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Abstract : Predicting thegrowth morphology of mo-
lecular crystal sisanimportant stepin controlling pro-
cessparametersin chemica and pharmaceutica indus-
tries. Herewe present acomputational method to pre-
dict growth morphology of molecular crysta's, derived
frominternd crystd structure. Thehabit contrlloing en-
ergetic wereobtained using firgt-principlesmethod. Our
gpproach takesinto account of molecular orientationand
other interna parameterson growth shape. It d sotakes
into account of surface relaxation, possiblereconstruc-
tion and different surfaceterminationsof thehabit facets

INTRODUCTION

The study and manipulation of formsof crystals
have attracted immenseinterest of artistsand acade-
micians sincethe BronzeAgée'Yl. Therelationship be-
tween thecrystallization formsanditsinterna struc-
ture have been captured theinterest of scientistslong
beforethecrystal structure could be determined from
diffraction data. Scientists are eager to understand
nature’smechanism by which crystalsgrownin differ-
ent shapes. Thiswill enabletheengineer to manipulate
the crystallization processesto obtain adesired shape
of crystals. Theformsof the crystalsisof great rel-
evancein many industrial processesand hasadirect
impact on the separation efficiency and the stability of
crystalinechemicals, thebioavail ability and the effec-
tiveddivery of drugs, etc. Themechanism that deter-

on thegrowth morphol ogy. Surfaceroughnessat T=0
K isquantifiedintermsof differenceinlatera attach-
ment energiesof moleculesinfacet’sunit cdl. Thegrowth
morphologiesof ureaand succinic acid werecomputed
from the presented model. Therelaxed morphologies
obtai ned us ng Hartree-Fock method givesan excel lent
agreement withtheasgrown crystal sfromvgpour phase.
© Global ScientificInc.

Keywords : Urea crystal; Succinic acid crystal;
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minethesize, shape and propertiesof crystalsarekey
to addressing challenges as diverse astreating dis-
ease, designing new materialsetc.

Thegrowththeory of Hartman and Perdok (HP) is
employed to compute crystal s shape?®. However, HP
theory doesnot takeinto account of molecular orienta-
tion, surface scaling factor®, surface rel axation of habit
facesand theeffectsof solventsonreativegrowthrate.
A slab of agiven orientation (hkl) may possess many
surfaceterminations, but HP theory doesnot take care
of the effect of surface termination on the attachment
energy. Fallure of theHPtheory isoften ascribed tothe
effect of solvent or additives™. Itisconjectured that
theatomic structure at the solid-liquid interface deter-
minesgrowth shape. Therefore, an atomic scale study
of theinterfacesisimportant to model the effects of
impuritiesand surfactantson crystal forms.
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METHODOLOGY

Thecrystal growththeoriesgenerally treat asingle
interfacia state, flat facet or rough, or thetransition be-
tween them, but asingle closed surface can have both
typeof surface structure. It isinteresting to notefrom
ref.[® that monomers or dimmers of molecules are
adsorbed during the growth of ZnCd(SCN), crystal.
Motivated from above study, amodel is presented to
cdculatetheformation and latera attachment energies
of the growth unitsin the presence of neighbour ghost
atomsontheeachfacet i.e. energy of growth unitsin
dab were calculated by converting al neighbouring
growth unitsinto vacancy. A growth unit diffusestowards
interfacia regionsthrough mother nutrient and thetran-
sent growth unitswereformed near theinterfaces. The
growth unitsreorient itsdlf according totheatomic struc-
ture of thefacetsbeforeitsget adsorbed. Theformation
energy (FE) of thetransient growth unit istheenergy
released when atransient growth unitisformed from
freegrowthunitintheinterfacia region. Incase, unit cell
cong st of multiplemolecules, laterd attachment energy
(LAE) of eechmoleculemay differ and dependonrda
tive orientation of the moleculesand theinternd struc-
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tureof thefacet. The LAE of thetrangent moleculesare
the energiesreleased when transient moleculeswere
absorbed on thefacet, which may bedefineas

crystal Eﬁgldnianon) (1)
isbulk cohesiveenergy of thecrystal and
EM istheFE of thetransent molecule. Figure 1(a)
showsatypica assembly of transent ureamoleculein
(001) face (b) showsthevivid description of the (001)
faceinwhichthetransient moleculeisencircled. The
facet’sgrowthrateisdetermined by adsorption of mol-
eculeshavinglowest LAE. Thisisinthe contrast to the
HP modd, whereeach moleculeinaunit cell hasequa
LAE inspiteof different neighbouringinterfacia ghost
atoms. Surface docking modelsa so doesnot takeinto
account of FE of the sol vent molecul es/impurity atoms.
To calculate habit controlling energiesof different
faces, following methodol ogy has been employed. The
sabsof d, thicknesswere created and structurally op-
timized to obtain relaxed structuredabs. Inthereaxed
dab, theun-rel axed trans ent energy of moleculeswas
cd culatedin the presence of neighbouring ghost atoms.
To calculate the relaxed structure and energy of tran-
sient molecule, structure of un-relaxed transient mol-
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Figurel: Schematicillustration of themodel in which thegrowth of a crystal layer proceedsstepwise (a) showsatypical
trandgent ureamoleculein the(001) facet of ureacrystal. Thevacancies(small red) arelabelled by X X. Theener gy difference
between atransent moleculeand afreemoleculein vapour isdefined asfor mation ener gy (FE). Thegrowth unitsin thevapour
diffusetowardsinterfacial regionsthrough mother nutrient and transient growth unitsareformed near the solid-vapour
interfaceand eventually get incor por ated intothegrowing step at thekink stesafter reorientingthemsavesaccordingtothe
atomic structur e of theinterface (b) showsthepictorial description of theinterfacial structureof (001) facet inwhich the
transient moleculeisencir cle. Theattachment ener gy (AE) of thetransient moleculeiscalculated by subtracting ener gy of
wholeinterfacefromtheener gy of theinterfacewithout thetransient molecule.



76

ChemXpress 3(2), 2014

ORIGINAL ARTICLE

eculehasbeen optimizedinthe presence of neighbouring
ghost atoms. Thisisneeded becausethecrystal growth
progresses since free mol ecul es get absorbed on the
facets. LAE of moleculeswere cal culated using equa-
tion (1) showsan aggregate effect of latera binding of
themoleculesin 3-D crystal. Thetransient molecules
wereformed near theinterfaceshavelower energies
compared to free moleculesin vapour/sol ution. Our
model reveals that the crystal growth process is
favourableevent astheformation of transient molecules
near theinterfacesisexothermic process. Theun-re-
laxed formation energy of the moleculeisthe energy
difference between un-rel axed trandent moleculesina
dab and afree moleculeand theenergy difference be-
tween relaxed trans ent moleculesindab and freemol -
eculeinvapour/sol ution isdefined asrelaxed formation
energy. Theun-relaxed and relaxed formation and lat-
eral attachment energy of transient moleculesarewell
defined quantity withinthismodel, and play asimilar
rolefor the morphology calculation asin un-relaxed
formation and attachment energiesinrigid model g9,
We, admittedly, though athorough statistical mechan-
ics should be employed to get more sophisticated re-
sultsabout lateral binding but the presented method
dedlsin average manner a zero temperature. Hartree-
Fock (HF) and density functiona theory (DFT) with
hybrid exchange-correlation functional using all elec-
trons Gauss an basis set was employed and acounter-
poise (CP) correction method*¥ was used to correct
the basi s set superposition error inmolecular crystals.

COMPUTATIONALMETHOD

All caculationswerecarried out with CRY STALO3
program(®2. [tisan abinitio code based on linear com-
bination of atomic orbitals (LCAO) programfor the
treatment of periodic systems. The basisset employed
for carbon, nitrogen and oxygen iss(6)sp(2)sp(1) and
for thehydrogen atomitiss(2)s(1) (“6-21G”). Crys-
talline orbital sarerepresented aslinear combinations
of Blochfunctionsand areevauated over aregular three-
dimensiona meshinreciproca space. Each Bloch func-
tionsarebuilt from atom-centred atomic orbita's, which
are contractions(linear combinationswith constant co-
efficient) of Gaussan-typefunctions(GTF), eech GTF
beingtheproduct of aGaussiantimesared solid spheri-

cal harmonic. 6-31G molecular al-electron basis set
hasbeen employed inthe present cal culation. Theleve
of accuracy in evaluating the Coulomb and exchange
seriesiscontrolled by five thresholds*3, for whichva-
uesof 109, 101°, 10", 10%°, 10® were used for the
Coulomb and exchange series. The DFT exchange-
correlation contributioniseva uated by numerica inte-
gration over thecell volume. The SCF endswhen the
root mean square (RMS) of thechangein eigenvalues
from two subsequent cyclesislessthan 10 or the
changein theabsolutevalue of thetotal energy isless
than 10°. Theshrinking factorsalong thereciprocal lat-
tice vectors were set to 4, 4, 4, corresponding to 8
reciproca spacepointsof theirreducibleBrillouin zone
at whichtheHamiltonian matrix wasdiagonalized. To
caculatetherelaxed structure of 3-D bulk crystal and
2-D dabsof various orientations, we started with ex-
perimenta crystal structure> asinitial guessstruc-
ture. Bothlattice and atomic coordinateshave beenfully
relaxed by means of energy gradients. The geometry
optimizationisperformed by meansof aquasi-Newton
agorithminwhich thequadratic stepiscombined with
aparabolicfit. Geometry convergenceistested onthe
RM S and the absol ute value of thelargest component
of the gradients and estimated displacements. The
threshold for the maximum force, theRM Sforce, the
maximum atomic displacement, and the RM Satomic
displacement on all atoms have been set to 0.00045,
0.00030, 0.00180, and 0.00120 au, respectively. The
optimizationissuccessfully completewhen thefour con-
ditionsaresmultaneoudy satisfied.

We have employed Hartree-Fock (HF) and den-
sity functiona theory (DFT) methodswith hybrid ex-
change-correlation functional (B3LY P) to obtain opti-
mized dice structure and habit controlling energetics.
Animportantissue connected with ca cul ated latticeand
diceenergy isthebasis-sat superposition error (BSSE).
The BSSE arises because two molecules which are
bound together make use of the basisfunction onthe
nei ghbouring atomsto enhancethequality of their own
basis sets, beyond the quality used for theisolated mol -
eculecalculation. Infact, in cal culating thewave func-
tion and tota energy of amolecular crystd with afinite
basis set, the description of molecule Ainthecrystal
will beimproved by thevariationa freedom provided
by the functions of the adjacent molecule B, and vice
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versa. Asaconseguence, the energy content of Aand
Binthecrygtalineenvironment turnsout to be overes-
timated, asif an extrabinding occurred between Aand
B. Thiserror iscommonly corrected viathe counter-
poise (CP) method, as proposed by Boys and
Bernardi*, by supplementing the basis set of aniso-
lated moleculewith thefunctionsof anincreasing num-
ber of ghost atomsbel onging to the surrounding array
of moleculesthat would be present inthecrystal. The
ghost atomsare pointsin space with an associated ba-
sisset, but lacking anuclear charge so allowing better
description of the e ectron density inthevacancies. We
haveutilized CRY STALO3 programto caculate BSSE
both usngHF and DFT method. For BSSE correction
to thelattice energy, themonomer energy iscal cul ated
by placing ghost atomsin a cluster surrounding the
monomer & theatomic positionsobtained fromthecrys
td structureoptimizaion a thesamecomputationd leve.

RESULTSAND DISCUSSION

Theformation of moundsduring growth arisesfrom
diffusion biad*>'9, as can be demonstrated by consid-
ering the stability during deposition of two-dimensiona
idandshavingas nglemolecul ar-layer height. If incom-
ing moleculesdeposited atop theidland experience a
barrier to diffusion over theidand’sedge, then thenext
molecul ar layer may nucl este before the previous|ayer
compl etes, thereby |eading to growth and the eventual
appearance of mounds. If, however, this step-ledge
barrier isnegligibly smdl, thenthemolecular layer com-
pletesbeforethe next one nucleates so that the growth
islayer by layer, yieding arelatively smooth surfaces.
Inview of the above, surface roughnessat zero tem-
peratureisdefined asthedifferencein the attachment
energies(laerd binding) of moleculesinaunit cell. This
isbecause, themolecules having higher lateral binding
havehigher growth rate compared tothemoleculesthose
having lower latera binding. Thus, uneven attachment
energiesof moleculesinfacet’sunit cell createabarrier
leadsto rough surfaces even at zero temperature.

Effectsof bond strength and temperature on crys-
tal surface morphology at fixed supersaturationswere
studies by Bennemaet al. and R.F. Xiao et al .l*"18l,
Surface roughnessisafunction of (¢/KT) at fixed
super-saturation, where gislateral bond strength. At

zero temperature, thermal roughness of facets van-
ishes but the atomic roughness at zero temperature
need not be zero and it is controlled by the strength of
the coupling of the crystal surfaceto the underlying
lattice™®2% j.e. at zero temperature, surface atomic
roughness dependson details of theinteraction. The
atomic roughness at zero temperature vanishesfor
thosefacetshaving either singlegrowth unit or the ori-
entation of facetswere such that all growth units(in
caseof multiplegrowth units) infacet’sunit cell have
equal LAE. Thus, roughness at zero temperatureis
proportional to the differencein binding energies of
growth unitsinafacet’sunit cell.

To quantify the surfaceroughnessat zero tempera-
ture, we have used acriterion similar to BCH?, origi-
nally defined for thermal roughening. The surface
roughnessR_ (ageometrical factor, which character-
ized surface roughness) at zero temperature can be
defineintermsof latera binding of growth unitsin
facetsunit cell as

(Ena — Enin)
R = = )
where e and g2 arethemaximumand minimum lat-
eral binding strength of growth unitsin crystal facets.

The growth morphologies of ured*?22 and beta-
succinic acidi?*?1 crystalsarewell studied duetoiits
simplemolecular structure using HP theory based on
semi-empirical force-field method. Recently we had
studied the growth morphol ogy of ureacrystal from
HP model?® and the effect of surfacerelaxation on
the growth morphology using ab-initio method but
the cal cul ated shape does not wel | match with experi-
mental shape. Docherty et al.[?? and Boek et al .
have considered only experimentally observed facets
and doesnot considered surfacerelaxation for calcu-
lating shape of ureacrystal. Ashley et al ‘% have con-
sidered the othersfacetsfor cal culating relaxed and
un-rel axed growth shapes but they predicted the ap-
pearance of (101) and (200) and underestimated (111)
face. Morphology of succinicacid crystd isdsowidely
studied but none of these have considered (101) and
other facets.

First, we studied the growth morphology of urea
crystal and considered 9 low index facesfor cal cul at-
ing FE and LAE of thetransient molecules. There-
sultsare presented in TABLE 1. Figure 2 (a)-(h) shows



78 ChemXpress 3(2), 2014

ORIGINAL ARTICLE

TABLE 1: Un-relaxed and relaxed for mation and later al attachment ener gies(kcal/mol) of transient moleculesin different
facetsof ureacrystal for variousHamiltonian.

Un-r elaxed for mation Un-relaxed LAE Relaxed formation Relaxed LAE

Faces

Hamiltonian (hKI) ener gy of molecule of molecule ener gy of molecule of molecule
(M1) (M2 (M1) M2) (M1) M2 M1 (M2
(200) -7.23 -7.03 -11.29 -11.18 -5.00
(110) -12.14 -6.31 -4.58 -7.49 -15.54 -15.71 -2.88 -5.39
(101) -4.63 -4.63 -8.33 -8.33 -8.84 -7.89 -6.23 -6.23
(001) -8.94 -8.94 -6.17 -6.17 -12.38 -12.07 -4.46 -4.46
HF (111) -1.33 -9.08 -9.98 -6.11 -6.00 -4.67 -7.65 -4.47
(100) -9.26 -9.26 -6.02 -6.02 -13.06 -12.95 -4.12 -4.12
(210) -8.94 -5.98 -6.18 -7.66 -12.73 -12.57 -4.28 -5.55
(201) -1.29 -1.29 -10.00 -10.00 -6.00 -4.85 -7.65 -7.65
(211) -1.01 -5.10 -10.14 -8.10 -5.68 -4.44 -7.81 -5.27
(200) -8.15 -9.43 -7.92
(110) -13.27 -7.10 -6.87 -9.95 -10.52 -10.30 -5.65 -8.35
(101) -4.66 -4.66 -11.18 -11.18 -8.84 -7.89 -9.56 -9.56
(001) -9.31 -9.31 -8.85 -8.85 -12.38 -12.07 -7.47 -7.47
B3LYP (111) -1.08 -9.47 -12.96 -8.77 -12.36 -11.84 -11.17  -7.58
(100) -10.13 -10.13 -8.44 -8.44 -13.06 -12.95 -7.03 -7.03
(210) -9.76 -6.65 -8.62 -10.18 -10.19 -9.82 -7.22 -8.59
(201) -1.23 -1.23 -12.89 -12.89 -6.00 -4.85 -11.08 -11.08
(211) -0.85 -5.22 -13.08 -10.89 -10.76 -8.34 -11.28  -9.33

TABLE 2: Un-relaxed and relaxed for mation and later al attachment ener gies(kcal/mol) of transient moleculesin different
facetsof succinicacid crystal for variousHamiltonian.

Un-relaxed for mation Un-relaxed LAE Relaxed for mation Relaxed LAE

Hamiltonian TEEF)S energy of molecule of molecule energy of molecule of molecule
(M1) (M2) (M1) (M2) (M1) (M2) M) (M2
(002) -1.49 -11.66 -1.75 -11.53
(010) -8.00 -8.00 -8.40 -8.40 -9.79 -9.79 -7.51 -7.51
(011) -4.73 -4.17 -10.04 -10.32 -5.13 -4.91 -0.84 -9.94
HF (020) -0.08 -7.86 -10.37 722
(100) -8.25 -8.25 -8.28 -8.28 -12.84 -14.68 -5.98 -5.06
(101) -8.97 -8.94 -7.92 -7.93 -10.93 -10.93 -6.94 -6.94
(110) -6.06 -5.35 -9.37 -9.73 -9.73 -8.03 -7.54 -8.39
(111) -10.68 -9.45 -7.06 -7.68 -12.45 -11.64 -6.18 -6.58
(002) -0.01 116,57 -0.78 16,18
(010) -8.08 -8.08 -12.53 -12.53 -9.62 -9.62 -11.76 -11.76
(011) -3.22 -2.47 -14.96 -15.34 -4.51 -3.15 -14.32  -15.00
B3LYP (020) -9.39 -11.88 -10.76 -11.19
(100) -7.97 -7.97 -12.59 -12.59 -12.11 -15.46 -10.52 -8.84
(101) -9.10 -9.07 -12.02 -12.04 -10.98 -10.98 -11.08 -11.08
(110) -5.03 -4.19 -14.06 -14.48 -9.06 -7.40 -12.04 -12.87

(1112) -11.16 -9.95 -10.99 -11.60 -12.86 -12.03 -10.14 -10.56
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following dabsof ureacrysta. (200) facet represented
theirreduciblegrowth for (100) and two surfaceter-
minations are possibleof the (200) facet. Thelabel of
the surfaceatomsare 10(H) and 12(H). (110) facet is
either terminated by 2(C) or 5(N) surfaceatom. The
M1 molecule haslower LAE and thegrowth rate of
(110) islimited by the adsorption of theM 1 molecul es.
Thus, surfaceof (110) isamixtureof flat (F) and rough
facet. Thereexistsonetermination for (101) facet la-
bel by 4(0) surface atom. Both M1 and M2 mol-
eculeshaveequa LAE and thesurfacetexture of (101)
isflat. (001) facet hastwo terminations|abelled by
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2(C) and 10(H) atoms. Both M 1 and M2 molecules
haveequa LAE andtheinterfaceisF-facet. Onesur-
faceterminationispossiblefor (111) facet whichis
characterized by 5(N) surface atom. The M2 mol-
ecule haslower LAE and the growth of thefacet is
limited by adsorption of M2 molecules. Wehavea so
consdered dightly highindex facetsfor caculatingthe
FE and LAE. (210) face hastwo terminations and the
surfaceatomsare 7(N) and 8(N). TheM 1 molecule
haslower LAE compared to M2 and the morphol ogy
of the facet is dominated by adsorption of M1 mol-
ecules. (201) faceisterminated by the surface atom

(e)
oA, -tg\;y- -5353’—

e

(2)

(D
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Figure2: Relaxed dabsgeometry of ureacrystal (a) (100), (b) (110), (c) (101), (d) (001), (e) (111), (f) (210), (g) (201) and
(h) (211). Theunit cell moleculesin (a), (c), (d) and (g) dabswerecoplanar but unit cell moleculesin (b), (e), (f) and (h) dabs

werenon-coplanar.
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Figure3: Predicted growth mor phologiesof ureacrystalsusng Har tree-Fock method (a) un-relaxed and (b) relaxed struc-
ture. Therelaxed mor phology hasan excellent agr eement with experimentally grown crystal from vapour 2,
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(2)

Figure4: Relaxed dabsgeometry of succinicacid crystal (a) (001), (b) (010), (c) (011), (d) (100), (e) (101), (f) (110) and (g)
(111). Relative orientation moleculein unit cell of (a), (b) and (e) abswereeither 0 or 180° but molecules in unit cell of (c),

(d), (f) and (g) dabshavedifferent orientation than (a), (b) and (g).
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Figure5: Predicted growth mor phologiesof B-succinicacid crystal usng Hartr ee-Fock method (a) un-relaxed and (b) relaxed
structure. Therelaxed mor phology hasan excellent agr eement with experimentally grown crystal using vapour 2,

1(C). M1and M2 have same LAE and theinterfacial
state of thefacet isflat. Finally we considered (211)
facet, in which two surface termination are possible
and the morphology of thefacet isdominated by the
adsorption of M2 molecules.

The un-relaxed and rel axed growth morphol o-
giescalculated using HF method has excel lent agree-
ment with the experimentally grown crystal §2. Fig-
ure 3 showsthe (a) un-relaxed (b) relaxed morpholo-

giesof theureacrystal obtained using HF method.
TABLE 1reveal sthat the surfacerelaxation of crys-
tal faces gives growth morphology closeto the ex-
perimenta results.

Second, we studi ed the growth morphol ogy of suc-
cinicacid crystal and considered 8low index facetsfor
calculating FEand LAE. INnTABLE 2, wereport the
FE and LAE of thevariousfacetsof succinicacid crys-
tal. (020) and (002) facesrepresented theirreducible
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growthfor (010) and (001) facets. Two surfacetermi-
nations are possible for (002) facet. (010) facet has
two possibleterminationsand |abel of surface atoms
are8(C) and 22(H). Both M1 and M2 moleculeshave
equal LAE andtheinterfaceof (010) isflat. (011) face
have only onetermination by 14(O) surfaceatom. M1
and M2 have comparable LAE but M1 molecule has
offered lower LAE and theinterfacial stateof (011) is
rather flat. (100) havetwo surfacetermination and the
LAE of M2 moleculeislower compared to M1 and
growth rate of (100) faceislimited by adsorption of
M2 molecule. (101) face have a so two possible sur-
facetermination and bothM1 and M2 havesameLAE
and feature of the facet isflat. (110) face hastermi-
nated by 15(0O) surface atom and the M 1 molecule has
lower LAE and the morphology of the faceisdomi-
nated by the adsorption of the M1 molecule. Finally
(111) facet isonly one surface termination and thel abel
of the surface atomis 14(0O). The growth rate of the
(111) facet islimited by theincorporation of M1 mol-
eculesonthefacet. Figure 4 (a)-(g) showsthe above
discussed dabsof succinicacid crystal.
Theun-relaxed and rel axed growth shape of suc-
cinicacid crystal caculated from HF theory hasexcel -
lent agreement with the experimentaly grown crystal®*
21, Figure 5 shows () un-relaxed (b) relaxed growth
morphol ogy of the succinic acid crysta obtained from
HF method. Therelaxed FE and LAE of thesuccinic
crystal are presented in TABLE 2 and it reveal sthat
relaxation of thefacetsin succinic acid crystal gives

TABLE 3: Computed surfaceroughnessat T=0K of various
facetsof ureaand succinicacid crystals.

Surface
Crystal Faces (hkl) roughness
(Ry at 0K
(001), (101), (201) 0.00
Relaxed shape of and (200)/(100)
ureacrystal (data (110) 0.47
was presented in (111) 0.42
TABLE 1)
(210) 0.23
(211) 0.32
(101), (002) and (010)/(020) 0.00
Relaxed shape of
succinic acid (011) 0.01
crystal (datawas (100) 0.15
presentedin
TABLE 2) (110) 0.10
(111) 0.06

growth morphol ogy closeto experimental results.

Eq. (2) isusedto cal culate surface roughnessat O
K, R =0for thosefacetshaving singlegrowthunitina
unit cell or when al growth unitshaveequal LAE. In
caseof relaxed morphology of ureacrystal at 0K, R =
Ofor (001), (101), (101) and (200)/(100) facetssince
both moleculesinaunit cdl weresame LAE. TABLE 3
showsthe cal cul ated surface roughness using equation
(2) of several facets of ureaand succinicacid crystal.
Thevapour grown crystalslike ureaand succinic acid
were obtained at low temperature (at 203 K)?2 and
low super-saturation. It isassumed that the systemwas
growing at low supersaturation (o) and therefore that
screw didlocationswould be thedominant growth site
for dl habit faces. Hence, therelativegrowth ratesare
determined onthe basis of thethermodynamicsof in-
corporating molecules at kink sites. The growth rate
dependson o but shape of crysta isweakly dependent
onci.e averylow o, therelaivegrowthrates of fac-
etsareindependent of the 51, Sincethevapour grown
crystal morphol ogieswerefreefrom solvent and other
impurity effectshencetherewerenolatera interaction
between solid-fluid at interface and growth rate is
uniquely defined by strength of |atera interaction be-
tween solid-solid. Thus, vapour grown crystal shapes
weredueto mainly determinefrom theinternal factor
like LAE and molecul ar orientation factor, which were
implicitly takeninto our consderationwhilecaculating
growth morphology. The LAE calculated at OK isthe
habit controlling factor, though aweak temperature de-
pendenceof LAE of moleculecan not beruled out. From
above, however shapes of crystal weakly depend on
temperature but the texture of facets changes due to
increasesof therma surfaceroughnessasafunction of
temperature. TABLE 4 present the cal culated and mea-
sured number of facets, forms present, rel ative facets
andformsareain experimenta and predicted morphol-
ogy of ureaand succinicacid crystd. It reved sthat ex-
cellent agreements between our predi cted morpholo-
giesand with asvapour grown crysta swere obtained.

Successof HF theory for molecular crystalsisdue
tothefact that molecular crystd shave been dominated
by hydrogen binding and e ectron-correl ation energies
is less pronounced compared to ionic and covalent
bonded crystals. The molecul e crystal s al so possess
disperson energiesDFT with hybrid functiona overes-
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TABLE 4: Calculated and measured number of facets, formspresent and relativefacetsand formsareain experimental and

predicted mor phology of ureaand succinicacid crystal.

Data from Experimental mor phologies??!

Data from our calculated mor phologies

Crystal No. of facets Forms  Relative Relative  No. of facets Facets  Relative Relative
present present facetsarea formsarea present present facetsarea formsarea
{111} 1.00 1.00 {111} 1.00 1.00
Urea {001} 3.18 1.59 10 {001} 3.39 1.69
10 {110} 6.12 6.12 {110} 6.38 6.38
12 {110} 1.00 1.00 {110} 1.00 1.00
{011} 2.08 2.08 {011} 1.70 1.70
Succinic acid {010} 5.87 2.93 12 {010} 5.78 2.89
{111} 5.45 5.45 {111} 5.95 5.95
{010} 10.92 5.46 {010} 11.07 5.53

timated the habit controlling energies. Our ca culated
growth morphologiesof theureaand succinicacid crys-
ta sarebetter agreementswith experimentd resultsthan
the Hartman and Bennemamodel which arebased on
semi empirical method.

SUMMARY AND CONCLUSION

In summary, we presented amodel to predict the
growth morphol ogy of molecular crystals. The habit
controlling enegeticswere obtained using periodic ab
initiototal energy calculations. Theeffectsof different
possible surfaceterminationsand surfacerel axation or
even reconstruction have been studied. A comparison
of the predicted growth morphology of theureacrys-
talsgrown by sublimation reved sexced lent agreement.
The calculated morphology of succinicacid crystal has
an excellent agreement with the asgrown crystals by
sublimation. In both cases, the cal cul ated growth mor-
phologiesreproduced dl experimentdly observedforms
and excellent match of relativefacetsarea
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