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Simulating micrometre-scale crystal growth from

solution

Stefano Fiana’, Manijeh Reyhani' & lulian D, Gale'

Understandi tal growth is essential for controlling the
cry:ln]lmﬁml:rd in industrial separation and Plﬁglim
processes. Becanse solids interact theough their surfaces, crystal
shape can influence both chemical and physical properties’. The

ic morpholagy can readily be predicied’, but most
particle shapes are actually controlled by the kinetics of the atomic
growth processes through which assemibly acours®, Here we study
the urea—sahent interface at the nanometre scale and report
kinetic Monte Cado simulations of the micrometre-scale three-
aimensional growth of weea crystals, These sinudations acourately
reproduce experimentally observed crystal growth, Unlike pre-
vious mudels of crystal growth®™, no assumption is made tha
the morphology can be comstructed from the results for inde-
penalently growing surfaces or from an a prion specificition of
surface defect concentration. This approach offers insghts it
the role of the solvent, the degree of supersaturation, and the
contribution that extended defects (such as screw dislocations)
make to crystal growth. [t also connects ohservations made at the
nanometre scale, through in sit atomic force micrascopy, with
those made at the nacroscopic level, IF extended to include
additives, the technigue could lead 1o the conputer-aided design
of crystals,

Thee: diversity of crystal rorphaologies that can be foand for 2 single
raberial B vestimny o the B thet the macrosacopic shape i lighly
sengative b the geowtls conditions, because kinetic oontral @ uaoally
dominant”, For example, Fig. 12 and b illustrates twe distinet
rarprherdiogies et are exhibited by the melooular orystalline material
et —{ WH 1, CO—whiich one s obtained depends on sdwether the
sobvent wsed 2 water or methanol. There an: even variations bawien
individual partiches, affected by their age and by when they sucase-
Fully nuscheted relative o odher crvstallites. The challenge is 1o beable
1o predact such behavsour and to reconale it with ztomee detal, such
a5 is. becoming mailahle from in sitie scanning probe microsaopy.
Here v will demanstrate that computer simulation can provide a
mieans of bridging this gap and make it feasible t0 explon: the crystal
gronvth process with almest no prior ssumptions.

It was previously” shovn that the broed fostures of the mor-
phology of wrea in water could be determined by information
oftzinad from the molecular dynamics simulation of the aqueous
imterface for both the (01 ] and {110) swrfaces. Tt was assumed that
the systern was growing at bow supersaturation and therefore that
screw disdecations would be the dominant grenth site for all aces
Hemwe, the relative rates of grovth are determined on the basisof the
thermodyramics of meorporating modecules at kink site. Mow, with
the advance of computer posver, i i possible” io determine the mtes
darectly for all the steps of grostl of the urea surfaee. To achseve this
imvolves clasalying the individual uren molecules as beng ather
erystalline or in soluton. Crestalline sites are then subdivided
acenrding o the local epordimation erviromment of the molecule,
based o the rumaber of neighbouring molocales of a given type, as
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shown in Fig, 2. By literally counting the number of transitions
begween different sites during several nanosecrmds of simalation we
«can obtzin the rate for each step. Note that rates are determined for
hoth the dissolution step, inwlhich a molecule moves from a given

Figure 1 | Optical micrescepe and scanning probe microseope piciunes of
wrin eryatalic &, Nerdbedike morpholegy characteristic of ures crysals
grensing fram swaler salutinn. b, Palar marphalngy of urea crystals growing
fronn 3 methanal selution, €, Seanning probe microscape image af the [ 116]
Tace of a methanol-grown urea crystal, displaying o morphabagy typical ol a
hirth-and-spread groveth mechanism.

ol Techualagy, G0 Bav FIRET, Becih GHAS, Wsiern husinaly

of the lecal of & ures malecul
The four symmaecry non-egquivabent nelghbouring molecule o glyen urea
malecale are @ustraced, whers the mobecubes libelled 1 and 2 i in the same
erpstallographic a-b plans, whereas the molecules A and B iz above and
heherie, reapectively, abang the ¢ axis.

Figure 2 | €

erslalline ervironment o wlation, and the aysiallization step,
which is the reverse 55, Framinatiom of the inthuence of the
classification criteria and the sampling methods used indicates thae
thie results are not particalary sensitive 1o these factors, provided the
simulation duration is sufficient.

Here we have simulated the solvent-urea interface for bath water
and mietharod, & well as for foour different surfaces, ramey the (601,
ALy LU and £ 11— 1 owts, W mate thar the polar (111] and
(=11 1) surfaces are non-equivalent. Snapshots frem the mol-
erular dyremics trajectodies are shown in Fgo 3 Tn the preent
mmwethodnlogy, it B not necessarny o simulate all possible surfacs w
obtain reliable reults, 25 would be the case when detennining the
thermodynarric morphiology acoording toa Wulff comstruction®. Inis
sufficient to determine rats for 2l poasible mansitons betwoon
unigue sites that might occur on any surface. Inothe case of ure,
the bagher index surfaces can be comeidersd o be faeeted sersions of
e surfaces studied here, so we already have a complete set ol surface
sites within a nearest-neighbour and next-nearest- neighbour model,

So far, only rates for molecular processes at the nanoscale have
been dietermined because they are extracted from simulations where
ihe spstem dimensions are of the onrder of nanometres and the
amount of real time sampled is up 0 100 ns, Fowever, the smallest
observable crystallites in an optical microscope are on the micro-
mietre scale—that s, three orders of magnitude langer—and the
timescale for ohservable grosvth of o urea orpstal s of the order of
milliseconds, With curmrent computers it is impractical to simulate
crvstal groseth divectly at a macescopic level, However, by using the
rates for individual steps as the probabilities for mansitions in a
Eimetic Mente Carde! sirnulation it is feasible to make the connection
bt nanescale smulation, scanning probe microscopy and the
olserved morphalogy af crystals from optical microscopsy.

In the lanetic Monte Cado approach wsed, each mobecule =
represented by a paint on a grid sath the arrangement of the lattsee
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Figure 3| Trom the of the
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interface. a-g, For waler, the irames show the [D00] (a), [100] (b, and
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sites of the wrea orystal rocture. Facl site then carries the infor-
matinm of whether it & nooapied by 2 urea molecule, or vacant, and
whether the molecular dipale is pointing up or dovm, The orien
tation of the dipok: is cqunalent to tI.cﬁninIB the plane in which the
urea molecule is situated. Sequentially, each site i examined and a
p.nlm'p is chrsen in proportion to the trnsition probability over a
Sps interval, Here the time interval is sct oqual o that used to
aample the mansitions within the atomistic molecular dymamics,
e all sites have been cemsidered, the dod is advanced by 50 ps
ard the proces repeatid. The present metlod diffes fiom oorven-
tienal approsches o kinetic Morite Carlo siulations in o impart-
ant pespect: the rates are obtained directly by simulation, wsnes
morrmally activation epergies are caleulated and then rates are
extinatod based on an approsimation of the prefactor™. In the
comtext af eryaal gmleL the present work also deviates from

prevaous studies' wiing kinetic Monte Cado smulations by con-
-ild.l.n:q.\ thee Full three-dimensional evolution of 2 erystal, szther than
two-dimensiomal growth of a particular surface.

To initialize the simulations, a growth nuclews is created that is
larger tham the critical size, The shape can be chosen arbitrarily
because during the inatial stages the muclews undergnes dissohation
ane gronwih wntil the stable morphology is achieved, Thereafter
arystal grenvth begins, depending on the degree of supersaturation,
C*, of the urea solution surroumding, the nocleus, Here C is defined
a5 | [area) — [urea) S urea) ), where [wreal, is the saturated solution
concentration. Interestinghy, fror small crpstal nodle, ranging in size
froem 0L12 o (.00 prm, it was found thar [urea], becomes strongly
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Figiars 4 | Cammp af Ak it and

seade erysial morphelogies. The franmes dhow the resubis of the kinetic
Mamte Carlo simulation of o urea crystal growing from solution and the
comparahle in sitw optical microscape image for bath water (3 and
methanod ) as the solvent, In the simulaied images the dhade of o siie
depends am the bocal cooedimation number. Dark, medium and lgha blee
sites are thoss with thres, fowr and five neighbowrs, respecisely, The birth
and-ipread growth paltens sbecrved in the kinetic Mante Casba simulation
al growth from a msechannl obutisn can be compared with the scanning
prabe micrassnpy data in Fig. 1+,
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sre-dependent and for the small mede (10 mm radies] an be up
toy 204 higher than the bulk limit.

T comtral the degree of supersaturation, the fraction of sites thar
are accupicd by urea melscule in solution can be manipulated. Ton
sets of conditions can be created —one in which the number of ures
malecules is finite, and s0 C* decreases with time urtil growth is
halted, and one in which C° is held constant by replenishing the
resepviir of wrea moleoales as the number is depleted by orystal

th.

Simlatiens of wiea orystals growing from methanol and water
solutions at & superaturation of CF = 3% 1077 were performed.
Figure 4a and b slotes & comparison of the crstal morphologie
obtained feom these simuolations with the morplology of wes
crystals observed with an fr sime optical microscope, The kinetic
Monte Carlo smudation in water indicates thal uren crystals groe
from agueous solution as long needles, of aspect ratio greater than
1,000, sath large [ 1140] faces and 2 dightly faceted [001] face. Growth
o the [110] faces is not ohserved at this supersaturation, in
agreement with the experimental cheervation that at a supersatura
tinnaf -~ 115, the growth om the [ 110] face i more than three orders
of magnitude dower than that on the [ (01 | faee' Tn contrast, growth
om the [ ] face proceeds via a birth-and-spread mechanism where
nscleation is not rate-limiting, {rough growth )y,

Tl morphology emerging from the simulations of growth from a
raethanal solution is remarkabby different from the simulations in
water sofutiom, The aspect rztio of methanol-grown crystals is
20-100 times smaller and the [001] faces are unstable, being
completely replaced by pelar [111] faces {Fig. 4. All tlse findings
are completely comsistent witls the optical microscope and scanming
prohe microsoopy images of ure orvstals growing from methanol
solution (Fig. 1), We find nucleation o be rate-limiting for growtls
om the [110] face at low o moderate supersaturation ({7 < 100"
This growth mechanism has been confimmed by scanning probe
macrnscopy data [Fag, 1e), inwhich the surface morphalogy typacal
of a birth-and-spread growtls mechanizm can be clearly identified
W therefore predice the aspect ratio to. be size-dependent under
these crnditions, with values in the range af 1040
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podar marphology in which the oo ends are capped by points
twisted by 90 degrees, This is due o the vate of growth ofm.'p: an
the [110] face from methanod being different in the +¢ and —¢
directions [Fig. 4bl. On the symemetry-equivalent [110] and
[—1 — 10] faces, the rate of molecular depesition on steps in the
e direction is twice that in the —¢ ome, while for the [1 — 10] and
[ 110 faces, the stwation is reversed. This ssmmetry in the growtl
vt i exdvibitedd by islands grosing on the sarface, because the initial
ncleation site remairg dose to one edge of tee idand, ratle than
bt |ocated at the centre.

It bz been proposed™ that, al low supersaturation, the presence
ol serew dislocations i important for the growth of the [001] face. T
investigate this issue, we perfonmed tvn-dimensional kinetic Monte
Carlo simulations of a @1 % 0.1 gm [(401] face, at 2 supersaturation
of 1%10°%, with and without a screw dislocation present. The
presence of a sarew dislocation is found o accelerate the rate by
only 108, However, on the nucleation-limited [110] face, the
introductinn of a screw dislocation indeed produces a fivefold
enhancement of the growtl rate, up toa supersaiuration of 3 % 10 %

Oy results show that it is prssible to egplore the influence of
superssturation, concentration pradients and diffusion control
within the salvent, to narme oy a few of the mamy factors that
infloemce orystal grewthe Critical neded sizes can also redily be
determined w8 a function of conditions. With further atomistic
strmulatione, we may next examine the mierplay betveen impurities,
supersaturation and ervstal groeth'. Although 1t may prove mone
complex and compuitztionally demending, thas approach = appli-
czhle o crystals i general, induding spedes with conformatirmal
freedom. Three-dimenssenal kinetic Monte Cardo sirmulation, based
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o ratess obtained directly from naneseale amolation, s provides
a mew technique for the predictive design of crystal growth
experiments,

METHODS
Miare derads of the mahodology are presenred in the Supplamentary Dnfos
i,
Atemibstic malecular dysamics simulatbans. Moleculis dynaimics amalitions
wize pesfanessd for the {001, [100] and [101]7]=1=1=1] crysial faces of usea
Eh s hapol ¢ m} sl LT

o with the program GIHS from the mnit ool detensingd by %-ray
diffraction™, The surfacs areywas 8 % & 6 % & and 8 % & unt calls for the [031],
1000] and | 111] saraces, eoprctivdy, The deptieof the ure dahsseers f, 6 and 3
it cells, respectreely, The two- nsomal cells were eoimverted inio three-
rpendicalar to the suefice sisd magninide
254 lrger thaw the usa cdl. The gAp berween the two sarfaces wies filed with
sobveist mwobaciibes usiing the geabos'” progeani. The final symens consered of
olevudes and 1,295, 930 and £31 sebvenr maleculis, All
e s balie i weene s the progiam GROMACS', g foece fizkda far
e wrsa-uires annd area-alvent interstioes peeviousy parmssrizal . The
for i Jong-rangs dlocirmitatics with a
stap For she molecular dynamics
simulation was 241 I, Pusther deails on the methodology can be fonnd else-
where®. Salvant melecale po wene finst relased by peorm ebry optissarion

¥t sysem was equilibraed by perform r

Latioas i 3041 B wizh a vanahike cell along o
e nrea esedeculed fised. The whals spsie
20t of swvabecuilar dy
Finadly, six sannlations of 12, &0 sed 12 e ue duraisen weee peel
[e ], [106] and [0 —=1=1—1] surfases, nmopeciivaly, with
prosae compling
Kimetic Mosie Carlo simulations, Given the spmeseiry of the wrea orysial, cach
milecals has foar non-cquivalant nearest-neighbour sites, illustrased s Pig, 2.
Whee all owieg, for the possiblny of solveni moleculies occupying oneor more of
e posiies, this leads v o sonal of 34 daffesenr surface sies nyges Den types of
kink, eght rypes of spsp. four types of temrace sives aod 12 types of molecule with

) aned

pehy Ewakd™ mteod wa

shart-range cus-nil of 0.8 mm. The

oile of T wre nelgahanrs anly). For many sarfice sies the secoid-neancr
the reacion e (les than

rates for this 3
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ved by parforming a kimetic Maonie Carlo sies n of a seraw diskacation
rwn-dimes al perindic O 3 006 [110] surface ar vanable coacen-
praion. In this siswaation 3 fied number of moleoules are present in the
sobation aind the concenirarion & depleaed w the surface grows around the sorew
dislocation. The savaratad solunion coucenracion was defined a the coucen
vratioil where the sinface neither grows nor dissalves, sd was foond o b 56
e fen water and 40 Toe metbanol, sespectively. These values oo be comparad
with the experiaental valus of 110 (ee 20 and 48 trel, 220 amd the
previcusly published aruacsd solution coecanteason of T Toe waier,
sty by molocabir dynamics, The caleulatad rabes an i o
agreamims with tha experim appear b eaptuee the largar solu y of
wrea in water with respect to methascl. Alihough the sivwal ntuuducsm maie
e dissalution of urea tier, this represants an anroa of i the
Tree energy—an ameum bayond the acoiracy of mos
imilarly, the decrepancy berween the san

.
als weee i agad with am aresmic foce
micmscnps [da o, Crystals wore grows fram a
sahation by sobemt svapnmtion and daposied oe
Insiramenas atomic force mwicroscope, operated n cos:
take images of the crysials
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