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Abstract 
 
This study is conducted to investigate morphologies of alpha lactose monohydrate (αLM) grown in polyethylene glycol 300 (PEG 300) 
solution and vacuum condition via molecular modelling techniques. Surface chemistry of predicted αLM is described. The molecules of 
αLM in its unit lattice were optimized prior to morphological prediction of attachment energy method and the suitable potential function 
was determined. The predicted lattice energy of αLM was in excellent agreement with the experimental lattice energy with percent errors 
of 3.9%. The morphology of αLM is predicted to be hexagonal in shape, similar to crystal morphology of αLM grown in PEG 300 solu-
tions. It was found that the lattice energy and of αLM was dominated by the weak van der Waals force.  
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1. Introduction 

Crystal morphology is an expression of interplay between charac-
teristics of the molecule and external conditions of the molecule is 

subjected. Experimental molecular morphology depends on the 
type of solvents and crystallization methods employed, e.g. ibu-
profen has various morphologies in different solvent [1]–[3]. Cur-
rently, predicted morphology by molecular modelling becomes 
complementary alternative prior to experimental works. Capability 
of molecular modelling to mimics the molecule characteristics and 
external conditions to some degree of accuracy through select 
morphological models in a faster way is important to produce 
predicted morphology. This is because not all morphologies, like 

tabular or platy and acicular are feasible for production in industry. 
Couple with other capabilities such as cocrystal prediction, mo-
lecular modelling is a functional tool in analysis and solution of 
problems related to crystallization [4]. 
Fast and reliable prediction of morphology helps in prediction of 
cocrystal. Validated predicted morphology and corresponding 
predicted lattice energy is one step forward for cocrystal model-
ling and drug-excipient screening. Selected predicted morphology 

will have surface chemistry of its facets evaluated before binding 
prediction can be carried out. Likewise, the success of cocrystal 
prediction is validated by experiments proved by the researchers 
[5]–[8]. Prediction of cocrystal is important because not all meth-
ods of crystallization among potential components will yield co-
crystal, and hence this has led to several methods of screening 
cocrystals. Cocrystal method manipulates supramolecular chemis-
try of drug and coformer molecules to interact intermolecularly [9]. 

There are numerous potential conformers to fine tune a drug prop-
erties which opens up vast possibilities of desired properties [10]. 
α-lactose monohydrate (αLM), a common excipient, is a potential 
conformer in GRAs [11]. Lactose in general has high solubility  
with β-lactose being more soluble than α-lactose [12]–[16]. 
Crystal stability is important to avoid conversion during storage, 
clinical use and manufacturing [9]. Crystallization of αLM does 

not only yield α-lactose anomer in solutions but also β-anomer, a 
phenomenon called mutarotation. This is due to the change of a 

moiety from α-D-Glucose to β-D-Glucose [14]–[19]. The unin-
tended and unwanted species of β-anomer interferes with crystal-
lization of pure αLM to some extent, a condition described as self-
poisoning [20]. Other researchers have described self-poisoning in 
other materials [21]–[24]. This contributes to highly polar, aniso-
tropic morphology of α-lactose monohydrate (αLM) [25]. The 
resolved structure of this crystal might affect the subsequent com-
putational molecular modelling. The objective of this paper is to 
predict and validate lattice energy and morphology of lactose and 

its surface chemistry of facets is evaluated. 

2. Materials 

2.1. Materials 

α-lactose monohydrate (C12H22O11) (αLM) powder (Pharmatose 
450M, DMV) of 99.99% purity, CAS 64044-51-5. αLM powder is 
white or almost white, crystalline powder which is soluble in wa-
ter, but practically insoluble in ethanol and totally insoluble in 
non-polar solvents. Its molecular weight is 342.30 g/mol. The 
lactose conforms to pharmacopoeia of USP-NF, Ph.Eur. and J.P.  

Polyethylene Gylycol 300 (C2nH4n+2On+1) (PEG 300) of CAS 
25322-68-3, Ph.Eur was obtained from Sigma-Aldrich, Germany. 
The viscous, clear solvent is soluble in water with average molec-
ular weight of 300 g/mol. 

2.2. Crystal structure 

The molecular structure of αLM is shown in Fig. 1(a) while the 
packed molecule in monoclinic lattice with space group P21 is 
shown in Fig. 1(b). The two αLM molecules are packed with the 

same conformation, with the presence of one water molecule in a 
unit cell. Hence, there is a single αLM molecule in the asymmetric 
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unit. The cell parameters are a = 4.7830; b = 21.540, c = 7.7599 Å, 
and α = γ = 90°, β = 105.911°.  

 (a)  

 An alpha lactose monohydrate molecule (αLM) 

 

(b) 
 

 

 
 

 (i) (ii) 

  

 (iii) 

Fig. 1:  Molecular structure of (a) Lα.H2O crystal lattice with hydrogen 

bond network, in the order of: (i) view from x-direction, (ii) view from y-

direction and (iii) view from z-direction 

 
The packing involved a complex 3D hydrogen bond network, in 
which each α-lactose is bonded intermolecularly for 14 hydrogen 
bonds. Meanwhile, each water molecule is hydrogen-bonded to 
four different α-lactose molecules [12], [26]. αLM is built from a 
moiety of β-D-galactose and a moiety of α-D-glucose, joined by a 
1,4 glycosidic bond between C1 of galactose and C4’ of the glu-

cose unit [18], [19], [26], [27].  

3. Method 

3.1. Crystallization 

Crystallization of αLM in PEG 300 solutions was conducted in 
which solute and water were added successively into PEG 300 
solutions to produce supersaturated solution. Fixed 5 mL PEG 
solvent, solute and water were mixed in a 100 mL beaker for each 
crystallization process. The solutions were heated at 80ºC, mixed 
at 1100 rpm using magnetic stirrer on hot-plates. Method of crys-
tallization used was water evaporation and cooling at ambient 

temperature. The beakers were capped with aluminum foil, punc-
tured with several holes on it so that water vapor could escape 
from the solution in the beakers. 

 

 

3.2. Characterization 

The polarized light microscope, Olympus BX41 (Olympus, Japan) 
with magnification powers of 4x, 10x, 20x and 40x were used 
mainly to observe crystal morphologies. Sample of crystallized 

solute was placed on a glass slide on a mechanical stage with rota-
tion and translation function. Polarized effect and lighting magni-
tude sourcing from 6V-30W halogen Kohler lamp, from top and 
bottom was adjusted to obtain a clear image of crystal morphology.  

3.3. Computational details 

In this work, a molecular modeling software, (Material Studio 4.4 
by Accelrys) was used for the prediction of αLM morphology. 

αLM molecules of resolved crystal structure were obtained from 
Cambridge Crystallographic Data Centre (CCDC ID: LAC-
TOS10). The simulation was carried out in vacuum environment. 

3.3.1. Atomic charges determination 

Each atom in αLM molecule was calculated for its charge, corre-
sponding to structure optimization based on a unique density func-
tional theory of quantum mechanical code, an ab-initio method 
[28].The geometry αLM molecules was optimized (using delocal-

ized internal coordinates) up to nuclei level so that a stable geome-
try was produced and hence minimum energy was achieved. This 
corresponds to refinement of atoms positions in an iterative proce-
dure with maximum step size of 0.3 Å, whereby atoms coordinate 
was adjusted so that the energy of the structures was brought to a 
stationary point. In other words, the forces on the atoms were zero.  
The atomic charge calculation generated atomic charges of Mulli-
ken and Hirshfeld using BLYP-GGA and BLYP-PW91 functions; 
respectively. Both functions used double numerical plus d-

functions (DND) basis set and all electron core treatment. 

3.3.2. Morphology prediction and lattice energy determination 

The charges set then were assigned into each atom of molecules 
for the next stage of geometrical optimization. The geometries of 
αLM molecules in its unit cell were optimized by using selected 
potential functions (force fields), together with charge set of Mul-
liken and Hirshfeld. The potential functions used were PCFF and 
CVFF. The optimization procedures adapted calculated electro-

static and van der Waals forces of the system by Ewald summa-
tion. Next, the morphology calculation was performed using at-
tachment energy (AE) method using the same potential functions. 
Potential energy of the periodic system was calculated by using 
the Ewald summation for electrostatic and van der Waals force, 
which make up the components of predicted lattice energies. The 
predicted lattice energies were compared to the experimental data 
which was calculated by using equation (1); 

 
Elatt = -∆Hsub – 2RT            (1) 
 
where ∆Hsub is sublimation enthalpy and 2RT represents a correc-
tion factor, for the difference between the gas phase enthalpy and 
the vibrational contribution to the crystal enthalpy [29]–[31]. The 
lattice energy with the smallest percentage error from the experi-
mental lattice energies indicates that the potential function used is 

the most suitable to describe the predicted morphology of the sys-
tem. All surfaces of the facetted morphology αLM were then 
cleaved for analysis of surface chemistry. The slice energies, Eslice 
for each habit facet were calculated using equation (2); 
 
Eatt= Elatt - Eslice          (2) 
 
Lattice energy, Elatt or crystal energy is the summation of both 
attachment energy, Eatt and slice energy, Eslice for a given facet. 
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4. Results and discussion 

4.1. Morphology prediction of alpha lactose monohy-

drate 

The morphology of αLM was simulated in the vacuum condition 
because the determined facets will be used as surfaces for attach-
ment prediction work. Two types of potential functions were used 
to simulate αLM morphology, which is PCFF and CVFF. Charges 
set was calculated independently (not shown) by using Hirshfeld 
and Mulliken methods before assigning them to the αLM struc-
ture. In calculating predicted lattice energy, two types of charge 
sets were used in this work, i.e., Hirshfeld and Mulliken. The cal-

culated charge sets were then used to calculate lattice energy sub-
jected to potential functions as shown in Table 1. Enthalpy of 
sublimation, ∆Hsub of αLM was taken to be -39.45 kcal/mol. Then, 
equation (1) was used to calculate the experimental lattice energy, 
Elatt in Table 1. 
 
Table 1: Lattice energies and its associated energies (kcal/mol) of αLM 

computed using different potential function and charges types. Charge type 

is sourced from atomic charge calculation. 

Potential 

Function 

Charge 

set 
VdW Estat Elatt 

Elatt 

Error 

(%) 

Experi-

mental 

- - - -40.3 - 

PCFF 

Mulliken -14.9 -

127.2 

-142.1 252.6 

Hirshfeld -37.1 -4.7 -41.9 3.9 

CVFF 

Mulliken -14.4 -

154.5 

-168.9 319.3 

Hirshfeld -29.1 -5.1 -34.2 15.1 

Némethy
a
 

 

- 

-32.8 -3.4 -36.2 (mono-

meric model) 

10.2 

 

- 

-16.9 -1.8 -18.7 (dimeric 

model) 

53.6 

CVFF
b
 - - - - - 

a
Clydesdale et al. 

b
Dincer et al. 

 

The result shows that the experimental lattice energy αLM is         
-40.2909 kcal/mol and these values were used as the basis for the 
percentage error calculation. It is found that the calculated lattice 

energies are sensitive to the charge set as well as potential func-
tions used [32], whereby the predicted lattice energies varies be-
tween -34.2  and -168.9 kcal/mol. Comparison between the exper-
imental and predicted lattice energies calculated in Table 1 shows 
that the percentage deviation varies between 3.9 and 319.3%. Po-
tential functions and charge set which show high deviation of 
more than 100% from the experimental lattice energy, are not 
suitable to be used for further modelling calculation. In this work, 

the difference between predicted and experimental percentage of 
less than 5% is taken as a good approximation. PCFF force field 
coupled with Hirshfeld charge set are succeeded in predicting Elatt 
of αLM=-41.9 kcal/mol (3.9% error). Clydesdale, Roberts, Telfer 
and Grants [33] simulated lattice energy of αLM using two type of 
model, namely monomeric and dimeric model (Table 1). Dimeric 
model [33] is similar to model in this work, in which the model 
sums up the lattice energies for both α-lactose and a water mole-
cule because αLM consists a monohydrate (a water molecule) in 

crystal lattice. On contrary, monomeric model neglects the interac-
tions between α-lactose and a water molecule [33] which does not 
mimics well intermolecular interaction in the crystal lattice of 
αLM. In this work, the contribution of Estat=-4.7 kcal/mol to the 
Elatt=-41.9 kcal/mol is 11.3 %, is relatively low, suggesting that 
dipolar effects, despite  its importance, are not particularly signifi-
cant in the solid state [33]. The similar trend is also recorded in 
both  monomeric and dimeric model (~10%) [33]. It shows that  

the predicted lattice energy of αLM in this work, van der Waals 
energy is dominant which is -37.1 kcal/mol (88.7%) rather than 

Estat despite the abundance of hydroxyl groups (-OH) possessed by 
αLM molecule.  
Fig. 2 shows the predicted platy elongated hexagonal morphology 
of this work simulated in the vacuum condition, hence solvent 
effect is not considered. The dominant facets are (020) and (0-20), 
followed by {100}, and both {110) and {1-10} of the same facet 
area.  The predicted shape of this work using CVFF force field 
(Table 1) is found to be similar to αLM experimental morpholo-

gies recovered from PEG 300 solutions of this work (Fig. 3(b)) 
and αLM crystal morphology by Dincer et al., (1999) in both ex-
periments and modelling. 
 
 

 

 

 

 

Fig. 2: Predicted elongated hexagonal or prism morphology of lactose 

using Universal force field with Hirshfeld atomic charges 

 
The similarity between predicted morphology in Fig. 2 and exper-
imental morphology of this work in Fig. 3(b)) is might be due to 
effect of β-lactose on experimental morphology is small enough 
although percentage of β-lactose is not measured in this work. 
Nevertheless, this is evidenced by the same elongated hexagonal 

morphology or prism obtained by Dincer, Parkinson, Rohl and 
Ogden [18] in simulation and experiment with presence of 10% β-
lactose in DMSO solutions. This might suggest that the effect of 
10% β-lactose is negligible on αLM morphology of this work. The 
low percentage of β-lactose coincides well with high supersatura-
tion ratio of αLM in solution proven by changes of morphology 
from prism, diamond, pyramid to tomahawk as supersaturation 
decreases and as mutarotation of αLM progresses into equilibrium 

at 37% α-lactose and 63% β-lactose [19], [20], [34], [35].αLM 

recovered in DMSO solution has considerable growth in c-
direction and some growth in a-direction, with most rapid growth 

observed at   110 and  110   facets [18]. Lattice parameters (a,b,c) 

of the predicted morphology in this work (Fig. 2) are similar to 
this experimental (Fig. 3(b)) and modelling of Dincer, Parkinson, 
Rohl and Ogden [18]. 

 
Clydesdale, Roberts, Telfer and Grants [33] are the first research-
ers predicting tomahawk morphology, using Némethy force field 
(Table 1). However, some facets are lost and not tapered at one 
end (b-direction) compared to schematic morphology of Dincer, 
Ogden and Parkinson [36] and experimental morphology of this 
work (Fig. 3(a)) recovered from aqueous solutions. 
Suitable force field and charge is not the only factor contributing 

to similarity of predicted to experimental morphology. Another 
factor which is often overlooked is the crystal structure of αLM 
itself. The structure used in this work was determined to have as 
small as 7% of β-anomer. This impurity was derived from feed 
crystals recovered from aqueous solutions via slow evaporation 
crystallization, presumably at room temperature [26]. β-anomer 
might be included in the lattice of feed crystals and affects the 
determined structure used in this work. Smith, Dann, Elsegood, 

Dale and Blathford [27] also noted that there was β-anomer pres-
ence with unclosed percentage in their determined structure of 
αLM [27]. The feed crystals were recovered from a mixture of 
10% lactose solution and acetone in a ratio of 35:65 in which crys-
tallization occur at room temperature. 
This implies that the determined molecular structures by Fries, 
Rao and Sundaralingam [26] and Smith, Dann, Elsegood, Dale 
and Blathford [27]) are not free from β-anomer impurity. This 

(1-10) 

(11-1) 

(10-1) 

(1-1-1) 

(011) 

(001) 

(0-11) 

(020) 

(100) 

(110) 

b 

c 
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impurity affects the molecular structure to some extent, although 
the presence of 7% of β-anomer can be negligible. 
During the course of molecular modelling on morphology of αLM 

in this work, the morphological modelling does not convert any α-

lactose structures into β-lactose (mutarotation process) since doing 
so would be similar to additive calculation in the modelling. Thus, 
αLM structure remains with inherent 7% of β-anomer. However, 
in terms of mimicking mutarotation, the molecular modelling 
failed to take account of mutarotation process. 
The tomahawk morphology in Fig. 3(a) shows that αLM grows in 
b-direction as β-lactose poisons the growth of either (0-20) or (0-

10) at the base and ( 110 ) and ( 110 ) slanting facets, slowing the 

facets growth [18], [25]. 
 
 
 

 

 

 

 (a) Crystal recovered 

from aqueous solutions 

 

(b) Crystal recovered 

from PEG 300 solu-

tions 

Fig. 3: Tomahawk morphology of αLM in (a) and platy elongated hexago-

nal or prism morphology in (b). 

 
β-lactose is unable to poison the (010) surface of tomahawk mor-
phology due to galactose end of αLM lies at the surface [26], [36]. 

It is believed that the experimental elongated platy hexagonal 
αLM crystal by Dincer, Parkinson, Rohl and Ogden [18] shares 
the same growth changes with β-lactose content (w/w%) as re-
ported by Raghavan, Ristic, Reen and Sherwood [25]. Crystal 
growth in DMSO and aqueous solution shows that at below 15% 
β-lactose, both show elongated platy hexagonal habit [18], [25]. 
As β-lactose content increases, that β-monomer poisons the 
growth of c-direction which has the fastest growth [18], [25]. This 

results in faster growth, in b-direction, until there is 40-60% β-
lactose in solutions [18], [25]. The percentage approaches the 
equilibrium mutarotation of α and β anomer which is ~40:60 
(w/w) [19], normally present in solutions favouring tomahawk 
morphology. 

4.2 Surface chemistry analysis 

Table 2 shows details of attachment and slice energy with respect 

to crystal face calculated   using attachment energy (AE) method. 
The slice energy was computed using equation 2. 
 In Table 2, there are eleven visible habit facets, similar to those 
found in the predicted morphology of αLM by Dincer, Parkinson, 

Rohl and Ogden [18] except ( 110 ). Based on the premise of low 

electrostatic energy, Est corresponds to high possibility of binding 
sites in Table 2, it is speculated that there are 4 groups of facets 
with possible binding sites. From decreasing order of possibility, 

group 1 of highest possibility consists of {100}, {110} and  011  
facet at Est more than 3.00 kcal/mol. This followed by group 2 at 

Est=-2.50 kcal/mol consisting of {001}, {011} and  110  facets. 

Group 3 with Est more than -1.60 kcal/mol comprises of  110 , 

 011  and  111  facets. The lowest possibility of binding site of 

group 4 comprises of both (020) and  020  facets. Due to those 

possible binding sites and influence from hydroxyl orientation and 
intramolecular hydrogen bonding of alpha lactose and water mole-
cules, possible different morphology of lactose might be produced. 

All habit facets in Table 2 are polar, evident from Fig. 4 showing 
exposed oxygen of hydroxyl at crystal surface. The dominating 

facets of (020) and  020  have the most maximum attachment 

energy of -12.09 kcal/mol each (Table 2) which is the slowest 
growing faces. This can be observed from the surface chemistry of 

the large (020) and  020  faces (Fig. 4(a)(b)) in which αLM mole-

cules are stacked vertically, limiting exposure of potential oxygen 
atoms for interaction. The facets of {011} (Fig. 4(j)) are with the 
most minimum attachment energy, resulting in fast growth and 
hence morphologically less important. It is found that when αLM 
molecules with pyranose rings facing upward the crystal boundary, 
the corresponding facets of surface chemistry in Fig. 4(f)-(k) such 

as  110 , {001},  011 ,  111 , (011) and  110  have  minimum at-

tachment energy compared to the rest, resulting in a fast growth 
and less morphological important facets. Thus, it is vice-versa for 

the remaining facets which is (020),  020 , {100}, {110} and 

 011  (Fig. 4(a)-(e)). 

 
Table 2: Facet, multiplicity and d-spacing from attachment energy, AE 

method using PCFF force field with Hirshfeld atomic charges showing the 

respective attachment and slice energy. All energies in kcal/mol. 

Habit 

facet 

Multiplicity d-

spacing 

Eslice Eatt  

(total) 

Eatt 

(vdW) 

Eatt  

(Est) 

(020) 1 10.8 -29.77 -12.09 -11.49 -0.60 

 020  
1 10.8 -29.77 -12.09 -11.49 -0.60 

{100} 2 7.5 -24.48 -17.38 -13.68 -3.71 

{110} 2 7.1 -23.62 -18.25 -15.00 -3.24 

 011  
2 7.1 -23.62 -18.25 -15.00 -3.24 

 110  
2 4.6 -14.00 -27.90 -26.30 -1.60 

{001} 2 4.5 -12.50 -29.40 -26.90 -2.50 

 011  
2 4.5 -12.65 -29.20 -27.40 -1.80 

 111  
2 4.5 -12.65 -29.20 -27.40 -1.80 

{011} 2 4.4 -11.39 -30.50 -28.00 -2.50 

 110  
2 4.4 -11.39 -30.50 -28.00 -2.50 

 

b 

a 

c 

a 
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5. Conclusion 

Predicted lattice energy of alpha-lactose monohydrate (-41.9 
kcal/mol) calculated with PCFF force field coupled with Hirshfeld 
charge set recorded the lowest error of lattice energy, 3.9%. The 

subsequent predicted morphology and experimental agrees well 
with others for both predicted and experimental works. Molecular 

(a) (020)  
(b)  020  

 
 

 
 

(c) (100) (d)  (110) 

  

(e)  011  (f)  110  

  

(g) (001) 
(h)  111  

  

(i)  111  
(j) (011) 

  

 

(k)  110  

 

  

Fig. 4: Molecular packing diagram of Lα.H2O, illustrating the surface chemistry of crystal faces: (a) (020) (b)  020  (c) (100) (d) 

(110) (e)  011  (f)  110  (g) (001) (h)  111  (i)  111  (j) (011) (k)  110  using PCFF and Hirshfeld charge set.  

a 

b 

a 

b 

b 

c 

c 

b c 

b 

c 

b c 
b 

a 

b 

c 

b 

a 
b 

a 

b 
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structure of lactose is, to some extent, not free of β-anomer impu-
rity being incorporated into its structure. Based on possible bind-
ing sites, β-anomer impurity are likely to incorporate at {100}, 

{110} and  011  facets. 
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