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MONTY: Monte Carlo Crystal Growth on Any Crystal Structure in Any Crystallographic
Orientation; Application to Fats
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A versatile crystal-growth simulation program, based on the Monte Carlo algorithm, is introduced. It enables
the handling of any crystallographic orientation. The crystal is modeled by a set of molecular interactions,
which are obtained from molecular mechanics calculations. The motherphase is parametrized by its bulk
thermodynamic properties. As an example, the program was used to simulate the growth of various fat crystals.
The results show the importance of the details of the crystal structure, its energetics, and the actual growth
conditions upon the crystal morphology. The model intends to fill the gap which exists by the fact that
supersaturation, temperature, concentration, and dissolution free energy are not taken into account by the
established morphology prediction models.

1. Introduction These include surface reconstruction, impurities, dislocations,
Morphology prediction is an important analytical tool in interaction of the solvent with the surface and orientational
materials science. Various methods exist and are available in€ffects in the solventsurface interaction layérand, especially
commercial softwaré.These include the geometrically based for vapor growth, surface djffusion. All of these effects have
Bravais-Friedel-Donnay-Harker23 the attachment energy been_ approached by modeling methods but are out of the scope
based growth morpholody,and the surface energy based ©f this work.
equilibrium morphology methodsThese methods produce a ~ Of the two parameters, enthalpy and entropy, the latter is
static morphology, disregarding the kinetic processes that takedifficult to calculate, and in chemical modeling, entropy is the
place during crystal growth. archetypal fudge factor for explaining differences between
Currently, the most successful morphology prediction algo- predictions and experiments. In our approach the entropy is a
rithms usually apply the attachment energy as the growth- parameter in the model. Experimentally, the entropy can be
controlling parameter. This energy denotes the amount of energyobtained from solubility data.
that is lost when a crystal is cut along the plane of a In this work, we introduce an energetic model suitable for
crystallographic orientation. The growth rate of that orientation discrete Monte Carlo crystal growth taking entropy and kinetics
is presumed to be proportional to its attachment energy. (as determined by the driving force) into account. The model
Although this principle works reasonably well for a lot of is derived to describe a system where growth units (GU) can
crystals, many cases are known for which this method of existin two phases, the crystal phase and the motherphase. The
prediction fails. Moreover, it is well known that crystal GUs in the crystal phase can only be in discrete positions as
morphologies are heavily influenced by several physical pa- defined by the crystal structure without any imperfections. GUs
rameters not reflected by the attachment energy, which can allin the motherphase are taken into account by their mean
be translated into the driving forcAy, for crystallization, often thermodynamic bulk terms. In our approach, we do not consider
expressed in terms of the relative supersaturation,The (surface) diffusion contributions. Such a model has been
parameter that determines the effective driving force dependsemployed by many authors for relatively simple crystal
on the nature of the motherphase, which can be a pure melt, astructures1* The crystal model studied mostly up to now is
solution, or the vapor phase (sublimation growth). For growth the Kossel model describing a simple cubic cry$t@lur aim
from a solution, the driving force is determined by the is to generalize the description of the crystal phase and
concentration and the temperature. For sublimation growth, the motherphase for the purpose of the implementation of a program
vapor pressure plays the dominant role. In any case, the enthalpythat can deal with any crystal structure growing or etching in
and entropy of the growing species, both in the motherphaseany motherphase. Moreover, for morphology prediction, the
and in the crystal, determin&. implementation should be able to simulate growth in any
Besides these principal parameters, other effects are knowncrystallographic direction in order to obtain the growth rate for
to play a role on the growth rates of the crystal face orientations. all the relevant crystal faces. This paper describes in full detail
" - the thermodynamic model and some of the key technical details
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layered structurég and the basic morphology gfaluminum- crystals of pure molecular compounds only. Hence, the follow-
(1l1) hydroxide * The latter studies were performed in combi- ing equations in this work only apply to pure crystals that do
nation with an extended connected net analysis leading to thenot include different molecules such as solvent molecules or
explicit determination of the relevant edge energies for 2D cocrystallizing compounds. For those types of crystal, the
nucleation, consistent with the Monte Carlo results. The program respective individual bulk terms should be adapted in all
was also applied successfully to paracetamol in witelere, expressions.

we restrict to the validation studies done for three types of fats, It is important to note that a discrete model for the solid phase
crystallizing in different crystal structures. Typically, fats define implies a discrete number of surface-site configurations which
a class of materials for which the traditional morphology lead to a discrete number of GU configurations. The number
prediction models do not work well. A solid theoretical of possible configurations of the GUs at the crystal surface is
background is already established and is supported by experi-determined by the number of GUs, labeledipi the unit cell

mental observation$:’ and by the number of ways these GUs can be surrounded by
their neighbors. Thus, in the discrete model, every GU can form
2. Theory and Implementation of MONTY a maximum of; bonds, which defines a limited set of molecular

2.1. Event ChancesThe widely used Monte Carlo algorithm ~ interactions, also called the crystal graph, which is further
uses the basic principle of sampling a representative part of thediScussed in section 2.4. Each possible state is defined by the
phase space of the particular system of interest. Random move£Ompination of the individual states of these bonds, which can
are either accepted or rejected based on a chance that is relate@ither be formed or not, depending on whether the respective
to the energy change involved with that move. To be able to N€ighboring GU is present or not. Therefore the total number
simulate a multiphase system, we should consider the Gibbs©f p(_)ssml(_a states of GWUis 2, and the total number of GU
ensemblé® As is done by many authors, however, we shall configurations Neon, becomes
impose rigorous simplifications on our model to decrease - ¥ o
simulation time and to be able to sample a significant part of Neonr = Z
phase space, enabling good statistics. Crystal growth phenomena

can be reproduced well on a discrete crystal lattice without including the nonbonded states in the motherphase. This number
considering the continuous movements of molecules and defines the maximum number of possible energy states under
atoms’~'! The discrete model implies that growth and etch consideration during the simulation. For a particular sfaié
events can only occur to and from the bulk crystallographic Gu i, the short-hand notatioi® is used. The energy of that
positions without variation of molecular orientations. Also, GuU in the crystal which is equal to the total interaction energy
throughout this work, we assume that the simulated systemsith its neighboring GUs is denoted &k

are sufficiently large to justify the assumption that the bulk-  Generally, the translational and rotational contributions to the
phase free energies are constant during the course of theentropy are much larger for the motherphase than for the crystal
simulation. Our trial moves in the simulation are restricted to hase. This |mp||es that we can neg|ect the differences in entropy
immediate exchanges of GUs between the crystal phase antf the GUs at various sites at the crystal surface. Thus, the
the motherphase. This restriction defines a semi-Gibbs ensemblesntropic part of the free-energy difference between the moth-
similar to how the semigrand canonical ensemble is defined in erphase and the crystal phase is fully described by the entropy
relation to the grand canonical ensemiflén our ensemble,  difference between the bulk phases, irrespective of the position
the exchange of GUs between the bulk phases is determinedat the surface. Accordingly, the difference in Gibbs free energy

(4)

by the difference in chemical potentialu. Hence for an event at a particular surface si with an effective
Ay = Ot _ st change in motherphase enerd}*"*" becomes
( 0G ) . ( 3G ) (1) AG,; = AU, — TAS+ PAV (5)
IN™"o r st \d NYSYp 1 o
where
whereNm™th andNeYstare the number of GUs in the motherphase oth o
and crystal phase, respectively. In this equation, we neglect the AS=S""— gV (6)

change in total Gibbs free ener@yas a result of a change of d
the interface between the two bulk phases. The Gibbs free 2"

i i phasej i
energy of the GU in either phaséP"@s®js given by AV = \moth _ \jeryst @)

Gphase= thase_ -I—thasez Uphase+ Pvphase_ Tg)hase (2)

where H is the enthalpyU is the internal energyS is the
entropy, andV denotes the volume. The temperatufe.and
pressureP, are assumed to be homogeneous throughout th

In our model, U™ *"is assumed to depend linearly on the site
energy. Effectively, a GU that attaches to the surface loses a
fraction of its motherphase interaction energy, which is pro-

eportional to the amount of energy gained at the crystal surface
according to

system.
When different components of the crystal are present in the U.
motherphase, the free energy for componestgiven by Ui”;j"th'eﬁ= UC—'rjstUm"th (8)

G.mOth — U'moth + Pvmoth _ TSmoth (3)
' : : where U°Yst is the bulk crystal interaction energy per GU,

This subscripted expression is only needed for cocrystallizing Yielding

compounds, where the different GUs have different free energies moth

in the motherphase. For simplicity and convenience, these AU, = Ui“;joth~eff_ Uy = (U_ — 1)Ui2i (9)

subscripts are further omitted in this work as we will deal with cryst
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If we assume that every growth and etch event is microscopi-
cally reversiblél® we can relate their probabilities by the
Boltzmann factor corresponding to the energy difference

Boerrigter et al.

2.2. Sampling Efficiency.The original, well-known impor-
tance sampling algorithm by Metropolis et 24l.uses the
acceptance chance for trials of increasing energy. This sampling

involved with that event. Hence, by use of eq 5, the expression method applies an acceptance factor, which results in the

for the growth and etch probability ratio at the particular crystal

sitei2 becomes
_[AG, AU, ~TASTPAV|
=ex kT ex kT (10)

A thorough statistical thermodynamic basis for the derivation
of eq 10 is given in Appendix A. The microscopic equilibrium

condition defined by eq 10 is not enough to determine
probabilities for the growth and etch events to be used in the
Monte Carlo simulation since it only relates the ratio between

growth
Pi 2

etch
Pi 2

the chances of growth and etch events. To proceed, various
schemes are possible, which can roughly be classified in three

classes. The first scheme is that of Metropolis et®aflere,

any event that causes energy to be released is always accepte
whereas trials that cost energy may only happen at a probabilityn

determined by the corresponding Boltzmann factor. Another
choice for the probabilities, often used in crystal growth
simulations, is obtained by assuming a constant flux of GUs
arriving at the crystal surface only determined by the driving
force? This implies that every growth trial is accepted with the

rejection of a certain amount of trials during a simulation.
Especially at near-equilibrium conditions, this means that a
considerable amount of attempts is rejected and therefore this
method is not very efficient. A much more efficient sampling
method in terms of CPU cycles vs Monte Carlo events can be
devised, which accepts every trial. Such a method is found in
the so-calleah-fold way, which was introduced by Bortz et#l.

and which has been used by many authors since then. It makes
use of the limited number of states of the GUs, as defined by
eq 4. The sum of all the probabilities of all the possible events
of etching and growth at the surfad@,, is determined at each

MC step labeled by. Events are chosen randomly according
to their probabilities from the complete set of possible events
and are always accepted. Obviously, a time correction has to
e applied, as was also documented by the same authors. They
howed that an independent stochastic time incraasat trial
should be taken as

At,

=R, (14)

whereR, is a random number within the interval (0,1) anis

same probability, independent of the site where it attaches, while an elementary time scale for the events. The random contribution
detachment is determined by the energetics of the site. A lesstg the stochastic time increase can, however, be omitted for

obvious choice would be to assume an equal probability of
etching for every GU at the surface, which is typically used for
dissolution or etching simulatior#$:22 In our model, to allow
full freedom of choice, we introduce two parametérsaindi,.

The site dependence of the probabilities is modeled byA
site-independent attachment probability is obtainediior O,

and a site-independent detachment probability for= 1.
Similarly, a choice 0< 1, < 1 models theAu dependence of
the probabilities. The condition for microscopic reversibility (see
eq 10) is maintained for any value of theparameters even

outside this range, but this seems a rather unphysical choice.

The introduction of thel parameters results in the following
chances for the growth and etch events

Pigzr’OW[h: exp(—=pA,(AU — AU,y) —
B, — 1)(AU — TAS+ PAV)) (11)

P = exp(-p(i, — 1)(AU — AU,) —
BA(AU — TAS+ PAV)) (12)

where8 = (kgT)~! and the difference in energy of the bulk

driving force for crystallization is given by
Au = AU — TAS+ PAV (13)

Thel parameters do not alter the equilibrium condition, which
is only determined by the ratio of the probabilities. However,

sufficiently long simulations. Sino®, andR, are not correlated,
it holds that the total real time that has passed afigr events
is given by

tn,e = ~Nuc %ﬂ In R"D: —Nyc %nD]h R\[=
—Nye %Dﬁf In X dx = Ny %D: nZQi (15)

whereNyc is the total number of Monte Carlo events performed
during the simulation. The time increase, thus, simplifies to

Nmc

T

o,

which also circumvents the numerical problems that occur for
values ofR, close to 0. It should be noted that fluctuations of
the growth speed are greatly reduced by this approximation,
which we regard as an additional advantage, since this allows
shorter simulation times for equally reproducible results.

2.3. Solid-to-Solid Condition.Many discrete Monte Carlo

At (16)

gimulations of crystal growth utilize the solid-on-solid (SOS)

condition? This more or less pragmatic condition applied to
the Kossel and related models implies that GUs can only attach
to the surface at sites for which all the sites below it are
occupied. This condition avoids overhangs and inclusions. In
the present case, however, the model is abstracted to such an
extent that this restriction cannot be applied straightforwardly,

the relative rates of different growth and etch events do changeas the concept of height is no longer defined. Therefore, as an

dramatically with varyingl;. Ideally, the particular choices of
Ai should be optimized for the description of the kinetic behavior
of the crystal surface in the simulation. A first interpretation of
the effect of the variation of; is given by Cuppen et & A
further refinement would be to consider sepavaseterms for

alternative, we introduce the solid-to-solid (STS) condition,
which implies that GUs are merely restricted to attach to the
surface, forming at least one bond, instead of strictly on top of
it. This allows for overhangs and inclusions, which can change
the growth behavior dramatically but only at very high super-

each of the exchange states, although then kinetic behavior ofsaturations. We believe that this approach mimics true growth

all those states should be known.

conditions better. The STS method does not allow the nucleation
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of new crystals in the motherphase. This is clearly an artificial mole fraction. Botho andAu are commonly used as parameters
condition, since nucleation of new crystals can always occur in for crystal growth experiments and simulations. The relation
experimental conditions with sufficiently high supersaturations between the experimentally relevant parameters in our model,

but is less relevant for the purpose of morphology prediction.

Uiz, UM AS and AV and the driving forceAu/ksT will be

The use of an STS model is convenient, since growth can only discussed.

take place at the boundary layer; this allows for an implementa-

tion of a limited data structure. To maintain equilibrium for
Au = 0, etching of a fully bound (bulk) GU is prohibited as
well.

2.4, Parametrization from the Crystal Graph. To simulate
the growth of a particular crystal fackk]), periodic boundary

From egs 11 and 12, it can be seen that, given the values for
Uiz, the growth behavior of a crystal can be simulated as a
function of any of the thermodynamic parameters temperature,
motherphase energy, and entropy. Moreover, the kinetic be-
havior can be tuned by changiig Uiz can be calculated from
molecular mechanics force fields, as explained in section 2.4.

conditions have to be applied along the plane directions. The motherphase could be modeled using a similar approach,
However, the use of such 2D periodic boundary conditions for but experimental data can also be used. For growth from a
any orientationf{kl) is tedious, since a lot of calculational effort  solvent, for instance, the dissolution enthalpy and entropy can
is needed to determine the environment of growth sites at thebe derived from solubility data. The solubilikg is related to
domain borders, throughout the simulation. In our implementa- the dissolution Gibbs free energy according to

tion, the (001) face in the simulation reference frame is taken .

as the growth direction which is parallel to the reciprocal lattice ASSS

vector fkl) of the crystal. Periodic boundary conditions apply R

along two directions [100] and [010] perpendicular to it. The

transformed unit cell is called a slice cell, spanned by new lattice but more sophisticated methods such as the expanded Hansen
vectorsu, v, andw. The resulting slice cell is chosen to have approach (ref 28 and references therein) may also be used.
an identical volume to the original cell and all angles closest to Crystal growth can be achieved by changing the appropriate
90°. Since the formal space-group information is lost by creating parameters of a system as compared to equilibrium (for which
a slice cell, each GU in the slice cell is treated as a unique Au = 0), like lowering the temperature, increasing the pressure,
entity without considering symmetry, without loss of generality. increasing the solute concentration (i.e., lowering the entropy),
To determine all possible statés,, the bond energies are  or lowering the motherphase interaction enddgyth. The latter
parametrized through a convenient file format (crystal graph can only be achieved experimentally by changing the solvent.
format, .cgf) which is also used in our connected net analysis A change of any of these parameters changes the driving force
program FACELIFT-2.5¢ and the structural isotropy analysis  for crystallizationAu according to eq 13. Thus, our approach
program ISOTROPY-0.08 The crystal graph specifies the allows for the simulation of several kinds of experimental
energy of the interactions between pairs of GUs. The interaction conditions in a direct way.

energy is defined as the energy released by bringing the GUs 2.6. Interpretation of Simulation Results. The linear growth

from infinite distance into their crystallographic positions. This rate of a faceltkl) is determined by

can be calculated as the difference in energy between the pair

of GUs at their crystallographic positions and the sum of the

intramolecular energies of the individual GUs. Several molecular K
mechanics programs have been modified to automate the

creation of crystal graphs, since obtaining the separate inter-yhere dyy is the interplanar distance between growth slices,
actions without automation generally.requires a lot of manual Ngrowth andNegenare the total number of growth and etch events
labor. Among others, these programs include G¥I(Rot fully during the simulation, antlsjce is the total number of GUs in
automated yet) and most importantly the open force field the growth slice. The total simulation tintg,. passed after

implemented in Ceridst which allows full crystal graph N events is found by adding the individual event time intervals
generation through an undocumented call via the command line 55 defined in eq 16

interface. A computationally effective algorithm is needed to

AGdiss AHdiss
RT = RT

In Xeq=— + (19)

— dhkl Ngrowth_ Netch
N t

(20)

slice Nyc

determine the chance for a growth or etch move during the Nuc Nmc
simulation. For this purpose, a lookup table strategy is adopted. ty, = z At, = Z — = Ny A0 (21)
The index in the table is determined by the binary representation e s T Qn

of the integer number which is created by taking the on/off status
of each bond as the respective bits.

2.5. Relation to Experimental Conditions.The driving force
Au for crystallization is defined by

wherelAt[is the average time interval between two consecutive
(growth or etch) events. Although may depend on the
orientation [kl), we neglect this dependence. The crystal-
lographic prefactodn/Nsiice in €9 20 ensures that the growth
rate is independent of the 2D area of the simulation surface. In
the most recent versions of MONTY, the spiral growth
mechanism is also implement&dCurrently, this enlarges the
computational load considerably.

In the present approach, growth on defect-free crystal surfaces
is simulated, allowing only 2D nucleation. The particular
property of interest is the barrier for 2D nucleation. From this
barrier, the effective-edge free energy,can be determined,
which can be utilized to estimate the growth speed of a face as
a function of the supersaturation based on the classical analytical
expressions for the growth spé&éor any growth mechanism
that is determined by this edge free energy. For the determination

éﬁ — |ni
keT 2

wherea is the activity of the GUs in the motherphase. For crystal
growth from ideal solutions, the activity can be replaced by the
mole fractionx of the GUs. If the ratiok/xeq is close to unity
we can approximate eq 17 as

7

n X o1 %
Xeq  Xeq

whereo is the relative supersaturation axg is the equilibrium

%@l
KgT

g (18)
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@13) (1 (12 much better agreement between theory and experiment is
(119~ (110) obtained by calculating the edge free energies of the various

0 |0 oo lion (602)‘(602) faces based on an analysis of their connected nets. Many of the
Ao~ occurring faces with high indices prove not to be connected

and are thus nonflat faces. For the details of a connected net

_ analysis, we refer to Grimbergen et3&IThe results suggest

am :
i y (101) that the use of the attachment energy as the growth-controlling
2 an @i parameter is not always valid, as was shown in more detail for

1) one of the fats considered here by Boerrigter et*adnd
.. “\ fi‘f" reconsidered in a subsequent paldein the latter paper, the
16.16.16 10.12.10 16.16.14 morphology for each of the three classes of fats treated here
Figure 1. Schematic overview of experimental (bottom) and calculated WaS €xplained in detail on the basis of a connected net analysis
(top) attachment energy morphologies from left to right16.16.16, and edge energy analysis.
f'-10.12.10, ang¥’-16.16.14. The indicelsof the experimental crystals The crystal structures of the pure fats under study are

could not be determined because the crystals are extremely thin. The o o qantatives of three different classes of homologously
difference in attachment energies between visible faces never exceeds

a factor of 25. On the other hand, the aspect ratio of the experimental !Somorphous fat structures with varying fat_ty acid Chzf‘in lengths,
plank-shaped crystals can have values up to lengitith—thickness indicated by the number of carbon atoms in the chaifThese

=1000:300:1, except for the rightmost crystal, which is mainly bound classes are th@-C,C.Cy-, '-C,Cn+2Cr-, and '-CrCrCp—2-
by the{11} form causing a lozenge shape. The small seemingly top triacylglycerols, whera is always even and for which the short
facet on the lower side of that crystal is due to accidental dartfage. gtations3-n.n.n, etc., are further used. In order of chronological

The {211} faces onf'-10.12.10 were found only at the lowest
supersaturations. Usually these faces roughen causing the slightlyappearance’ the crystal structuresfel6.16.16 (space group

exaggerated dotted shaf¥eThe 00 faces will be designated as basal P1)**and forf'-10.12.10 (space group2a)*® were determined

faces, thehOl (h = 0) faces as side faces, and the other faces as top by Van Langevelde et al. and that £+16.16.14 (spacegroup

faces. The indices differ somewhat from the ones in ref 17 as the latter C2)*” was elucidated by Sato et al.

ones are pased on a full connected net analyss and the'present ones Tpa crystallographic data of these structures were used for

are determined by the attachment-energy module in the Cedgkage. . . .
the molecular mechanics calculations as follows. The energies

of the effective nucleation barrier, we have to determine at which Of all fats were minimized using the consistent va;ence force
conditions the surface starts to grow in a rough fashion. This field (CVFF)* using the “smart minimizer” of Ceriés® Ewald
can be achieved by plotting the sticking fractiGhy, against summation was used for both the van der Waals interactions

Au. Traditionally, in the random rain modely(= 4, = 0) for and the Coulomb interactions, with the accuracy set 0104
growing crystals Ax > 0), the sticking fraction is defined as  kcal/mol. The convergence was set to RMS forc#.0 x 1073
kcal/mol A, max force= 5.0 x 1073 kcal/mol A, AE = 1.0 x
Ngrowth — Netch 10~* kcal/mol, RMS displacement 1.0 x 10°° A, max
S e VE— (22)  displacement= 5.0 x 10°° A, RMS stress= 1.0 x 102 GPa,

growth max stress= 5.0 x 103GPa (the “high convergence” option

Typically, for growth strongly limited by the 2D-nucleation in Ceriug). Van de Streek et al. successfully used these settings

mechanism, the sticking fraction as a function of the driving t© Predict the crystal structure §f2-10.12.10°*#The molecular
force shows an S-like shape, where the roughening transitioninteractions (seg section .2.4) were calculated by using the.o.pen
is marked by a sudden increase from 0 to 1 in the sticking force fl_eld of Ceriudresulting in the crystal graphs. The specific
fraction for a certaim\u > 0. In Appendix B, an expression numerl_cal results as vyell as a full extended connected net
for the growth rate in terms of the sticking fraction is derived. analysis can be found in refs 16 and 17.

As already stated, for growth rate vs driving force curves,  The connected net analysis provides a selection of faces that
the 2 parameters, should be chosen to mimic the actual growth are most likely to appear on the morphology of the crystals.
kinetics. The morphology of a crystal could then ultimately be All those faces found were simulated using MONTY 0.963 and
obtained directly, by measuring the growth rates of all the 0.975 as well as some additional nonflat faces with small indices.
relevant crystal faces, according to eq 20. It can be shown, thatThe latter nonflat faces were considered to test whether such
the most efficient sampling is achieved for = 4, = 0.5 to faces indeed grow already rough at very small driving forces.
determine the roughening transition. In this work, we therefore For thef' structures, the surfaces consisted of 6®0 slice
apply those values and stick to the measure given by eq 22. cells. Each data point was obtained after an equilibration stage

of 200 000 Monte Carlo events followed by a total of 1 000 000
3. Validation Simulations events in the sampling stage. A temperature of 300 K was used.

3.1. Morphology of Crystals of Three Different Fats.The The S crystal was simulated with the following values for the
crystal morphologies of various classes of pure fat compounds fespective parameters: 4040 slice cells, 100 000 relaxation
were studied in recent work based on a connected net analy-events, 100 000 sampling events, and 313 K. No solvent
sis16:30313217The results of these studies will be validated using interaction energy data were available; hence a valu®fg
the results of our Monte Carlo approach. Traditional morphology of O was taken for the simulation. This will certainly influence
prediction models already showed considerable deviations fromthe absolute values of the edge free energies but is expected to
the experimental morphologies for all these classes of fat have a negligible effect on their relative values. The use of the
crystals!’ Figure 1 shows the differences between the experi- parametelUnoh was already successfully demonstrated in the
mental morphologies and the “growth morphology” as calculated case of paracetam#t.Furthermore AV was taken as 0, which
with default settings in Ceridg with a limited “Bond-Energy is assumed to be a good approximation for growth from solvents.
List”, which was necessary to complete the calculation within In all simulations, the efficient sampling technique was used
a reasonable amount of time. Hollander et®showed that a where the kinetic parameters were setlic= 1, = 0.5. The



Monte Carlo Crystal Growth on Any Crystal Structure

Sticking Fraction

Figure 2. Sticking fraction of various faces 0f-16.16.16. The
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Relative Supersaturation Ay, (keal/mol) Figure 4. $'-16.16.14. Apart from (001), most faces roughen at a
relatively low supersaturation, close to each other, suggesting a

roughening transition of the (001) face is out of the range of this graph relatively isotropic morphology. (001) roughens at 62 kcal/mol.

at about 60 kcal/mol.

. ' All three structures show groups of growth curves of different
faces which have an identical growth behavior. The responsible

edge direction, in most cases, is shared among the group

members. Hence, they start to grow at roughly the same

supersaturation.

Several opposite faces on tfiel6.16.16 crystal, which has
| inversion symmetry, were simulated to check the consistency.
In the relevant space groupl, opposite faces belong to the

same form (set of symmetry related faces) and must, therefore,

| show exactly the same curve. This is indeed observed.

The shorter simulations on thecrystal occasionally show
typical bumps before the onset of the curve. Later work has
shown that this is not a significant peculiarity of the growth
behavior. It is rather a result of the fact that the growth
mechanism is controlled by a strict layer-by-layer mechanism.
. Since the 2D nuclei only reach their critical size very occasion-

ally at low Au, longer sampling times are needed to obtain a

0 10 20 30 40 50
Relative Supersaturation, Ap. (kcal/mol) smaller standard deviation of the sticking fraction. The curves
Figure 3. -10.12.10 shows very few orientations which do not grow  Of the/” simulations, obtained for a much longer sampling time,
are much smoother at a low sticking fraction.

rough at low supersaturation.
All structures have heavily retarded (001) orientations. The

effective supersaturation was, thus, only varied by variation of enormous supersaturations needed to initiate 2D nucleation show
the entropy, i.e., the concentration in the solution. that these faces are very unlikely to grow via this mechanism
3.2. Results and DiscussionWe will make a distinction under any experimental condition. This was indeed observed
between basal, side, and top faces as indicated in the caption t@s these faces seem to grow invariably via the spiral growth
Figure 1. Figures 24 show the typical S-shaped growth rate mechanism while for the top and side faces spirals are expected
curves obtained from the simulations for various crystal faces to grow out of the very thin faces and, therefore, to grow via a
as a function of the supersaturation. These curves show the2D nucleation mechanisft.The attachment energy prediction
driving force needed for unhindered growth as a pronounced is in agreement with these results. The gibél} and top{ hkl}
onset of the sticking fraction. For values below this threshold faces determine the different morphologies and, especially, the
supersaturation, which depends on the edge free energy, 2Daspect ratios for the various crystal structures. These will be
nuclei cannot reach the critical size. Effectively, the surface does discussed separately for the three examples studied.
not grow, and thus, the sticking fraction is zero. At the onset of ~ 3.2.1.$-16.16.16.For 3-16.16.16 (Figure 2), there are four
the S-curve, occasionally, a 2D nucleus can reach its critical groups of curves. The first group consists of forms of faces
size. Here, the surface is growing slowly by the 2D nucleation that grow rough already at a very small supersaturat{dii},
mechanism. At increasing supersaturation, the size of the critical{ 110}, and{111}. The curves for opposite faces of these forms
nucleus decreases, which causes the sticking fraction to increaseoincide up to statistical fluctuations. None of these orientations
gradually. At supersaturations above the threshold, the size ofwas found to be connected nor observed experimeri&iiis
the critical nucleus is sufficiently small to allow unhindered confirms the expected behavior regarding the roughening theory.
growth. There, the edge free energy becomes equal to zero. Notélowever, exceptions are found in the nonconnected net orienta-
that a zero edge free energy in a single direction along the facetions (2L.3) and (42), which appear on the left-hand side of
is already enough for a face to rough€A’ The transition is the second and largest group of curves that become rough at
interpreted as the kinetic roughening transition. about 7 kcal/mol. Their sticking fraction profiles are nearly
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identical to those of the other members of that group, which about 10 times as small as compared to{t&l} form, resulting

are exactly the weakly connected top faces appearing on thein a face that roughens at supersaturations close to zero beyond
experimental crystals. The sticking fractions ofil8} and the precision of our simulations. This explains why the only
(212) suggest that these faces are stable and stay flat. How-top faces ever observed as flat faces belong tdq 21} form.
ever, close examination of the resulting surfaces showed thatAll these results agree perfectly with the simulation results,
these faces rapidly form a sort of roof-like pattern constrained Which show that all other top-face orientations indeed grow
by the size of the simulation box during the equilibration phase. rough immediately, including th¢112. To test the rough
The roofs were truncated Hp01} and{211} faces. This roof ~ growth for the nonconnected (§Xfaces, the (610) and (611)
pattern, therefore, grows at the rate of the fastest of the two, faces were added to the simulations; they both showed to
therefore showing a nearly identical roughening behavior as the oughen already for the lowest supersaturations. This confirms
(211) face. This means that the macroscopic crystals will not that the apparent faces with tentative indiced )@t the onset

show the (23) and (22) faces but rather the (Opand (21) of diffusion-limited growth indeed cannot be attributed to flat
Since the third index could not be determined experimentally, facgs. .
all the remaining faces in the second group of Figure 2 can Finally, the (002) basal faces show an onset for 2D nuqlegtlon
indeed be present on the experimental morphology. The third at roughly 43 kcal/mol. If we use the onset of the sticking

group at about 13 kcal/mol concerns exclusively the side faces, fraction curves as a semiquantitative measure for the growth
and finally we find the extremely stable basal fa¢€1} at rate of the various flat faces, we can compare the aspect ratios
about 60 kcal/mol. of the 5-16.16.16 and th@'-10.12.10 crystals. If we compare

the side and basal faces, we find a ratio of 13:60 for the
$-16.16.16 and 12:43 for thg'-10.12.10 crystals. This is in
pgreement with the more planklike shape of 46.16.16
crystals. By comparison of the top and side faces, we find a
ratio of 7:13 for thes-16.16.16 and 2:12 for thg'-10.12.10
crystals. This explains the far more elongated needle-shaped
crystals of the3’-10.12.10 crystals.

3.2.3.'-16.16.14 Figure 4 shows foy'-16.16.14 a com-
pletely different behavior compared to the other two structures.
The {001} basal faces are, still, by far the most stable faces
resulting in a flat crystal morphology. All side and top faces,
however, have a kinetic roughening transition already in a
relatively small range of supersaturations. This suggests that
. X these crystals can only be obtained completely faceted at a much
temperaturé$:’and our Monte Carlo simulations produce the smaller supersaturation than the other two. The relatively small
{10 and{103} forms. . . difference in supersaturation for the onset of roughening between

3.2.2.4-10.12.10/#-10.12.10 is the most simple one of the  {h¢ sjde faces and the most stable top faces corresponds well to
three structures considered. Figure 3 shows that the side face$ne fact that the experimental morphology of these crystals is
(101), (200), and (201) start to grow at a supersaturation of aboutipat of a lozenge instead of a plank. The attachment-energy
12 kcal/mol. Only the first two are connected. Given these equal morphology show§602 side faces, which are somewhat larger
growth rates, the crystal is truncated by the (200) face. The {,q the{ 110} top faces. On the experimental morphology, the
attac_hm_ent energy predic_;tion produces {61} faces. Sinc_e top faces{11l} are the most prominent while tHe0l} side
the inclination of the side face could not be determined t,ceg are just discernible. As mentioned before, the top face at
experimentally, both are still possible. Hence, for the side faces, ihe pottom side of the figure is an experimental artifact.
there is no disagreement between the calculated and eXperiTherefore, the indices predicted by the attachment energy
mental crystals. The top faces, on the other hand, do show amethod do not conflict with the experimental morphology,
striking dlgagregment between the attachment energy predlctlona“hough the aspect ratio is wrong. The simulation results
and the simulation results. Flat-top faces were only fognd for gescribe the experimental morphology better. At first sight, the
growth from dodecane at low supersaturation and were |ndexed(3oj) face appears to be one of the most stable orientations in
as {211}.1” For higher supersaturations, they typically grow accordance with the attachment energy prediction. Closer
rough, with diffusion limitation leading to dagger-shaped faces inspection, however, shows that all side facks=( 0) start
(see also Figure 1). At the_ onset of diffusiop-l_im_ited growth, growing slowly already below the onset of th&1G and{ 111}
they could erroneously be indexed aslj6% This is in perfect top faces. The onset of these top faces is well defined, showing
ag(eement with the S|mulat!on resylts; th.e only orientations left growth below the threshold supersaturation. This results in
which do not grow rough immediately indeed belong to the 5 ¢rossing of growth curves. Therefore, for supersaturations
{213 form. However, the face (211) starts to form 2D nuclei gmaier than the onset of the top faces, the crystal will be
at a supersaturation as low as 2 kcal/mol, which indicates that,,ncated by these top faces and above that onset by the side
it is expected to roughen easily. (112) is calculated to be the 5305 The experimental morphology of Figure 1 seems to be

appearing top face on the basis of'the qttachmgnt energy. Thegrown near the transition point. The cause for the unusual slow
Hartman-Perdok theory agrees with this as this face has a gnget of the side faces remains to be explained.

connected net. A first analysis of 2D-nucleation on this face,
nevertheless, erroneously resulted in a zero value for the edge :

; . 4. Conclusion
energy, corresponding to a rough f@éddowever, a detailed
study of this top face, published earlier, showed that, in  The results of our Monte Carlo approach applied to predict
accordance with the presence of a connected net, its edge energthe morphology of fat crystals confirm previous results based
is not zero but smafi” A rough estimate based on this detailed on an extended connected net analysis including the determi-
analysis leads to an edge energy for 2D nucleation which is nation of edge energies perfectly. Caution should, however, be

Summarizing, we can say that the simulation results cor-
respond perfectly to the experimental results in terms of the
order of the curves. The attachment energy method, on the othe
hand, produces the never-observed facdS8Y2nd (11) as
the top faces (see Figure 1). This is clearly inconsistent with
both the experimental and simulation results. The simulations
show the{111} faces to be rough and thg213} faces to
develop into two different flat faces. The sides of the crystals
are predicted to be truncated by th203 and {305 forms.
These forms, however, show a similar behavior @IZThey
are highly unlikely to be present on the experimental crystals
because of this breaking-up and since both the extended
connected net theory combined with the determination of Ising
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taken as the results showed that the sticking fraction is not The lowest energy level(S,Nc,Ny) corresponds to the most
always conclusive. Some faces break up in other flat-face stable, usually flat, interface wit. solid andN,, motherphase
orientations. Besides the sticking fraction, this breaking up GUs. Assuming microscopic reversibility, the probability ratio
should be taken into account for the proper prediction of the for attachment and detachment for sitebecomes

growth behavior of a crystal face. In the present version of

MONTY, this demands for an interpretation of both the growth paown curt
curves and the resulting surfaces. peh expB(AUL" — AU) + SAu) (25)
The implementation of MONTY used in this study simulates i2

growth via the 2D nucleation mechanism for which the edge _ th ; . .

. : 2~ where Au = umth — st Again, we assume a linear
energies determine the onset .Of the gfowth-rate CUIVes. .Smcedependence for the surfaesolvent interaction, which in this
crystal faces very often grow via the spiral-growth mechanism, approach varies by the complementary eneréw@f Thus
the results cannot be used directly for the purpose of morphology
prediction in dependence of supersaturation in general. For this, ymoth
the actual growth rates of all the relevant faces need to be AU%J”:( P 1)Uiz (26)
calculated for a range of supersaturations taking into account u
this alternative mechanism. This was done for the case of . ) .
paracetamol where the relevant growth mechanism was deter-\évl:'r'fc;éediaggjs éhii\?;flzztt“{ci gnegrgyéiﬁggnge of the GU at the
mined experimentally for each faéeAs was mentioned for € a2
the fat crystals, only the basal faces are growing via a spiral- _ ~moth _ ~cryst _ _
growth mechanism, implying that the aspect ratio between the Au=G G =AU~ TAS+ PAV (27)
side and top faces is determined only by the 2D nucleation we obtain after substitution in eq 25 exactly the result given by
mechanism. eq 10.

Even when the growth mechanisms of the various faces are
known, the force fields used to determine the bond energies Appendix B

lead to rather diff t It tudied by C t . . .
;‘f‘ﬁ ead to rafher different results as was stucied by Luppen & Equation 20 gives the growth rate of a fatdlf applicable

Jo any kinetic mechanism as parametrized by the paramaters
inegs 11 and 12. Here, we derive a relation between the growth
rate and the traditional sticking fraction given by eq 22 which,
in principle, is only relevant forl; = A, = 0 and growth
situations Au > 0).

Starting from equation 20, the total simulation titg. can
also be expressed in terms of the average time interval between

Other improvements to the method may be needed to increas
the predictive value of the method. The simplified assumption
of a linear interaction law of the growth units with the solvent,
for example, may be considerably improved by calculating
surface site specific solvent interactions. Furthermore, an
improved kinetic Monte Carlo method could be designed by
including the individual transition staté%.4” Related to this is X

two attachments[Atgonil] For that, we determine the total

a proper choice of the values éf in eqs 11 and 12. A first =
interpretation of such a choice was discussed in ref 23. Also, 2Verage event frequency aBl= Woowrl]+ Wete] FOr the

in contrast to some other Monte Carlo methods, no surface individual average frequencies, e filrowil = (Ngrowtr{Nwc)-
diffusion, which is known to be nonnegligible for vapor growth, [0and Weier = (Neter/Nwc)Uor equivalently
is taken into account. These issues are left for further research. N N

Even with these shortcomings, a good correlation between AtC= M‘mtgm il At (28)
the experimental results is obtained, at least for the cases of the MC Nuc
fat crystals considered here and for other examples referred to., o .
This suggests that the main trends are already represented welll t€rms of the individual average time intervals for growth and
by the current method. In any case, the results show that, byetch events, respectively. Substitution into eq 20 yields for the
using MONTY based on the interaction energies between the 9rowth rate
GUs in the crystal, a crystal morphology in dependence of
supersaturation is obtained that is a considerable improvement Ry = =
of the plain attachment energy approach. Nsiice Ngrowtt A tgrowtrD  Nsiice

g Ngrowth_ Netch _ A s 1 (29)
. mtgrowthlj

Appendix A o _ Atgrowfollows from eq 16 and egs 11 and 12 for= 1, =
An alternative statistical mechanical approach can be used

to derive the probability ratio of eq 10. In the grand canonical

ensemble, for a one-component system, the standard expressionmt = 1 T _ T
fgsr it;\e probability for finding a system i\ particles in a state growth @ gromtr] Dz PigzrowthD Nyrowable [exp(3Au)
: (30)
P(N,j) = exp(—A(EG.N) — uN)) 23) where MNgowableslis the average number of sites at the surface
’ E where a GU can attach. This results in the growth rate expression
whereE is the grand canonical partition functiéhThis can MNgrowabled!

be extended to the probability of finding a system WithGUs Rt =1 'ty TN Sha €XPBAW) (31)
in the crystal phase and, in the motherphase in a state with slice

a surface configuratio§ with a surface energy(S,Ne,Nm) The numberMNgowanielIdepends on the roughness of the face

(hkl) at the driving forceAu and temperaturg = 1/kT. Thus,
PNLN. j) = eXPCAU(SNeNy) + BN, + BurN) (24) more rough faces tend to grow faster. This expression is more
oo = complicated as compared to the expression traditionally used
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for MC simulations on the KosselSOS model. For this latter
model, the SOS condition reducBSyrowabieét0 MNgrowables=
Nsiicee FOr Kossel-like SOS models, where the growth layer
consists of more than one layer of GUBlyowabieéreduces to
MNgrowables]= (1/M)Nsjice, Wherem is the number of layers in

Boerrigter et al.
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