allows the system to overcome the free energy barrier of nucleation. containing 35 000 particles. After an equilibration run, we switch
It imposes a fixed value of the global order parametertdthe off the bias potential and monitor the free evolution of the crystal
system? (this bias potential does not favor the formation of a nucleus. We repeat this last operation 10 times and check that we
specific polymorph since §xakes similar values for the fcc, hcp, have formed a genuine critical nucleus, that is, that the nucleus
and bcc polymorphs). By gradually increasing the imposed value grows for half of the MD trajectories and dissolves into the liquid
for Qs, We are able to grow a crystal nucleus. Using local bond for the other MD trajectories.
order parameter$, we analyze the structure of the nucleus. As We present in Figures 1 and 2 the results obtained for one of
expected from previous studié® our simulations show that, the MD trajectories fol = 10 (all trajectories showed the same
regardless of the relative stability of bcc and fcc, nucleation proceedsqualitative behavior). Our results demonstrate that polymorph
into the bcc phase. This shows that kinetics predominates during selection takes place after the nucleation step: the structure of the
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Figure 3. Evolution of the number of fcc, bce, and hep particles during
the growth of the crystal nucleus fdr= 5 (t = 0 denotes the time at

which the bias potential is switched off and the system starts to evolve ) ) " )
freely). Figure 4. 2 =5: outside view of the critical nucleus< 0); cross section

and outside view at = 100 (gray, fcc; yellow, hcp; and red, bcc).

crystallites only becomes predominantly that of the stable (fcc) ~ BY modifying the thermodynamic conditions of crystallization,
structure well within the growth step. Our simulations also provide W& have succeeded in controlling the polymorph formed during
insight into the growth mechanism. Initially, the critical nucleus is f:rystzijlllzgtlon.lln :othfcases, ;\:e forlm crysrt]a::tes Whosre] structure
composed of two blocks of different structure (fcc and bcc). At ;s lﬁ)re ct)vrvnlnanty':j_;to tte St?h € po_ymolrp ’ OP;N evzler, i N szlslzems
first (t < 50), the growth of the two blocks is sluggish and the oflow fwo very difierent painways. polymorph Selection taxes
foc bo . . place either during the nucleation step, when kinetics and thermo-
number of fcc Nfec) and bece NPe) particles slowly increase (the : o
. he . _ dynamics favor the same polymorph, or well within the growth
number of hcp particled\"®?, remains constant). At = 50, the . .
. . step in the opposite case. In the latter, we show that the growth
growth mechanism for fcc changehifce starts to increase at a faster - - .
te thanNbee and. at th HmA starts to i Fo mechanism is extremely complex. It involves the cross-nucleation
rate thanv™, and, at the same imé{ starts fo increase. Far of a third metastable polymorph and the subsequent conversion of
> 50, fcc grows according to the following mechanism: (i) a hcp

| | h I bl ; fthis polymorph into the stable polymorph. This has important
cluster nucleates on the structurally compatible (111) surface o consequences on the structure and on the purity of the crystal formed

the fec block, (ii) fcc particles nucleate on the surface of the hep gjnce remnants of the third metastable polymorph are trapped within
cluster, and (i) hcp particles gradually convert into fcc particles. o crystal.

The conversion is incomplete and lines of hcp particles get trapped ) _ ) _
within the cluster as shown in Figure 2. This mechanism is Supporting Information Available: The expressions for the
consistent with recent experimental evidetfaef cross-nucleation Yukawa potential, the definitions for the local bond order parameters
that is, of the heterogeneous nucleation of a metastable polymorphand how we use these parameters to analyze the structure of the crystal
on the stable polymorph, and with simulations of the growth of a nuclei. This material is available free of charge via the Internet at http:/
! . ubs.acs.org.

Lennard-Jones crystdl.On the other hand\bcc increases very P 9
slowly for t > 50. The bcc block, present in the critical nucleus,
shows little growth (see Figure 2) amt#° mainly increases with
th fg ( g ) . y (1) Bernstein, JPolymorphism in Molecular CrystglOxford University

e area of the nucleus since bcc particles are scattered on the Press: Oxford, 2002.
surface of the crystallite. (2) Bernstein, J.; Davey, R. J.; Henck, JADgew. Chem., Int. EA.999 38,

. - 3441.
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