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Chapter 6 

Crystal Surfaces 

6.1 Introduction 

To understand crystallisation from solution and in particular preferential crystallisation 

in the case of a polymorphic compound, the study of solvent effects on the crystal 

surface is important as it influences the final morphology of the crystals (Khoshkhoo 

and Anwar, 1993; Kubota and Mullin, 1995; ter Horst et al., 2001). The process of 

adsorption of the solvent on a surface retards the growth of that surface (Davey et al., 

1988; Weissbuch et al., 1995). Faces that exhibit slow growth rates will be important 

morphologically, because they tend to have larger surfaces relative to faster growing 

surfaces. The structure and properties of the crystal-solvent interface will determine the 

adsorption of the solvent, which will establish the most morphologically important 

crystal faces. Additives in aqueous solution provoke morphological changes in the final 

glutamic acid crystals by selectively binding to the crystal surfaces (see section 1.2.5).  

Different crystal faces have different atoms lying at the surface which will interact 

differently with the solvent or with additives. For example, at the (101) face of β 

glutamic acid crystals, the amine group is below the surface, whereas the deprotonated 

carboxylic groups are at the crystal surface. For the (111) face of the α crystals, the 

molecules are orientated so that the amine groups are at the surface facing the solvent 

and the carboxylic groups are underneath the surface (Bernstein, 1991; Garti and Zour, 

1997). Molecular dynamics simulation of crystal surfaces provides information on the 

behaviour of the interfacial molecules at a molecular level. Studying the behaviour of 

the solvent molecules close to the surface provides information on the level of 

interaction between the crystal surface and the solvent. Investigations of the behaviour 

of the crystal surface molecules identify the atoms or functional groups involved in the 

interactions with the solvent and the arrangement of molecules in the interfacial region. 

In this chapter, the crystal-solvent interface is studied by analysing the conformation of 

the crystal surface, the adsorption and behaviour of the water at the interface is 

investigated, and also the location of the water molecules at the interface will be 

determined. 
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For any single crystal, a number of different crystallographic surfaces are in contact 

with the solvent (see Figure 1.5 and 1.6). The molecules that lie at the crystal surfaces 

have different orientations relative to the surface plane depending on the Miller face, 

which results in different atom types being in contact with the solvent. The molecules 

located on the crystal surface will have a different orientation than the crystal bulk 

(Patel et al., 2003), due to the effect of the solvent interactions. The nature and rate of 

this orientation change depends on the nature of the solvent (Li et al., 2006). The 

interfacial molecules are not surrounded by glutamic acid molecules, but are partially 

enclosed by solvent molecules. This creates an interfacial layer where the interactions 

with the solvent and with the rest of the crystal govern the orientation and conformation 

of these interfacial molecules.  

6.2 Methodology 

In this work, the surfaces where created by cleaving a crystal in the desired Miller 

plane, ensuring that the molecules were kept whole. The location of the cleaved plane 

affects the nature of the atoms in the zwitterionic molecules that faces the solvent, 

depending on the crystal arrangement. In Section 1.2.3, the α and β crystals were 

described, and the fastest growing faces of the α crystal were determined to be the (111) 

face (Sakata et al., 1962) and the (101) face. For the β crystal, three dominant faces 

were observed: the (101), (001), and (010) faces (Garti and Zour, 1997; Sano et al., 

1997). The (010) face is the most important morphologically and the (101) face is the 

fastest growing one.  

Cleaving the crystal creates a slab of glutamic acid crystal. The slab was chosen to be at 

least 30Å thick. This thickness allows the crystal surfaces to be assumed independent, 

and the centre of the crystal can be assimilated to bulk crystal (Hussain and Anwar, 

1999). A description of how the simulation boxes were created is provided in sections 

6.2.1 and 6.2.2 for the β and α surfaces, respectively. 

All systems were equilibrated for at least 300ps before a 1ns simulation was performed. 

The simulations were performed using DL_POLY (version 2.18) on a parallel 

computer. Periodic boundaries were used, so that the crystal surface in the xy plane was 

infinite and a 12 Å cut-off in each direction was used. The two crystal surfaces were 

separated by approximately 40 Å of water in the z direction, which is considered 
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sufficient to ensure that one surface does not interact with the other, as the influence of 

the crystal surface on the water structure beyond 15Å is negligible (Kerisit et al., 2005).  

6.2.1 β β β β  Surface 

A system containing 192 glutamic acid molecules and 1344 water molecules was 

simulated. The β glutamic acid crystal surface was built by firstly duplicating a β 

glutamic acid unit cell two times in the x, y and z directions. The lattice was then 

cleaved in the (101) Miller plane using Cerius2 software with a depth of three cells in 

order to obtain the required crystal thickness. The dimension of the resulting cleaved 

crystal was 36.05 x 13.88 x 32.57 Å. This crystal was then duplicated by a factor of 2 in 

the y direction. A water box with the same dimension as the slab in the x and y direction 

and 20 Å in the z direction was created containing 672 water molecules. This water box 

was equilibrated and afterwards the periodic boundaries were removed in all three 

dimensions. The latter was done by translating hydrogen atoms that were not directly 

connected to an oxygen atom by a unit cell length to ensure that water molecules 

remained whole. A box of water molecules was then added adjacent to each crystal 

surface on the xy planes. Periodic boundaries were reinstated, resulting in a water layer 

40 Å thick between two periodic crystal surfaces. A 100ps simulation in the NPT 

ensemble was run with all the glutamic acid molecules fixed in space in order to allow 

the water to fill gaps at the water/crystal interfaces. The z dimension of the box was 

71.26 Å at the end of the NPT run. The starting configuration for the NVT simulation 

was taken from the end of the NPT simulation, and is presented in Figure 6.1, where it 

can be seen that the water molecules filled all the gaps at the interface. The glutamic 

acid molecules are orientated 45° to the surface plane, with various functional groups 

facing the water, depending on the location along the x axis. The arrangement of the 

molecules at the surface show the presence of steps on a molecular scale (around 8Å), 

when looking along the xy plane. 

The centre of the crystal slab was kept fixed in space and in configuration in order to 

replicate crystalline condition in the crystal bulk. The beta force field described in 

Section 5.2.2 was used for the simulations of the β surface and the SPC/E water model 

was applied to the water molecules since the original AMBER force field resulted in a 

total loss of structure when applied to β crystals (section 5.2.2). The beta force field, on 
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the other hand, proved to be more effective for the simulation of β crystals (see Figure 

5.1).   

    

  

 y 

z  

Figure 6.1: starting configuration of the β (101) surface. The bracket in the top figure 

represents the 72 fixed glutamic acid molecules. The (101) face is on the right and the 

( 101 ) face is on the left. 

6.2.2 α α α α  Surface 

The α glutamic acid crystal surface was built by firstly duplicating an α crystal unit cell 

by 2 in the x, y and z directions. The crystal surface was created by cleaving an α 

crystal in the (111) Miller plane using Cerius2 software with a depth of four cells in 

order to obtain the required crystal thickness. The (111) Miller plane, which is diagonal 

in the three dimensions of the α crystal, creates a plane that passes through the glutamic 

acid molecules at different places. The centre of mass of the molecules was used as a 

criterion to select whole molecules, so the cleaving process resulted in the formation of 

steps at the crystal (111) surface. The cleaved surface was then rotated so that the (111) 

surface is perpendicular to the z axis. The resulting surface slab is shown in Figure 6.2, 

where the visualisation of the crystal lattice points is difficult due to the rotation in the 

x 

z 
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three dimensions, but still represents a crystalline structure. The dimension of the 

resulting cleaved crystal was 22.5 x 24.9 x 39.7 Å with a γ angle of 110.85°, the other 

angles remaining at 90°. A separate water box containing 245 molecules was generated 

using the same dimensions in the x and y directions and of thickness 15 Å. The water 

box was equilibrated and then duplicated, and each of the water boxes was positioned at 

a short distance from each α crystal surface, leaving a small gap at the interface (care 

was taken to remove all the periodic boundaries of the water box before adding the 

water onto the slab). As before, the system underwent an NPT simulation with the 

crystal molecules being fixed to allow the water molecules to fill the gap between the 

crystal surface and the water. The SPC/E water model was applied throughout the 

simulations. This system contains 128 glutamic acid molecules and 900 water 

molecules. 

Neither the alpha nor AMBER force field performed well for α glutamic acid crystals in 

keeping the structure of an α crystal. Several tests on a small α crystal using different 

force constants associated with the geometrical parameters of the force field proved to 

be inconclusive: the molecules did not keep a crystalline structure or an α-like 

conformation (see Figure 5.2). For this reason, the AMBER force field was chosen for 

the glutamic acid crystal slab and, in order to reproduce the α crystal bulk, the centre of 

the slab was keep frozen, while the glutamic acid molecules at the interface were 

allowed to move. These frozen molecules act as the crystal bulk, mimicking the 

structure and conformation of molecules located deep inside a crystal. Figure 6.2 

represents the simulation box at the end of the NPT run. The atoms facing the water are 

predominantly N3 for the (111) surface and O2 for the ( 111 ) surface. At the (111) 

surface, the molecules present two distinct orientations, displayed at the surface in a 

crystallographic pattern. Different orientations at the surface are made by the four 

different orientations of the four molecules present in the α unit cell and by the cleaving 

plane that exhibits different molecules at the surface. The first half of the molecules are 

parallel to the surface with only the OH group facing the solvent, whereas the other half 

of the molecules are orientated perpendicular to the surface, with the NH3 group facing 

the solvent phase. It is clear from Figure 6.2 that both surfaces are not equivalent in the 

nature of the atoms laying at the crystal interface (Boek et al., 1992). 
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Figure 6.2: starting configuration for the α (111) surface. The bracket represents the 

portion of frozen glutamic acid molecules (64 molecules). The (111) face is on the right 

and the ( 111 ) is on the left. 

6.2.3 Gibbs Dividing Surface 

The Gibbs dividing surface is a geometrical surface parallel to the crystal surface that 

gives the position of the interface between the crystal and the solvent. Figure 6.3 is a 

schematic representation of the Gibbs dividing surface, and it is determined by fitting 

Equation (6.1) to the density profile in the direction perpendicular to the surface. The 

density profile of a molecular species is the density of that species as a function of 

distance from the surface, usually represented along the z axis, perpendicular to the 

interfacial plane. It can be modelled using the hyperbolic tangent function that follows 

Equation (6.1) (Thompson et al., 1984; Allen and Tildesley, 1987): 
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where rw is the maximum density of the profile, d is the width of the interface, zc is the 

centre of the system and z0 is the position of the Gibbs dividing surface, as described by 

Figure 6.4.  
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Figure 6.3: schematic representation of the Gibbs dividing surface, where γ and δ are 

two distinct phases 
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Figure 6.4: schematic representation of a surface density profile fitted by Equation (6.1) 

6.2.4 Hydrophobic Vs Hydrophilic Surfaces 

The nature of a crystal surface is often investigated using the density profile of the 

solvent. However, the interpretation of the water distribution depends on the system 

studied. In the case of the (010) interface of N-n-octyl-D-gluconamide, a dome-shaped 

water density profile was concluded to be due to a hydrophobic crystal surface, and a 

higher water density near the (010) face to be due to the hydrophilic nature of this 
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surface (Khoshkhoo and Anwar, 1996). Others observed higher density than bulk water 

close to the surface with the same magnitude for hydrophobic and hydrophilic surface 

(Lee et al., 1984; Lee and Rossky, 1994). The increase in density depends on the nature 

of the surface and its ability to form hydrogen bonds with the water molecules. These 

papers are contradictory, and the hydrophobic or hydrophilic nature of the surface must 

be determined by the distance between the surface and the first water layer: for 

distances below 3Å, the surface is considered hydrophilic, and for larger distances, the 

surface is considered hydrophobic (Spagnoli et al., 2006; Du and Miller, 2007). 

However, the determination of the distance between the water and the crystal surface is 

made simpler by using a fixed atomic crystal surface or a hydrocarbon wall model since 

the position of the crystal surface is known. In the work described in this thesis, the 

crystal surface was not rigid. In order to determine the position between the crystal 

surface and the solvent accurately, simulations using a fixed crystal structure would 

have given sharper and straightforward interpretation of the density profile (Khoshkhoo 

and Anwar, 1996; Hussain and Anwar, 1999). On the other hand, using a fully movable 

interface, information on the position and orientation of the interfacial molecules was 

obtained. 

6.3 Results and Discussion 

6.3.1 ββββ (101) Surface 

The two faces of the β surface were studied separately in order to determine the 

different conformations of these surfaces. The torsion angle distribution is shown in 

Figure 6.5, and show that the molecules on the two surfaces behave similarly with 

similar conformations on each of the surface studied. The molecules adopt a 

conformation close to that found in the β crystal for the three torsion angles, with T2 

and T3 deviating slightly from the value found in the β crystal. These deviations affect 

the proportion of conformations that are close to the dihedrals in the crystal and results 

in only 22.5% of T2 and for T3, 43.5 and 57.7 % for the (101) and ( 101 ) face 

respectively (Table 6.1). The height of the peaks are similar for T1 and T2, and since it 

represent ~82% of the conformation for T1, it can be expected that the number of 

conformations that have T2 close to -145° would be around 80% as well. The 

proportion of conformations that have a β-β-β combination is 11.9% and 18.6% for the 

( 101 ) and (101) surface, respectively. The difference between the two faces arises 

from the distribution of T3, where the (101) faces seems to take two values, one of 
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which is very close to the value found in the beta crystal due to the small differences in 

the nature of the (111) and ( 101 ) faces. No α-α-α conformation was observed. The 

beta force field, combined with the central crystal slab maintained in a fixed 

configuration and conformation favours the conformations that are similar to that in the 

β crystal for the surface molecules.  
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Figure 6.5: torsion angle distribution for T1, T2 and T3 for the glutamic acid molecules 

at the (101) surface of the β crystal (plain red line) and at the (101 ) surface (dashed 

black line). The circles represent the corresponding dihedrals found in the α polymorph 

and the squares represent that in the β polymorph. 
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T1 T2 T3 101 101  

α − − 0 0 
β − − 82.1 84.3 
− α − 0.1 2.6 
− β − 23.2 23.9 
− − α 5.8 0.7 
− − β 43.5 57.7 
α α − 0 0 
β β − 22.5 22.6 
α − α 0 0 
β − β 43.3 56.2 
− α α 0 0 
− β β 11.9 18.7 
β α − 0.1 2.5 
α β − 0 0 
α α α 0 0 
β β β 11.9 18.6 

Table 6.1: T1, T2 and T3 combinations and their frequencies for glutamic acid 

molecules at the interface and in the crystal bulk 

In order to determine the distributions of water and glutamic acid molecules in the 

simulation box, the density profiles were plotted along the z axis. Figure 6.6 shows that 

the density of molecules is different between the two surfaces, which confirms that the 

two surfaces are different and behave independently. The water density profile (Figure 

6.6a) presents strong peaks at the interfaces with densities higher than the water bulk, 

followed by smaller peaks, which indicates an arrangement of the water molecules into 

layers at the interface. These peaks are located at -17.91 and -20.53Å for the ( 101 ) 

surface and at 18.47 and 21.68Å for the (101) surface. The distances between these 

peaks are 2.6Å and 3.2Å (for ( 101 ) and (101) respectively), which are similar to the 

distance between water molecules in bulk water, resulting of hydrogen bonding. The 

peaks at the ( 101 ) surface are sharper and higher than the peaks located on the (101) 

surface, denoting a stronger layering arrangement of the water molecules at this surface. 

This can be due to either stronger interactions between the water and the ( 101 ) crystal 

surface or due to repulsion, forcing the water to form layers. Only the distance between 

the crystal surface and the water can determine if the two phases are attracted or 

repulsed. 

The density profile of the glutamic acid molecules (Figure 6.6b) shows some 

differences between the two surfaces, with two peaks at -14 and -11.97 for the ( 101 ) 
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face and a small peak at 15.1Å for the (101) face, half way through the interface. The 

glutamic acid molecules are organised into layers, which indicates a crystalline nature 

of the crystal slab, even at the surfaces.  
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Figure 6.6: density profile for a β (101) surface (plain black line) and the fitted ρ(z) 

function (red dashed line) for (a) the water molecules and (b) the glutamic acid 

molecules. The (101) face is on the right, and the ( 101 ) on the left. 

The contrast between the two surfaces is investigated by fitting the density function ρ(z) 

described by Equation (6.1) for each surface independently. This was achieved by 

duplicating a mirror image of half the density profile of the studied surface onto the 

other half of the z axis and subsequently fitting the ρ(z) function to the generated 

density profile. The resulting fitted functions are presented in Figure 6.7 and the 

calculated parameters of the ρ(z) function are presented in Table 6.2  for the (101 ) 

surface and in Table 6.3 for the (101) surface. The maximum density for the glutamic 

acid is different for the two surfaces due to the differences of density at the interface, 

and the duplication process that enhance this difference. The fitting curve averages the 

density for the crystal slab and the interface, resulting in different curves for the two 

surfaces. Figure 6.7 shows that the water and crystal phase are more defined at the 

( 101 ) interface and that the two phases mix at the (101) interface. The thickness of the 

glutamic acid interface (d) confirms this with 0.8Å for the ( 101 ) surface and 2.8Å for 

the (101) surface. The water interface is more consistent between the two surfaces with 

values of 1.2 and 2.0Å for the ( 101 ) and (101) face, respectively. The position of the 

Gibbs dividing surface (zo) gives an indication of the location of the water interface with 

respect to the crystal interface. For the (101 ) surface, the water interface is located 

before the crystal interface, which indicates some mixing at this crystal face (Table 6.2). 
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At the (101) surface, however, the two interfaces are distinct form each other and 

separated by 0.33Å (Table 6.3), which suggests that the (101) surface is hydrophilic, as 

the separation is lower than 3.3Å (see section 6.2.3), but because this distance between 

the dividing surfaces is averaged over the xy plane and does not consider individual 

molecules, more analysis is needed in order to determine the interactions that occur 

here.  
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Figure 6.7: fittings of the density function ρ(z) for the water (red) and glutamic acid 

(black) for a) the ( 101 ) and b) the (101) surface  

Parameter 
Glutamic 

acid  
Error Water Error 

rw (g/mol) 2.13612 0.03035 0.96845 0.00548 

zc (Å) 0.00005 0.07989 -4.597E-7 0.04661 

zo(Å) 14.97403 0.08172 14.76007 0.04775 

d (Å) 0.77914 0.14368 1.21234 0.08366 

Table 6.2: parameters of the ρ(x) function fitted to the density profile of the water 

molecules and the glutamic acid molecules for the β ( 101 ) surface. See Equation (6.1) 

and Figure 6.4 for a description of the symbols. 

In order to determine the position of the water molecules at the crystal surface, their 

coordinates were plotted in the xy plane in scatter graphs. Water layers were extracted 

following the first minimum after the peaks of the water density profile of Figure 6.6a 

as they determine positions in the z direction where the water is more localised. The 

width of the layers and the average number of water molecules in each layer is 

described in Table 6.4.  
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Parameter 
Glutamic 

acid  
Error Water Error 

rw (g/mol) 2.36208 0.03982 0.97951 0.00551 

zc (Å) -1.243E-6 0.15193 1.83E-8 0.05643 

zo(Å) 14.7892 0.16783 15.12409 0.05888 

d (Å) 2.8145 0.29043 1.98956 0.10277 

Table 6.3: parameters of the ρ(x) function fitted to the density profile of the water 

molecules and the glutamic acid molecules for the β (101) surface. See Equation (6.1) 

and Figure 6.4 for a description of the symbols. 

The position of the water molecules extracted from the trajectory file provides an 

indication of the localisation of the water at varying distances from the surface. Clusters 

of water molecules indicate the structure of the water in the water layers. This is 

achievable if the crystal surface provides a favourable environment for adsorption of the 

water molecules onto the crystal surface, most probably by forming hydrogen bonds 

with the water molecules. 

Surface Layer Range (Å) Water a Glutamic acid b 

(101) layer1 12;16.5 57 279 

 layer2 16.5;19.7 209 4.6 

( 101 ) layer1 -17;-11.5 68 232 

 layer2 -21.5;-17 293 6.9 

Table 6.4: water layer properties. Superscripts: a: averaged number of water molecules 

over the number of saved frames. b: averaged number of non-hydrogen glutamic acid 

atoms present in the layer. 

(101) Surface 

The position of the water molecules extracted from the trajectory is projected on the xy 

plane for the first and second layer of the (101) surface and represented in Figure 6.8. 

The first water layer presents some localisation of the water molecules, with some areas 

displaying a higher density. This structuring is caused by the interactions between the 

water molecules of the first layer with the molecules of the crystal surface. The second 

layer presents more areas where water molecules are present, and also some areas with 

no water molecules, denoting an arrangement of the water molecules. This indicates that 
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the interactions between the water and the crystal surface propagate into the second 

water layer, but that they also weaken as increasing distance from the crystal surface.  
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Figure 6.8: position of the water molecules on the xy plane for the first layer (left) and 

the second layer (right) for a 100ps period on the (101) surface for the β crystal.  
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Figure 6.9: close up of the (101) β surface density profile for atoms in glutamic acid 

compared to the water. The position of the glutamic acid and water interfaces are 

indicated by z0 glu and z0 water, respectively. 

A closer look at the density profile at the (101) interface is necessary to understand the 

position in the z direction of the glutamic acid atoms with respect to the water atoms. 

Figure 6.9 describes the position of the oxygen and nitrogen atoms of glutamic acid 
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compared to OW as a function of distance normal to the interface. It shows that on 

average, the O2 atoms are located at a greater z value than OH and N3, followed by 01, 

which suggest that the deprotonated carboxylic acid group is facing the water 

molecules. The orientation of the molecules is however not clear, as the peaks for the 

N3 and OH atoms (located at each side of the molecule) at 16.5 Å are close to each 

other. The density profiles however demonstrate that not many glutamic acid atoms are 

present in the second water layer, mainly O2, with N3 and OH atoms also present. In 

the first water layer, all four atoms are present, suggesting that either whole glutamic 

acid molecules are comprised within the first layer of the (101) face of β crystals, 

provided all four atoms belong to the same glutamic acid molecule, or several molecules 

at different orientations or z-values exist in the layer. 

The presence of peaks in the density profile of the glutamic acid atoms indicates the 

position on the z axis where it is more likely to find the atom somewhere in the xy plane 

that corresponds to the z coordinate. It also indicates that the (101) crystal surface of the 

β polymorph is rough, probably with COO- groups in the glutamic acid molecules 

pointing toward the water phase. To determine the exact position of the glutamic acid 

atoms with respect to the location of the water molecules on layer 1 and 2 of the (101) 

surface, it is necessary to extract the location of glutamic acid atoms that are included in 

this water layer over the same number of configurations. The number of non-hydrogen 

glutamic acid atoms contained in layer 1 is on average 279 and 4.6 in layer 2 (Table 

6.4). Figure 6.10 shows the location of these atoms along with the water molecules of 

the first and second layer on the (101) face. It clearly demonstrates that glutamic acid 

atoms are located within the gaps between the clustered water molecules, and that they 

are indeed responsible for the water molecule arrangement. In the second layer, five O2 

atoms can be found in four distinct areas of the plane, along with two area displaying 

N3 atoms, and on one location, OH atoms are present. This confirms that only a few 

glutamic acid atoms are present in this layer. In the first water layer, the glutamic acid 

functional groups follow a vertical arrangement, which indicates that the molecules 

have kept some of the feature of the crystalline starting conformation.  The protonated 

carboxylic acid groups of the molecules exhibit O1, OH and C2 atoms, located on 

layers parallel to the y axis and separated by approximately 8Å.  The amino acid group 

can be seen between the layers formed by OH and O1, with less arrangement in the 

centre of the frame. All non-hydrogen atoms are present, but the determination of the 
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atoms belonging to the same glutamic acid molecule is difficult due to the orientation of 

the molecules and the high number of atoms present in the first water layer.  

The glutamic acid molecules are present in the gaps between water molecules, which 

suggests that strong interactions between glutamic acid and water occur. These 

interactions have been evaluated by calculating the number of hydrogen bonds present 

between the interfacial glutamic acid molecules and water molecules. These have been 

calculated over the last 200ps of the simulation and averaged over the number of saved 

configurations. It was found that the number of hydrogen bonds for the (101) surface is 

124, which are distributed over 33 glutamic acid molecules. Hence the number of 

hydrogen bonds per glutamic acid molecules is 3.757. The distribution of the hydrogen 

bonds amongst the different atom types was also calculated, and it was found that the 

atom type that forms most of the hydrogen bond is O1 (35%) followed by O2(1) (24%), 

OH (15%), N3 (17%) and finally the other O2(2), with 12% of the hydrogen bonds (see 

Table 6.5). For comparison, the same methodology was applied to a single glutamic 

acid molecule in water and averaged over 1000 configurations: the number of hydrogen 

bonds was found to be 9.37. This number is of course higher than for an interfacial 

molecule as in an infinite dilution system, the interactions with water can occur in a 

shell all around the solute molecule, whereas at a crystal surface, only the part facing 

the water can form hydrogen bonds with the water. The volume available for the 

molecule is shared with neighbouring molecules and it is also dependent on the 

orientation of these molecules. 
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Figure 6.10: position of the glutamic acid atoms in the first and second layer of the 

(101) surface 

 101 101  

N3           13.82 14.03 

OH  15.43 13.67 

O1  34.86 30.13 

O2(1)      23.72 27.43 

O2(2)     12.17 14.74 

number of H-bond per 
glutamic acid 

3.76 3.55 

Table 6.5: distribution of the hydrogen bonds between the interfacial glutamic acid 

molecule and the water molecules (in % of the total number of hydrogen bonds).  

The scatter graph of Figure 6.10 provides information on the location of the glutamic 

acid atoms and the water atoms in the first water layer. However, this type of graph does 

not provide a definite answer on the orientation of the glutamic acid molecule at this 

surface. A close up of the (101) surface at the end of the simulation shows that the 

interfacial glutamic acid molecules adopt a similar configuration than the molecules in 

the centre of the slab (Figure 6.11). One can notice two glutamic acid molecules located 

at the (101) interface in the middle of the frame that seem to detach from the crystal 

surface. The two uppermost O2 atoms are the atoms appearing in the second water layer  

at values of x close to 0Å (Figure 6.10b). On a molecular level, the surface does not 

appear smooth, with steps formed by the arrangement and orientation of the glutamic 
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acid molecules on the surface. The pattern is repeating approximately every 18Å in the 

x direction.  

 

Figure 6.11: the (101) interface at the end of the simulation. For clarity, only the oxygen 

and nitrogen atoms are represented by spheres. The colours are the same as in Figure 

6.10 

( 101 ) Surface 

The water arrangement on the (101 ) surface presents some small differences compared 

to the (101) face. Figure 6.12 represent the projections of the water molecules on the xy 

plane for the first and second water layer described in Table 6.4. The water molecules in 

the first layer are localised in clusters, and a pattern of these clusters can be observed: 

this consist of clusters localised in a vertical area (parallel to the y direction), followed 

by clusters aligned in diagonal following parallel lines. This pattern is replicated a 

second time for x value varying between 0 and 18Å. The number of water molecules is 

larger for this surface compared to the (101) surface (68 molecules compared to 57, 

Table 6.4). In the second layer, the water molecules cover almost the entire area of the 

plane, denoting less structure than for the first water layer. The interactions between the 

crystal surface and the water molecules are negligible for molecules located in the 

second water layer. 

z 

x 
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Figure 6.12: position of the water molecules on the xy plane for the first layer (left) and 

the second layer (right) on the (101 ) surface for the β crystal 

The density profile (Figure 6.13) indicates that almost no glutamic acid atom is included 

in the second water layer, and that N3, OH, O1 and O2 are included in the first water 

layer. Although there is not exclusively one atom type present at the interface facing the 

water, N3 is predominant at low z values, and some molecules have their OH atoms 

protruding at the surface. This feature is not generalised over all the interfacial glutamic 

acid molecules, as the peak intensity is very low.  
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Figure 6.13: close up of the ( 101 ) β surface density profile for atoms of glutamic acid 

compared to the water. The position of the glutamic acid and water interfaces are 

indicated by z0 glu and z0 water, respectively. 
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Since the density profile only provides an average of the atomic positions over the xy 

plane, in order to determine how the glutamic acid molecules fit within the gap in the 

second water layer, the position of the glutamic acid atoms were plotted with layer 1 

and 2 of the ( 101 ) surface over the same number of steps. There are on average 232 

and 6.9 non-hydrogen glutamic acid atoms in layer 1 and 2, respectively. Figure 6.14 

shows that as for water, a pattern emerges in the distribution of the glutamic acid atoms 

at the surface. As expected, most of the atoms are contained in layer 1 and almost no 

glutamic acid atoms appear in layer 2. In the first layer, the pattern formed by the non-

hydrogen glutamic acid atoms is similar to that of the (101) surface, but more regular: 

the atoms are arranged in a linear conformation, and with an alternation of protonated / 

deprotonated carboxylic group along the x axis. In the first water layer, the water 

molecules are more dense around N3 and O2 (forming the vertical arrangements), 

whereas fewer water molecules are located around OH and O1 (forming the diagonal 

arrangements). This is explained by the fact that N3 and O2 are strongly hydrophilic 

(see Chapter 4). The glutamic acid molecules retained a structured crystalline 

arrangement. Mainly N3 atoms are present in the second water layer, and the position of 

these atoms are also occupied by N3 in the first water layer, which indicates that 

occasionally, these nitrogen atoms  penetrate the second layer. This feature probably 

arises toward the end of the simulation as the projection onto the xy plane represents the 

last 50ps of the simulation, whereas the density profile of Figure 6.13 is averaged over 

the whole simulation time. This could explain the absence of a peak for N3 in the 

density profile in the second water layer. There is one OH atom located in the middle of 

the xy plane of the water layer2, which also corresponds to an OH position in the first 

layer.  

The pattern made by the glutamic acid atoms on the ( 101 ) surface is similar to the 

pattern observed on the (101) surface. The interactions between the water and the 

glutamic acid atoms are also expected to be strong: glutamic acid molecules form, on 

average, 3.55 hydrogen bonds per molecules (there are 102.3 hydrogen bonds for 28.79 

glutamic acid molecules), which is slightly less than for the (101) surface. The small 

distortion observed in the middle of the crystal surface on the (101) face is then due to 

the presence of hydrogen bonds between the water molecules and the glutamic acid 

molecules lying on that crystal face. The atom type that forms most of the hydrogen 

bonds is O1 (30%) followed by O2(1) (27%),  the other O2(2) (15%), N3 (14%) and 

finally OH with 14% of the hydrogen bonds (Table 6.5). The distribution of the 
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hydrogen bonds among the atom type is however very similar between the (101) and the 

opposite surface. The difference between these two faces is the thickness and the 

position of the Gibbs dividing surface, which indicated that the (101) surface was less 

defined, corresponding to a higher number of hydrogen bonds with the water. Both 

surfaces can however be considered hydrophilic as the interfacial glutamic acid forms 

hydrogen bonds with the surface, and rough, as seen from the arrangement of the 

glutamic acid molecules along the xz plane. These findings confirm the experimental 

observation that the (101) face of β crystals is the fastest growing face (Garti and Zour, 

1997; Sano et al., 1997), and that the roughening hypothesis can be considered for the 

crystal growth mechanism (Bourne and Davey, 1976a, 1976b; Shimon et al., 1990). 
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Figure 6.14: position of the glutamic acid atoms in the second layer of the β ( 101 ) 

surface 

Figure 6.15 represents the glutamic acid molecules at the ( 101 ) surface at the end of 

the simulation, where the molecules are lying at a ~30° angle to the surface. The OH 

atom that is located at x=0 in the second water layer is clearly seen in this snapshot, 

along with the two rows of N3 atoms that also appear in layer 2.  
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Figure 6.15: the ( 101 ) interface at the end of the simulation.  

The arrangement of the molecules at the surface keeps a crystalline configuration form 

the original configuration. The whole system is represented in Figure 6.16 at the end of 

the simulation. 

     

Figure 6.16: simulation box of the β crystal surface at the end of the 1ns simulation. The 

(101) face is on the right and the (101 ) face is on the left. The water layers described in 

Table 6.4 are marked in yellow. 
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6.3.2 αααα (111) surface 

The surface of the α glutamic acid crystal was first modelled using the same conditions 

as previously for the β crystal, using a temperature of 240K and run for a 500ps 

equilibration period followed by a 1ns simulation. 

The configuration of the glutamic acid molecules was also investigated for this system, 

for the molecules that were not kept fixed in space (the frozen molecules were excluded 

from the dihedral calculations). The dihedral distribution is shown in Figure 6.17, where 

the (111) and ( 111 ) surface have been treated separately due to their difference in the 

nature of interfacial atoms. Due to the interfacial behaviour of the α crystal surface at 

this temperature, the glutamic acid molecules take a different conformation compared to 

the crystal bulk. No α−α−α conformation is observed in the saved configurations. 

However, these molecules display a very different conformation compared to what has 

been observed on the β polymorph surface. In addition to the usual peaks at -64°, -160°, 

-163° and 162° for T1, T2 and T3 respectively, the molecules at the interface exhibit 

additional peaks: a high frequency is displayed at 64° for T1 and 161° for T2, small 

peaks are observed at 11° for T2 and T3 present new peaks at -104°, -56.1°, 23.4° and 

56.8°. These new conformations were not observed at infinite dilution for a similar 

temperature (see Figure 3.4 and Table 6.6 for temperature of 235K) and neither at 

supersaturated concentration (Figure 3.12). The dihedral at 56.8° matches that of the 

α crystal, which correspond to 12% of the conformations that have T3 similar to that of 

the α crystal (Table 6.6). The influence of both the frozen molecules and the water 

molecules generates a new conformation, which is a balance between the crystal 

conformation and the conformation of a single glutamic acid molecule in solution. At 

this temperature, the glutamic acid conformations are different between the (111) and 

the ( 111 ) face, with molecules on the (111) faces taking up additional conformations 

compared to the ( 111 ) face. The dihedral combination of Table 6.6 indicates that the 

molecules have a β-like conformation for 2.7% and 1.8% of the configurations for the 

(111) and ( 111 ) surface, respectively. Glutamic acid molecules lying on the (111) 

surface of α crystal can take conformations that are characteristic of a β-like 

conformation. 

Ferrari and Davey (2004) observed the growth of β crystal on the (111) face of α 

crystals, and implied that if molecules at the (111) α surface could take a β-like 
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conformation, a layer of β-glutamic acid could form across the crystal surface. The 

results of the molecular dynamics simulation on the (111) α surface demonstrates that 

using the alpha force field, which is bias towards a β-β-170° conformation, the 

interfacial glutamic acid molecules display a different conformation compared to 

solution due to the environment of both the crystal slab and the water phase. A force 

field capable of modelling polymorph, i.e. with two energy minima corresponding to the 

α and β conformations, would allow a more accurate determination of the interfacial 

molecule conformations, and would confirm or refute the hypothesis made by Ferrari 

and Davey (2004).  
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Figure 6.17: torsion angle distribution for the ( 111 ) (black dotted line) and (111) face 

(plain red line) at 300K. The corresponding torsion angles in the α and β crystal are 

represented by circles and squares, respectively. 
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T1 T2 T3 
single molecule 
in solution at 

235K 
111 1 1 1 

α − − 0 0.8 1.8 
β − − 91.3 39.4 37.2 
− α − 0 0.1 2.7 
− β − 92.4 55.8 46.7 
− − α 0 14.5 9.3 
− − β 0 7.8 3.5 
α α − 0 0 0 
β β − 83.7 30.5 27.3 
α − α 0 0 0 
β − β 0 4.6 2.5 
− α α 0 0 0.3 
− β β 0 3.0 1.8 
β α − 0 0 0 
α β − 0 0.1 0.8 
α α α 0 0 0 
β β β 0 2.7 1.8 

Table 6.6: T1, T2 and T3 combinations and their frequencies for glutamic acid 

molecules at the interface of α crystals at 240K 

The density profile of both the water and glutamic acid molecules are shown in Figure 

6.18a and Figure 6.18b, respectively. The water and crystal slab are well defined in 

general, but the profiles are not symmetric: the density profile of water is a dome shape 

for the (111) surface, whereas for the (111 ) surface, the profile displays a series of 

peaks, which indicates a layering behaviour of the water at the ( 111 ) face. The (111) 

face does not display a series of peaks at the interface but a strong peak at 18.3 Å 

indicating the water molecules penetrate the surface layers of glutamic acid. The water 

molecule arrangement is expected to be different on both faces as the glutamic acid 

atoms arrangement at the crystal surface vary. The interactions between the glutamic 

acid molecules at the α crystal surfaces with the water are different for both faces 

studied, which indicates a difference in the orientation of the interfacial glutamic acid 

molecules. The presence of a water layer at 18.3Å half way through the (111) interface 

and the absence of a similar behaviour at the (111 ) interface hints that water 

molecules on the (111) face are located closer to the surface than the water layer on the 

( 111 ) surface. Following the work of Spagnoli et al. (2006) and Du and Miller (2007), 

the separation between the glutamic acid and the water means that the (111) face is 

hydrophilic and that the ( 111 ) face is hydrophobic. Following Khoshkhoo and Anwar 

(1996), the dome shape water profile at the (111) interface would mean that this face is 
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in fact hydrophobic, and that the peak at the (111 ) interface is due to hydrophilicity. 

These contradictory conclusions show that the determination of the characteristic of a 

surface is therefore not a straightforward process. Work done by others (Lee et al., 

1984; Boek et al., 1992; Lee and Rossky, 1994; Shinto et al., 1998; Hussain and Anwar, 

1999) were able to determine with precision the hydrophilic/phobic nature of a 

compound by fixing the crystal surface. This allows the observation of a flat crystal 

surface, an exact determination of the location of the surface and the distance between 

the water and the surface. However, fixing the atoms on a surface might not be 

representative of a ‘real’ crystal surface, as atoms are likely to react to their 

environment rather than behave like crystal bulk. Therefore, when the interfacial atoms 

are not fixed in space, combining the density profile of both species and investigating 

the level of mixing involved between the two can be a good indicator of this 

characteristic (Jensen et al., 2004; Kerisit et al., 2006; Spagnoli et al., 2006; Du and 

Miller, 2007).       

The density profile of the glutamic acid molecules is less asymmetric compared to the 

water profile, with a series of peaks on both faces, representing the two layers of 

glutamic acid molecules that are not frozen. The (111) face presents one more small 

peak at 20 Å compared to the ( 111 ) face, corresponding to the peak in the water layer 

for the same face. Fitting the hyperbolic tangent function to the density profile of the 

water and glutamic acid was performed for the (111) and ( 111 ) face separately since 

the two surfaces displays a different molecular arrangement, following the methodology 

described in section 6.3.1. The results are shown in Figure 6.19 and in Table 6.7 and 

Table 6.8, and it shows that the two surfaces behave quite differently. The width of the 

water interface (d) is much thinner for the (111) face (2.8Å) compared to the ( 111 ) 

face (4.4Å). The same trend is observed for the glutamic acid interface thickness, which 

is lower for the (111) face. The position of the Gibbs dividing (z0) surface for the (111) 

face demonstrates that the glutamic acid interface is located at 0.35Å form the water 

interface, indicating a strong interaction between the water and the crystal surface. At 

the ( 111 ) face, the two interfaces are separated by ~1Å, which could denote a 

repulsion between the crystal surface and the water phase. These results and the 

observation of Figure 6.19b indicates that there is some mixing of the glutamic acid and 

the water at the (111) face. This suggests that the (111) surface of the α glutamic acid 

crystal is hydrophilic, which will favour the approach of solvated glutamic acid 
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molecules, and favours crystal growth in that particular face. This is in accordance with 

experiment, in saying that the (111) face is the fastest growing face of α glutamic acid 

crystal (Garti and Zour, 1997; Sano et al., 1997).  
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Figure 6.18: density profile for an α (111) surface (plain black line) and the fitted ρ(z) 

function (red dashed line) for (a) the water molecules and (b) the glutamic acid 

molecules. The (111) surface is on the right and the ( 111 ) is on the left. 
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Figure 6.19: fittings of the density function ρ(z) for the water (black) and glutamic acid 

(red) for a) the ( 111 ) face and b) the (111) face 

The density profile of the water of Figure 6.18a shows several peaks at the interface, 

which delimit the organisation of the water molecules into layers. The position of the 

minima after these peaks will be used as boundaries to define the different water layers 

on each face. Table 6.9 describes the range of the layer for each of the face along with 

the average number of water molecules contained in each of the layer. The position of 

the centre of mass of the water molecules was plotted along the xy axis every ps during 

a 100 ps trajectory at the end of the 1ns simulation. 
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Parameter Glutamic 
acid  

Error Water  Error 

rw (g/mol) 2.35783 0.07657 1.03176 0.00877 

zc (Å) 3.6041E-6 0.38221 0.00308 0.07555 

zo(Å) 18.60582 0.43642 18.9626 0.08376 

d (Å) 4.32045 0.75037 2.84009 0.14428 

Table 6.7: parameters of the equation fitted to the z density of the water molecules for 

the α (111) surface at 240K. See Equation (6.1) for a description of the symbols. 

Parameter Glutamic 
acid  

Error Water  Error 

rw (g/mol) 2.32203 0.08302 1.07629 0.017 

zc (Å) -6.343E-8 0.46267 0.00636 0.12095 

zo(Å) 20.26249 0.57542 21.27478 0.15866 

d (Å) 6.41146 0.97767 4.36944 0.26158 

Table 6.8: parameters of the equation fitted to the z density of the water molecules for 

the α ( 111 ) surface at 240K. See Equation (6.1) for a description of the symbols. 

Surface Layer Range (Å) 
Number of water 

molecules 

(111) layer1 10; 19.5 23 

 layer2 19.5; 24.25 83 

( 1 1 1 ) layer1 -20.1; -10 24 

 layer2 -26.8; -20.1 169 

Table 6.9: water layer properties 

(111) Surface  

On the (111) face, the positions of the water molecules for the first and second layer are 

localised, with small areas where water molecules are located (Figure 6.20). The 

irregular position of the water molecules across the surface indicates that either the 

surface of the (111) glutamic acid crystal is not smooth but contains steps, or that the 

orientation of the glutamic acid molecules is not uniform across the surface, preventing 

the water from forming similar interatomic interactions over the entire surface. The 

layers were extracted using a plane perpendicular to the z direction, and because of the 

way the surface has been cleaved, the crystal surface might not be exactly parallel to the 

xy plane (see section 6.2.2). For the second water layer, the molecules are located more 
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in the centre of the slab and less at the edges. The pockets where water molecules are 

present are slightly bigger compared to the first layer, denoting less localisation and less 

interaction with the crystal surface. The strong interactions between the crystal surface 

and the water propagate into the second layer and induce a structuring of the water for 

the second layer as well. This water layer presents some gaps in the water molecule 

distribution, probably due to the presence of glutamic acid molecules.  
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Figure 6.20: position of the water molecules on the xy plane for the first water layer 

(left) and the second water layer (right) for a 100ps period on the (111) surface of the α 

crystal 

The density profile of the glutamic acid atoms in Figure 6.21 shows that mainly O2 and 

N3 atoms are included in the first layer of the (111) face, but it also shows that some of 

the O2 atoms are located after the first layer of water molecules. The distribution of the 

glutamic acid atoms within the xy plane is not well defined, and the analysis of the 

density profile does not provide a clear understanding of the location and/or atomic 

species forming interactions with the water molecules. The distances form the centre of 

the slab for the different atoms are 18.22 Å for OW, 17.7 Å and 19.9 Å for O2, and 16.4 

Å for O1, which can be approximated to averaged distances of less than 2 Å between 

the water and the glutamic acid oxygen atoms, which is too small to be evidence of 

hydrogen bonding occurring at that distance from the surface. The density profile does 

provide explanation of the most probable or the most occurring orientation of the 

interfacial molecules, with the amino acid end of the molecule facing the water bulk, 

and O2 atoms in particular. 
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Figure 6.21: close up of the (111) α surface density profile for atoms of glutamic acid 

compared to the water. The position of the water and glutamic acid interface are 

indicated at z0. 

In order to provide a more accurate picture of the position and orientation of the 

glutamic acid molecules at the (111) α crystal interface, all the glutamic acid atoms 

located in the same z range as the water layer 2 were extracted and plotted with the 

water molecules. The resulting distribution is presented in Figure 6.22 and the average 

number of non-hydrogen glutamic acid atoms present in that water layer is 19. The gaps 

in the water are caused by the presence of glutamic acid atoms, and especially the 

amino-acid group. Four distinct glutamic acid molecules have their O2 atoms inside the 

second water layer. Again, due to the cleaved plane of the surface, the positions of the 

glutamic acid atoms are not equally distributed across the surface, but a pattern emerges 

which show the repetition of the carboxylic group on C1. 
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Figure 6.22: position of the glutamic acid atoms in the second layer of the (111) surface 

of the α glutamic acid crystal  

The interactions between the crystal surface and water for the α (111) surface are 

stronger than for the β (101) surface: each glutamic acid molecules on the (111) surface 

forms on average 4.14 hydrogen bonds with the water molecules (72.0 hydrogen bonds 

for 17.8 glutamic acid molecules), which is more than for the β (101) surface (3.76). 

These hydrogen bonds are distributed following Table 6.10, where most of the 

interactions are around O2 atoms. 

 111 1 1 1 

N3           13.41 6.78 

OH  7.44 7.83 

O1  18.94 20.49 

O2 (1)      28.55 28.20 

O2 (2)     31.65 36.70 

number of H-bond per 
glutamic acid  

4.14 3.70 

Table 6.10: distribution of the hydrogen bonds for the (111) and ( 111 ) face of a 

glutamic acid in percentage of the total number of hydrogen bonds 

A snapshot of the (111) surface at the end of the simulation (Figure 6.23) shows that 

most of the glutamic acid molecules are orientated perpendicular to the surface plane 
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with the O2 and N3 atoms lying at the surface. These charged groups will favour 

interaction with the water molecules by forming strong interactions with the oxygen 

atom of the water molecules. 

 

Figure 6.23: the (111) interface of α crystal at the end of the simulation 

The interactions of the solvent with the crystal surface can induce two surface 

mechanisms on which the crystal growth is dependent. The roughening hypothesis 

states that favourable interactions between the solvent and the crystal surface reduces 

the surface tension, which change the nature of the surface from smooth to rough, which 

increases the growth rate (Bourne and Davey, 1976a, 1976b; Shimon et al., 1990). This 

mechanism implies that the solvent decreases the edge energy, resulting in a decreased 

energy barrier for the attachment of the second layer on the crystal surface. The other 

available theory states the opposite, that the solvent adsorbing on a preferred face will 

inhibit the growth on that face. The molecular mechanism is the same as for tailor-made 

additives where the additive molecules block the way for the solute molecules to attach 

to the crystal surface. The removal of the solvent from the surface is an additional 

energy barrier to crystal growth (Davey et al., 1988; Weissbuch et al., 1995). Compared 

to a smoothed surface, a rough surface enables the water molecules to penetrate the 

interfacial layer through the surface irregularities (Rudich et al., 2000) and therefore be 

more strongly attached. 

The adsorption of water on a specific surface can promote or inhibit the growth of that 

face: in the case of α-resorcinol, water adsorption is stronger on the (011) face and the 

water molecules are localised with a limited motion on this face, resulting in inhibited 

growth of this face (Hussain and Anwar, 1999). On the contrary, studies on urea explain 

that water adsorbs more on the small (001) and (111) surfaces, and promotes crystal 
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growth of these faces (Boek et al., 1992). Glycine, a molecule closer to glutamic acid, 

has its crystal growth inhibited by the adsorption of water on the (110) and (011) faces 

due to the favourable interactions of the COO- and NH3
+ groups exposed at the surface 

with water (Boek et al., 1991).  

Because the (111) face of α glutamic acid crystals is the fastest growing face and from 

the location of the Gibbs dividing surfaces for both species it was deduced that this 

surface was hydrophilic, the theory of crystal growth in which the adsorption of water 

on a face inhibits the growth of that face has to be discarded in favour of the roughening 

hypothesis (Bourne and Davey, 1976a, 1976b; Shimon et al., 1990). This theory is 

further confirmed by the observations made earlier in this section that the arrangement 

of the molecules at the surface forms steps on a molecular scale, creating a rough 

surface. 

( 111 ) Surface 

The water layers described in Table 6.9 for the (111 ) surface of α glutamic acid 

crystal are very different, with the number of water molecules in the second layer seven 

times bigger than that in the first layer. The positions of the water molecules in the 

respective layers are plotted in Figure 6.24. The first layer presents a very localised 

structure. In the second layer, however, the water molecules cover almost the entire 

surface, via small localised patches distributed over the whole surface area. The 

interactions between the water molecules and the glutamic acid molecules is less 

important than the (111) surface as the effect of the glutamic acid surface is dampened 

at the second water layer. The distribution of the water molecules close to the ( 111 ) 

surface is different compared to that of the (111) surface, which confirms the 

observation in the density profile of the water (Figure 6.18a). The difference in position 

of the water molecules in the first layer is explained by the differing nature of the α 

glutamic acid crystal surfaces, resulting in different preferred positions for the water 

with respect to the xy plane. There are also more water molecules in the second layer of 

the ( 111 ) surface compared to that of the (111), which indicates a higher density for 

this layer, as the density profile of the water molecules indicated in Figure 6.18a.  
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Figure 6.24: position of the water molecules on the xy plane for the first water layer 

(left) and the second water layer (right) for a 100ps period on the (1 1 1) surface of the 

α crystal 

To observe the location of the glutamic acid atoms through both layers, the density 

profile of the glutamic acid atoms is compared to that of the water (Figure 6.25). It 

shows that mainly glutamic acid is present in layer 1 and that mainly water is present in 

layer 2, which confirm the distribution of water molecules of Figure 6.24. The 

distribution of the glutamic acid atoms does not show a particular distance from the 

centre of the crystal slab where there is a high density, denoting a loss of the molecular 

structure at the ( 111 ) surface, and possibly small clusters of atoms at different level in 

the z direction. 
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Figure 6.25: close up of the (1 1 1) α surface density profile for atoms of glutamic acid 

compared to the water. The position of the water and glutamic acid interface are 

indicated at -z0. 

In order to determine the behaviour of the glutamic acid molecules at the ( 111 ) 

surface, the position of the glutamic acid atoms present in the second water layer are 

transposed on the xy plane and plotted in Figure 6.26. The average number of non-

hydrogen glutamic acid atoms present in this layer is 64. The distribution of the 

glutamic acid atoms shows that there are two deprotonated and two protonated 

carboxylic groups in the water layer belonging to four molecules perpendicular to the 

surface plane. More importantly, it is clear that there are another four glutamic acid 

molecules lying on the surface, parallel to the surface plane. These molecules are 

marked in Figure 6.26 following the backbone of the molecules and it clearly shows the 

presence of all 10 non-hydrogen atoms of a glutamic acid molecule. Unlike the (111) 

face, where all the glutamic acid molecules were perpendicular to the xy plane and had a 

functional group pointing into the water layer, some of the glutamic acid molecules at 

the ( 111 ) interface are parallel to the surface. This configuration of glutamic acid 

molecules will expose more the hydrophobic hydrocarbon backbone of glutamic acid, 

hence making it more difficult for the water molecules to approach the crystal surface, 

as well as for glutamic acid molecules from the aqueous solution. The structure of the 

interfacial molecules is different compared to the crystal bulk, and a loss of the crystal 

structure will affect crystal growth on that face. So the position of these molecules on 

the crystal surface would inhibit the growth of that face, making the ( 111 ) face a 
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much slower growing face compare to the (111) face. In the case of crystals of aspirin, 

the face that keeps its lattice structure corresponds to the experimental fastest growing 

face. The organisation of the interfacial molecules is such that it favours the deposition 

of new molecule on the surface (Li et al., 2006).  

The glutamic acid molecules at the ( 111 ) surface forms fewer hydrogen bonds with 

the water than at the (111) surface, with only 3.70 bonds per glutamic acid (81.6 bonds 

over 22 molecules). Because the molecules are parallel to the surface, they should have 

more contact with the water, and a greater number of interactions with the water could 

be expected compared to perpendicular molecules. This confirms that the hydrophobic 

backbone of the glutamic acid molecules on the (111 ) surface does not favour 

hydrogen bonding with the interfacial water. The distribution of the hydrogen bond per 

atom type is describe in Table 6.10, where it follows the same trend for O1, O2 and OH, 

but halves the number of bonds between N3 and water.  
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Figure 6.26: position of the glutamic acid atoms in the second layer of the ( 111 ) 

surface of the α glutamic acid crystal. The backbone of the glutamic acid molecules has 

been highlighted in yellow to clarify the position of whole molecules. 
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The snapshot of the ( 111 ) surface taken at the end of the simulation is displayed in 

Figure 6.27 and clearly shows that some glutamic acid molecules are not attached to the 

crystal surface anymore and are parallel to the surface on the left of the picture. This 

illustrates the statements made earlier about the orientation of the glutamic acid 

molecules. 

 

Figure 6.27: the ( 111 ) interface of α crystal at the end of the simulation 

The whole system at the end of the 1.5ns simulation is represented in Figure 6.28 for 

illustration. 

 

Figure 6.28: simulation box of the α crystal surface at the end of the 1ns simulation  

6.4 Conclusion 

Four glutamic acid crystal surfaces were investigated, two for each polymorph. The 

dihedral distribution of the interfacial glutamic acid molecules was compared to that of 

their respective crystal and showed that the molecules at the α (111) surface exhibit a β-

like conformation. This finding is coherent with experimental observations that show β 

crystals growing on the α (111) crystal surface and demonstrates that this 

transformation is possible due to the change in molecular conformation of the glutamic 

 y 

z 
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acid molecules located at the α (111) crystal interface. The density distribution of the 

water at the interface with the crystal enabled determination of the behaviour of the 

water at these faces. The water molecules were separated into layers for further 

investigation of the behaviour of the water and glutamic acid molecules at varying 

distance from the surface. The molecules on the fastest growing faces are orientated 

perpendicular to the surface plane for α and make a 45° angle with the surface plane for 

β. The conformation of molecules at the crystal surfaces was found to be more β-like 

than α-like for both polymorphs. The conformation of the interfacial crystal molecules 

is an important factor to the crystal growth, and a β-like conformation may explain why 

β glutamic acid crystals can grow on an α glutamic acid crystal surface.  

Fitting a hyperbolic function to the density profile of both species indicates that the 

water interface is thinner at the β surfaces compare to the α surfaces, and the thickness 

of the glutamic acid interface is substantially thicker for the α (111) and ( 111 ) 

surfaces compared to that of the β (101) and ( 101 ) surfaces, which implies that the β 

surface is more stable compared to the α surface. A larger interface width indicates that 

the solvent molecules penetrate the first few lattice layer of the surface (Benjamin, 

1997; Sibug-Aga and Laird, 2002). The level of mixing between the two species 

indicates that all the surfaces studied are hydrophilic, with ( 111 ) and (111) more 

hydrophilic than (101) and than ( 101 ).  

The position of the water molecules at the crystal surfaces were found to be localised 

for all studied surfaces, especially for the first water layer. It was shown that the 

localisation of the water molecules was due to the presence of glutamic acid molecules 

and hydrogen bonds between the glutamic acid and water molecules. The α (111) 

surface forms the most hydrogen bonds per glutamic acid molecules with the water, 

followed by β (101), the fastest growing faces for each polymorph. The ability of the 

surface molecules to form hydrogen bond with the water might be directly linked with 

the growth rate of the surface as the (111) face of α crystal is faster than the growth rate 

of β(101) surface by a factor of 6 (Garti and Zour, 1997; Sano et al., 1997). The strong 

interactions with the solvent coupled with the interactions with the crystal bulk do not 

allow the interfacial molecules to spread across the crystal surface, but promote crystal 

growth on these faces. 
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The water molecules behave in a similar way for all surfaces for the first water layer; 

the second layer is the most structured at the α (111) surface, due to the strong 

interactions with the water. The orientation of the glutamic acid molecules within these 

water layers is at 45° with the surface plane for β (101) and ( 101 ) with all the 

functional groups facing the water following a pattern that remains from the crystalline 

configuration. The glutamic acid molecules are perpendicular to the surface plane for 

the α (111) surface, with their deprotonated carboxylic group facing the water. The 

glutamic acid molecules on the α ( 1 1 1 ) surface are parallel to the surface plane, 

which may explain why this is the slowest growing face.  

The roughening theory seems to be the molecular mechanism by which glutamic acid 

crystals grow. More work is needed in this area in order to confirm and build upon these 

findings, which will be described in Chapter 7. 

 
 
 

 


