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Chapter 1 

Introduction 

1.1 Introduction  

Amino acids are the building blocks of proteins and therefore a crucial element of any 

living animal. They connect to each other to form small polymer chains called poly-

peptides. A protein is made of a sequence of different peptides. When food is 

consumed, the digestion mechanism breaks the ingested proteins into amino acid 

residues. The process of metabolism uses these residues to form proteins required for 

maintenance and growth. While plants can synthesise all 20 amino acids, animals must 

acquire some of them through intake of food that contains proteins. A lack of one 

particular amino acid can therefore be complemented by either eating an ingredient rich 

in that amino acid, or by ingesting directly an exclusively synthesised version of the 

amino acid. Amino acids are therefore used as food supplements or, in certain cases, as 

medicines. 

Glutamic acid is a non-essential amino acid found in the human body, where it acts as a 

neurotransmitter by binding onto the synapses, and is believed to be implicated in 

epileptic seizure and brain dysfunctions (Michael et al., 2003). It is normally 

synthesised by the organism, however, for certain biological dysfunctions where the 

body can not produce sufficient amounts, a supplementary intake is necessary. To 

provide for these deficiencies, the pharmaceutical industry attempts to provide amino 

acids, including glutamic acid, in a synthetic form. Glutamic acid is also used as a 

medicine as an anti-ulcer drug, and it can also help to repair the gastrointestinal mucosa 

(Ajinomoto, 2006). The actual consumption of all amino acids for medical use is 

estimated at 15,000 tons per year worldwide, including glutamic acid (Hermann, 2003; 

Ajinomoto, 2006). The food industry uses glutamic acid in large quantities as a food 

enhancer in the form of monosodium glutamate (MSG), widely used in processed food. 

The production of MSG reached an estimated 1.69 million tonnes in 2004, but the large 

scale production is made by fermentation of sugar cane (Hermann, 2003; Ajinomoto, 

2006). Both pharmaceutical and food manufacturing businesses require the compound 

to be in the solid crystalline form. However, glutamic acid is a polymorph, whereby it 

crystallises into two distinct crystal forms with different robustness, stability, solubility 

and molecular arrangement. Broad work has been undertaken experimentally to 
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understand and determine the factors that influence the formation of one polymorph 

over the other (described in sections 1.2.5 and 1.2.6), but the underlying molecular 

mechanism of formation and the polymorphic transformation is yet to be fully 

understood. External factors, like concentration, stirring and temperature, can be 

investigated experimentally to understand their effect on polymorphs. 

To understand the molecular behaviour of a chemical compound with such a 

polymorphic nature, computer simulation and in particular molecular dynamics 

simulations can be a useful means to study the evolution, properties, structure and 

thermodynamics of the system on a molecular level. In order to understand the 

behaviour of glutamic acid molecules prior to crystallisation and during the 

polymorphic transformation, the study of their behaviour in solution is essential. This 

can be examined by studying the correlation between the molecule and the solvent, as 

the solvent influences the structure, dynamics and crystallisation of organic molecules 

in solution. In aqueous solution the role of the water solvent is particularly important 

because it can form hydrogen bonds with the functional groups of the organic solute 

molecule. This complex behaviour of water means that determining a simple 

generalised mathematical theory for the influence of these interactions is difficult to 

achieve. A common way to study these interactions is by the use of molecular dynamics 

and Monte Carlo simulations. In this thesis, molecular dynamics was used to study the 

glutamic acid molecule in solution. The resulting information on the interactions with 

the solvent and with other solute molecules along with a record of the conformational 

evolution of the glutamic acid molecules provides a better understanding of the factors 

influencing crystallisation and polymorphism. 

Crystallisation occurs in supersaturated solutions in which the solute molecules group 

together prior to nucleation. The intermolecular interactions provide information on 

how the molecules form the initial cluster prior to nucleation. The study of concentrated 

glutamic acid solutions will enable a better understanding of how the solute molecules 

are arranged prior to nucleation. Nucleation is then followed by crystal growth, where 

the solute molecules bind onto the crystal surface. Studying crystal-solvent interfaces 

for both polymorphs will provide a description of the molecular arrangement of these 

surfaces and the different interactions between the surface and the solvent that influence 

crystal growth and dissolution.  
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This chapter gives an overview of the relevant background for this thesis. First a 

description of the experimental work that has been carried out on glutamic acid is 

provided, including crystal growth, the effect of additives during crystallisation, and the 

crystallographic data available. This is followed by an overview of the computational 

work that has been presented to date, with some examples of what can be achieved 

using simulation, and molecular dynamics in particular.  

1.2 Glutamic Acid 

1.2.1 Molecular Structures 

Glutamic acid is comprised of an amino acid group (C(NH2)(COOH)), to which is 

attach a side chain that contains two methylene groups and a further carboxylic group. 

In the crystal lattice as well as in acidic solution, the glutamic acid molecules are in a 

zwitterionic form, which means that the amine group is protonated (positively charged), 

the carboxylic group of the nearest acid group is deprotonated (negatively charged) and 

the other carboxylic group on the amino acid group (on the side chain) is protonated; 

this results in a neutral net charge. In biochemistry, amino acid refers to α-amino acids, 

where the amine group and the carboxylic group are attached to the same carbon. Hence 

that particular carbon is chiral, and only one enantiomer is present is the human body: 

the S form, also called the L-form. See Figure 1.1 for a representation of a single 

glutamic acid molecule in its zwitterionic form. 
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Figure 1.1: L-glutamic acid molecule in the zwitterion form. Carbon atoms are grey, 

oxygen are red, nitrogen are blue and hydrogen atoms are white.  
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1.2.2 Crystal Structures 

Glutamic acid is a polymorph, which means that it crystallises in more than one crystal 

form. Bernal (1931) reported the first crystallographic data on glutamic acid. The unit 

cell dimensions of what would later be called the α form were reported to be: a = 7.06, 

b = 10.3 and c = 8.75 Å, while the crystal was observed to be orthorhombic and of space 

group P21P21P21. In 1955, Hirokawa discovered the presence of a new kind of crystal of 

glutamic acid: the β-form (Hirokawa, 1955). Using X-ray analysis, the dimensions of 

the unit cell were determined to be a = 5.17, b = 17.34 and c = 6.95 Å. The β crystal is 

also orthorhombic and of space group P21P21P21. The atomic coordinates were also 

found, and it was shown that the deprotonated carboxyl group was located on the α 

position of the amine group. 

Later, Hirayama et al. (1980) studied the structure of α-L-glutamic acid more 

extensively. This work provided the coordinates and thermal parameters of each atom in 

the molecule, the bond lengths, angles, torsion angles and a detailed map of the 

hydrogen bond network. The conformation of the α form was shown to be different 

from the conformation of the β form reported by Hirokawa, see Figure 1.2 (Hirokawa, 

1955). The geometry of a single molecule of glutamic acid can be described using three 

torsions angles, N-Cα-Cβ-Cδ (T1), C-Cα-Cβ-Cδ (T2) and Cα-Cβ-Cδ-Cγ (T3) (see Figure 

1.2). In the α crystal, the values of these torsion angles are 178.4°, 59.1° and 68.8° 

(Hirayama et al., 1980; Bernstein, 1991; Fletcher et al., 1996) and -51.0°, -171° and       

-160.7° for the β crystal for T1, T2 and T3, respectively (Bernstein, 1991; Fletcher et 

al., 1996). Three intermediate molecular conformations were also proposed that would 

enable a glutamic acid molecule to transform from an α−form to a β-form, but no 

coordinates, angles or dihedrals of the intermediates were given (Hirayama et al., 1980). 
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Figure 1.2: glutamic acid molecules as they are found in the (a) α and (b) β crystals  

Different methods have been used to investigate the structure of L-glutamic acid: solid 

state 17O NMR can differentiate D-L-glutamic acid from the pure L- and D-forms 

(Lemaitre et al., 2003). Atomic force microscopy (AFM) enables in-situ observation of 

the growing crystal (Kitamura and Onuma, 2000): the growth rate was calculated as a 

function of the concentration of the supersaturated solution from the displacement-time 

relationship and the observations allowed determination that the growth mechanism of 

the (111) and (001) faces of the α glutamic acid crystals is not due to the screw 

dislocation mechanism but to the "nucleus above nucleus" mechanism. Bernstein (1991) 

studied the hydrogen bond network of the two polymorphs to demonstrate the 

similarities and the differences. The hydrogen bond motif of the α glutamic acid crystal 

is a ring structure comprised of 14 atoms, as opposed to a chain structure of 10 atoms 

for the β polymorph. This difference is due to the folded conformation of α molecules 

and the more extended conformation of the β molecules (see Figure 1.2). 

While the crystallographic unit cell has the same overall shape for the two polymorphs, 

both the dimensions and the arrangement of the glutamic acid molecules within the cell 

are different. The α polymorph is more dense, as the molecules are closer to each other 

than for the β polymorph. More recent studies refined the cell parameters of both 

polymorphs, and the values for the α unit cell parameters are 7.068 Å, 10.277 Å and 

8.755 Å (Hirayama et al., 1980), whereas the unit cell parameters of a β crystal are 

5.154 Å, 6.942 Å and 17.274 Å (Marcoin et al., 1999). These parameters are available 

through the Cambridge Crystallographic Database (Fletcher et al., 1996). The unit cells 
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of both polymorphs contain four glutamic acid molecules, and are illustrated in Figure 

1.3. 

 

a)     b) 

 

 Figure 1.3: molecular arrangement of the (a) α and (b) β unit cell of glutamic acid  

1.2.3 Polymorphism and Glutamic Acid  

Polymorphs usually have different chemical structure and physical properties, for 

example solubility, crystal habit, density, compressibility and molecular arrangement, 

while keeping identical chemical formula. Therefore understanding and controlling 

crystallisation is essential in order to selectively crystallise the required polymorph. The 

α-form of glutamic acid is metastable, and the β-form is the thermodynamically stable 

phase. The crystals of the β polymorphs are a needle-like shape, whereas the crystals of 

the α polymorph are granular (see Figure 1.4). For the processing of glutamic acid, the 

α polymorphic form is preferred as it is more robust compared to the needle-like 

crystals of the β form, which can easily break during filtration (Ferrari and Davey, 

2004).  
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Figure 1.4: photographs of glutamic acid crystals of a) the α form and b) the β form. 

Reproduced with authorisation from the author (Patchigolla, 2007). 

Different experimental methods can be chosen to synthesise exclusively one polymorph. 

The parameters that are most often varied are temperature, agitation method, time and 

the supersaturation of the solution (Sakata et al., 1962; Kitamura, 1989; Cashell et al., 

2004). It is well known that at temperatures around 20°C, mostly the α form will 

crystallise, whereas at 45°C, almost 100% of the β form is obtained. The α crystals need 

to be dried in order to avoid the solution mediated transformation into β crystals. 

Increasing the supersaturation results in the formation of thinner α crystals (Kitamura 

and Ishizu, 2000).  

Sakata et al. performed an extensive study on the polymorphism of glutamic acid in two 

parts, the first one on the α-form, and the second on the β-form (Sakata et al., 1962; 

1963). In both cases the growth rate was used to determine the activation energy, which 

indicates the controlling factors in the crystallization process. The controlling process 

for surface growth was assumed to be determined by measuring the dissolution rate. It 

was also assumed that the growth process occurs in two steps, firstly by diffusion, 

where the glutamic acid molecules in solution are transferred onto the crystal surface, 

and secondly by a first-order reaction where these molecules arrange themselves to be 

consistent with the crystal lattice. The prominent Miller indices for both crystal 

polymorphs were also reported and confirmed by others: Sakata et al. found that if 

crystallisation occurs in pure solution, the fastest growing face is (111) for α and that 

the three dominant faces of the β-form are the (101), (010) and (001), with the (101) 

being the fastest growing face (Garti and Zour, 1997; Sano et al., 1997). The growth 

rate of the (111) face of the α polymorph is approximately 6 times that of the growth 

rate of the (101) face of the β polymorph (Kitamura and Ishizu, 2000). See Figure 1.5 

a) b) 
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and Figure 1.6 for a description of the Miller faces of α and β glutamic acid crystals. 

Thereafter the two polymorphs of glutamic acid will be referred to as α and β. 
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Figure 1.5: α crystal (Kitamura and Ishizu, 1998) 
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Figure 1.6: β crystal (Kitamura and Ishizu, 1998) 

Kitamura proposed a mechanism for the transformation of the α polymorph to the β 

polymorph. It occurs in the liquid phase, in four steps (represented in the schematic 

representation of Garti and Zour (1997) in Figure 1.7 and Figure 1.8) (Kitamura, 1989): 

− the nucleation and growth of both polymorphs (I) 

− the transformation of α to β at almost constant concentration (corresponding to 

the α solubility) until all the α crystals are dissolved (II) 

− growth of the β-form (III), and  

− growth of β-crystals at constant concentration (IV) 

Garti and Zour (1997) proposed a different version of the process, where they included 

the induction time in phase II. These steps are: 

- nucleation and growth of the α polymorphs, until the solution reaches the 

saturation concentration of α (no β crystal is reported by X-ray analysis) (Ι)  

- induction time of β (IIa) and transformation of α to β crystals at constant 

concentration (IIb), 

Stages three and four are similar to that of Kitamura (1989). 
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Figure 1.7: Schematic representation of the different stages during crystallisation via the 

evolution of the concentration of glutamic acid in solution (Garti and Zour, 1997) 

The dissolution of α is much faster than the growth rate of the β crystals, the latter 

being the limiting factor for the transformation to β. During the early stages when α 

forms very rapidly, β crystals do not form before the solution reaches the solubility of 

the α form (Cα in Figure 1.7), so the driving force for the nucleation of β is the 

difference in solubility of the two polymorphs (Garti and Zour, 1997). As no 

transformation is observed in the solid phase, it can be deduced that the transformation 

is solvent mediated. β crystals grow from the mother liquor after all α crystals have 

been dissolved (Kitamura, 1989; Garti and Zour, 1997), which is confirmed by X-ray 

analysis on phase III which shows that only β is present (Garti and Zour, 1997). 
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Figure 1.8: Schematic representation of the relative β concentration in the crystals 

(Garti and Zour, 1997) 
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1.2.4 Solution Chemistry 

Glutamic acid molecules in the crystals are in a zwitterionic form (see section 1.2.2). In 

aqueous solution, the glutamic acid molecule can gain or lose protons with the 

surroundings, depending on the pH of the solution (Kirk-Othmer, 1991). A glutamic 

acid molecule has three protonation sites, so it can exist in four different isoelectric 

forms. The isoelectric forms are referred to by the global charge that they carry: -2, -1, 

zwitterion (0) and +1. Figure 1.9 shows the different forms of glutamic acid and their 

respective pKa's, which is the pH at which equilibrium between two isoelectric forms 

exists. At a pH lower than 2.2, the molecule will be fully protonated, with an overall 

charge of +1; at pH higher than 9.7, the global charge would be -2, with both carboxylic 

groups and the amine group deprotonated. At pH between 9.7 and 4.3, both carboxylic 

groups are deprotonated and the amine group remains protonated. For a pH between 2.2 

and 4.3, however, the molecule is in its zwitterion form (Edshall and Wyman 1958). In 

each of these pH changes these forms are not the only isoelectric form present: they are 

predominant, but some of the other forms will remain present in the solution (Borissova 

et al., 2005).  

 

 

     O          NH2      O         H+                 O      NH3
+    O         H+                 O                        NH3

+    O         H+             O                   NH3
+   O    

       C-CH2-CH2-CH-C                                     C-CH2-CH2-CH-C                                    C-CH2-CH2-CH-C                                     C-CH2-CH2-CH-C           

      O-            O-          -H+            O-       O-           -H+           OH                       O-           -H+            OH                              OH            

      pKa3=9.67             pKa2=4.3          pKa1=2.2 

-2 -1 0 +1 

 

Figure 1.9: the different isoelectric forms of glutamic acid and their global charges 

1.2.5 Crystallisation  

Crystals of the α polymorph are formed from an aqueous solution at a pH of 3.2, which 

corresponds to the isoelectric point (Kitamura, 1989; Garti and Zour, 1997; Cashell et 

al., 2004), by slowly cooling a solution from above 70°C to 20-25°C (Kitamura, 1989; 

Cashell et al., 2004) or by using a pH-shift precipitation which involves adding 

hydrochloric acid to an aqueous monosodium glutamate solution (Schöll et al., 2006b). 

Crystals of the β polymorph are obtained by transformation of α crystals, by rapidly 

cooling a supersaturated solution from 80°C down to 45°C (Ferrari and Davey, 2004) 

and leaving the resulting α crystals at that temperature until the transformation to β 

crystals is completed. At temperatures around 45°C, although the α polymorphs 

precipitate initially, both polymorphs are present after some time, then the β form 

becomes predominant until it is the only polymorph present after about 24 hours 
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(Kitamura, 1989). This phenomenon is in agreement with the Ostwald’s rule of stages 

(Ostwald, 1897) which states that during crystallisation, the thermodynamically less 

stable phase forms first, then transforms into the closest structure that is accompanied 

by the least loss of free energy, the most stable structure forming last. This can be 

explained with a predominant kinetic factor over the thermodynamic aspect. In the case 

of glutamic acid, where only two forms are available, the α crystals (the less stable 

form) are kinetically favoured as their nucleation and growth rates are larger than for the 

β crystals. The β form is the thermodynamically stable form, hence if sufficient time is 

given, this will be the dominant polymorphic form. Experimental crystallisation of the α 

form of glutamic acid takes between 1 to 4 hours, depending on the method used 

(Cashell et al., 2003b; Cashell et al., 2004; Ferrari and Davey, 2004). The 

transformation into β crystals is almost complete after 220 minutes (Davey et al., 1997), 

and complete after 24 hours (Cashell et al., 2003b; Cashell et al., 2004). 

Recent SEM and particle vision and measurement (PVM) experiments showed that β 

crystals grow from the surface of the α crystals (Cashell et al., 2003a; Schöll et al., 

2006a), as suggested previously by Garti and Zour (1997). This explains why α crystals 

have to form first in order for the β crystals to grow. Many experimental studies have 

been performed on glutamic acid to determine what could affect crystallisation of one 

polymorph over the other and they highlight the fact that several parameters influence 

the conditions under which crystallisation occurs. These can be internal (impurities, 

stirring) or external (pressure, temperature, supersaturation etc.) factors and they will 

determine the crystal shape by allowing a particular face of the crystal to grow faster 

and by doing so, influence the properties of the resulting crystals. Different solubility 

properties, for example, could arise in the crystallisation of a medicinal compound and 

create dramatic variation in the efficiency of the molecule to perform its intended 

function. Other parameters can include the dissolution rate, stability or density. It is then 

important to estimate these factors in order to control the production of the required 

crystal. Several studies have been undertaken on the crystallisation of amino acids to 

estimate the controlling factors of crystal morphology and reaction kinetics of which 

alanine (Lechuga-Ballesteros and Rodriguez-Hornedo, 1993, 1995a, 1995b; Bisker-Leib 

and Doherty, 2003), isoleucine (Givand et al., 1998), and serine (Ramirez et al., 2004), 

are examples. They found that the composition of the solvent affects crystal growth by 

inhibiting some of the crystal faces. 
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The preferential crystallisation of glutamic acid is solvent mediated (Garti and Zour, 

1997), and is controlled by temperature (Kitamura, 2002), concentration 

(supersaturation) (Borissova et al., 2005), cooling rate and agitation regime (Cashell et 

al., 2004). It has been shown that temperature plays a more determining factor than 

supersaturation on the growth of these polymorphs (Kitamura, 1989; Cashell et al., 

2004). At high supersaturation and at 45ºC, only β crystals are formed, whereas at low 

supersaturation α will be predominant at high temperature (Cashell et al., 2004) and 

exclusive at low temperature (Kitamura, 1989). At 25ºC a change in supersaturation 

only affects the shape of the α crystals (Kitamura, 1989). 

Cashell et al. (2004) studied the effect of cooling rate and agitation regime on the 

polymorphism and crystal size. They founded that continuous agitation during slow 

cooling inhibits the formation of β crystals on the surface of α and favours the 

stabilisation of the α form, compared to fast cooling and manual agitation. The crystal 

sizes tend to be smaller when continuous agitation is used. Under fast cooling and 

manual agitation, the formation of the β polymorph on well-formed α crystals was 

observed after one hour, which supports the findings of Garti and Zour (1997) who 

suggested that the β form can nucleate and grow from α surfaces. Agitation can prevent 

the β form from nucleating on the α crystal surface, and prevent continued growth of α 

crystals, which is a necessity for the nucleation of β. This is confirmed by Roelands et 

al. (2005) who performed experiments on the effect of stirring. They observed that the α 

polymorph forms first if the solution is stirred, and that the β polymorph crystals are 

obtained if the solution is not stirred, with a delay in the first crystals observed. They 

deduced that although the β form has the highest nucleation rate, agitation induces α to 

reach the critical cluster size as it has a high growth rate, which generates a large 

number of secondary α nuclei that rapidly drain the solution of the solvated glutamic 

acid molecules.  

Observations made using focused-ion-beam microscopy and laser Raman spectroscopy 

showed that β crystals not only form on the α surface, but also exist inside the α crystal 

by forming inclusions (Cashell et al., 2004). This phenomenon has also been observed 

by Ferrari and Davey (2004) using a Scanning Electron Microscope (SEM), where they 

clearly saw β needles growing on the (111) surfaces of α crystals  (Figure 1.10). They 

showed that geometrically, the arrangement of atoms on the (101) face of β (its fastest 
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growing face) looks similar to that of the (111 ) surface of α. They believe that if a 

glutamic acid molecule on the surface of an α-glutamic acid crystal can adopt a 

conformation characteristic of β-form, then a whole layer of β-glutamic acid could form 

across the crystal surface. Ferrari and Davey observed that the glutamic acid 

concentration decreases during the crystallisation of α glutamic acid, and then remains 

constant during the transformation, which confirms the findings from Garti and Zour 

(1997) presented in section 1.2.3. This means that the dissolution of α and the 

crystallisation of β occur at the same rate. The (111 ) face of α-glutamic acid is 

characterised by the amino acid functional group of the molecule pointing outward from 

the surface (linking the molecules together). 

 

Figure 1.10: growth of β on the (111) face of α. Reprinted with permission from E.S. 

Ferrari and R. J. Davey, Cryst. Growth Des. 2004 4(5), 1061-1068. Copyright 2008 

American Chemical Society 

Different methodologies can be chosen in order to scale up the crystallisation of 

glutamic acid, including: batch crystallisation coupled with an on-line X-ray diffraction 

to monitor the polymorphic transformation (Hammond et al., 2004), an oscillatory 

baffled crystalliser which provides uniform mixing and constant flow along the length 

of the column (Ni et al., 2004) and a batch crystalliser equipped with a slurry sprinkler 

and a double deck jacket, which led to the exclusive production of α crystals (Shan et 

al., 2002). This list is not exhaustive, but demonstrates that different kinds of 

crystallisation systems can be employed in the production of glutamic acid. 
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1.2.6 Effect of Additives 

Additives can be seen as impurities, and can therefore influence the crystallisation 

behaviour of the amino acids resulting in changes to the crystal size and morphology 

(Black et al., 1986). Additives can also stabilise or favour a polymorphic phase by 

inhibition of nucleation (Kitamura, 1989), the growth process (Lechuga-Ballesteros and 

Rodriguez-Hornedo, 1995b) or by inhibiting a solid state transformation (Davey et al., 

1993). 

For example, in the presence of L-phenylalanine (L-Phe) the precipitation of β−glutamic 

acid is suppressed because the transformation from α−glutamic acid to β-glutamic acid 

is retarded. This is due to the adsorption of L-Phe onto the α crystal surfaces, hindering 

the nucleation and growth of β crystals (Kitamura and Funahara, 1994). The effect of L-

Phe on the growth of α glutamic acid crystals from solution is the suppression of the 

growth of the (111) face. The morphology of the α-crystals in these conditions is 

different, with a large (110) face, while the small (011) face disappears. Kitamura and 

Ishizu (1998) suggested that L-Phe absorbs preferably on the (110) face and inhibits the 

growth on that face rather than the (001) or the (011) face. L-Phe tends to inhibit more 

the (101) face of β than the (110) face of α (Kitamura and Ishizu, 1998). These 

observations have been made using a microscope, hence the effect of L-Phe on a 

molecular level is still unknown. 

Kitamura and Nakamura (2001) studied the effect of other amino acids on the growth 

kinetics of α-L-glutamic acid. Crystallisation of L-glutamic acid is retarded by L-valine 

(L-Val) and the three L-leucine isomers (leucine, isoleucine and norleucine). These 

molecules retard crystal growth by insertion in the glutamic acid crystal. The inhibition 

is more pronounced with L-Val as it is smaller than L-leucine isomers and is found to be 

the additive most included in glutamic acid crystal.  

Sano and Nagashima (1996) investigated the effect of L-glutamic peptides on the 

growth rate of the α form. Using a geometrical molecular model they showed that L-Phe 

can form five hydrogen bonds with the (111) surface, making it more stable than 

γ−amino butylic and dicarboxylic acids (glutaric acid), which can only form three 

hydrogen bonds with that face. The correct conformation for incorporation onto the 

(001) surface can only be obtained if the molecule contains the α-L-amino acid residue 
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(NH3
+CHCOO-) and a carboxyl or carbonyl residue in order to form five hydrogen 

bonds with the surface. This suggests that all L-γ-glutamic peptides will bind at this 

surface. 

Sano et al. (1997) also studied the effects of four L-amino acids, two D-amino acids, one 

γ-L-glutamyl peptide, and three carboxylic acids on the growth of the β polymorph. L-

Asparagine (L-Asp) is incorporated inside the crystal lattice of β glutamic acid due to its 

molecular structure: it differs from glutamic acid by one fewer methylene group. 

Because L-Asp is slightly smaller than glutamic acid, it causes a small distortion of the 

crystal lattice, which leads to a small decrease of the growth rate. The main face of the 

β−glutamic acid crystal is the (010) face and it has a growth rate fifty times smaller than 

the (101) face. This is due to the fact that the (010) surface has a weak hydrogen bond 

network in the c-direction, so incoming molecules do not have a strong point of 

attachment to the surface. Some additives did not inhibit the growth of β crystals due to 

their functional group geometry that prevents them from being absorbed on the surface. 

These groups consist of D-α-NH3
+ for the D-amino acids, α-CO and α-COOH for α-

keto-glutaric acid, and the pyrrolidone ring for L-pyrrolidine carboxylic acid. But, if the 

additive molecules contain an amino acid group, i.e. NH3
+ and CHCOO-, they will 

inhibit the three dominant faces of β glutamic acid, i.e. (101), (010) and (001), since 

they can form hydrogen bonds with these faces (Sano et al., 1997). 

Davey et al. (1997) used four 1,5-dicarboxylic acids with increasing rigidity in a 

glutamic acid solution and monitored the effects of these additives on the shape and 

polymorphism of glutamic acid crystals. Glutaric and 2-methylglutaric, the least rigid 

molecules, were exclusively found in α glutamic acid crystals, and inhibit further 

crystallisation as they are missing the amine group compared to glutamic acid. 

Transglutagonic and trimesic acids were shown to preferentially add to the β crystal 

surface and inhibit the β crystallisation as they were only found in β glutamic acid 

crystals. Trimesic acid, which is more rigid because it contains a benzene ring, has a 

conformation that mimics quite accurately the β crystal structure. It was shown to attach 

to the stable β surface, resulting in crystal growth being govern only by kinetics, leading 

to a stabilisation of the metastable phase. 
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To inhibit the growth of one polymorph, the dicarboxylic additive molecules must 

inhibit the fastest growing face by matching the hydrogen bonding network of the 

crystal. The additives need sites where the amine group of glutamic acid interact little 

with the hydrogen bonding network of the surface plane. Davey et al. (1997) used 

molecular mechanics to find the lowest energy configuration by plotting (3-D map) the 

energy of the molecules as a function of two torsion angles. The molecular 

conformations of α and β  glutamic acid structures represent two energy minima. Then, 

using a geometrical fit, they found that the glutamic acid molecule can be replaced by 

an additive molecule, which attaches itself to the crystal through the carboxyl group 

with the amine group pointing away from the surface. This prevents further 

crystallisation. Experimentally, the effect of glutaric and 2-methylglutaric acids on α 

glutamic acid crystals results in a change of morphology: the crystals become 

pyramidal. In the presence of transglutagonic and trimesic acids, a new (110) face 

appears on the α glutamic acid crystals, as observed by optical microscopy combined 

with X-ray diffraction. This face, usually seen as the main face of β glutamic acid 

crystals, is made by the additive molecules, as they adopt a β−like configuration. 

Garti and Zour (1997) studied the effect of surfactants on the crystallisation and the 

polymorphic transformation of glutamic acid. They observed no change in the 

morphology or polymorphism of the crystals, but it appears that the surfactants used 

retard the formation of β glutamic acid crystals. An increase in surfactant concentration 

leads to an increase in the time delay for the formation of β glutamic acid crystals, until 

it reaches the critical micelle concentration (CMC). An anionic surfactant interacts with 

the positively charged amine group of the molecules at the α glutamic acid crystal 

surface on which β nucleates, leaving its tail to sterically hinder the approach of new 

molecules; a cationic surfactant does not interact with the crystal surface due to its 

positively charged head, so it does not affect the nucleation of β glutamic acid crystals, 

resulting in no effect on the induction time. The surface of  β-glutamic acid crystals is 

negatively charged, so the head group of the cationic surfactant will be attracted to the 

surface, and the tail prevents more molecules from attaching to the surface. As these 

cationic and anionic surfactants share the same tail (12 carbon chain), the head and its 

ability to form interactions with the crystal surface are responsible for the effect on 

induction of transformation time.  
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With this overview of the previous work to understand the crystallisation and growth of 

glutamic acid in mind, it is clear that a molecular level description that would aid further 

understanding and development of a conceptual model for glutamic acid crystallisation 

and polymorphism is required. Molecular dynamics simulations provide a molecular 

level description of such systems based on models (interatomic potentials) that describe 

how atoms and molecules interact with each other. This method has been applied in the 

work described in this thesis to gain understanding of the behaviour of glutamic acid in 

dilute and supersaturated solutions, as well as at crystal-solution interfaces. 

1.3 Computer Simulation 

In this section previous work using computer simulation as a means to study 

crystallisation behaviour of organic molecules is reviewed. 

1.3.1 Prediction of Crystal Shape  

While not directly relevant to the research to be described later in this thesis, it is 

informative to provide a brief description of the molecular simulation based work in the 

literature aimed at polymorph prediction. Broad work has been done to predict the 

crystal morphology of a material, in vacuum and in solution. Brunsteiner and Price 

(2001) studied crystal shape prediction of five organic molecules using different 

intermolecular potentials. They found that the choice of potential did not influence the 

final crystal shape and that the attachment energy model they used provides a good 

estimate of the dominant crystal faces. Bisker-Leib and Doherty (2003) present a model 

to predict the shape of polar organic crystals that crystallise from solution, and in 

particular on two amino acids: α-glycine and L-alanine. The model is based on the 

Burton, Cabrera and Frank growth mechanism (Burton et al., 1951), which suggests that 

crystals grow via a step propagation: the mechanism of the step growth are the 

deposition of the molecules onto the terraces and consequent incorporation by the step 

edge. This model allows an analytical resolution of the crystal growth and it 

successfully predicted the shape of the amino acid crystals formed from solution. Winn 

and Doherty (2002) modelled the shape of organic crystals that grow from polar 

solvent, and applied it successfully to organic molecules formed from aqueous solution 

and from an organic polar solvent. Their technique takes into account the strong 

hydrogen bonds at the interface. Hammond et al. were able to predict the stability of 

clusters of glutamic acid by building the crystals using a crystal habit prediction 

software and calculating the overall energy of the different clusters. They found that α 
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is more stable in small clusters and that the β crystals are more stable with larger size of 

clusters (Hammond et al., 2005). 

1.3.2 Molecules in Solution 

Molecular dynamics simulations (MD) have been used to study a wide range of organic 

molecules in solvent systems (Rossky and Karplus, 1979; Brady, 1989; Larue et al., 

1995; Dixit et al., 2002; Lampela et al., 2003; Cordeiro and Cordeiro, 2004; de Oliveira 

and Freitas, 2005; McLain et al., 2006; Raman et al., 2006; Leung and Medforth, 2007). 

Lampela et al. (2003) performed an MD study of glutathione, a tripeptide made from 

glutamic acid, cysteine and glycine in order to examine the effect of pH on the 

conformations. They studied sixteen charged states of glutathione using MD simulations 

and found that this molecule does not prefer a particular conformation and that the 

glutamic acid and the cysteine side chains show fewer gauche rotametric forms than that 

indicated by NMR. Other amino acids have been studied using MD, for example 

glycine which is the smallest amino acid with a hydrogen atom as a side chain. Campo 

(2006) used MD to study glycine in water at different concentrations and in the presence 

of Na+ and Cl- ions. He found that water forms a strong hydrogen bonded solvation shell 

around glycine at infinite dilution. This solvation shell became more compact with 

increasing glycine concentration. The diffusion coefficient of glycine decreases with 

increasing concentration and with the presence of the ions. Another amino acid of 

interest is aspartic acid as it is the closest amino acid to glutamic acid; they only differ 

by one methylene group. Raman et al. (2006) studied the conformational changes of 

aspartic acid in water as well as the local water structure using MD in order to observe 

the effect that aspartic acid has on the structure of the larger collagen molecule due to 

perturbation of the surrounding solvent. Aspartic acid binds onto the bigger collagen 

molecule, and by doing so, affects the structure of collagen by disrupting its 

intermolecular hydrogen bonding pattern. The carboxylic groups and the amine group 

of the aspartic acid form hydrogen bonds with water, disturbing the solvation shell of 

the collagen, and because the stability of collagen is closely linked to its surrounding 

water structure, the presence of aspartic acid affects the stability, as well as the structure 

of collagen.  

Additionally, the structure of water in an amino acid solution has been studied. It was 

found that the hydrophilicity of an amino acid is related to the way the hydrogen bonds 

are arranged (Kim and Jhon, 1994). The conformational behaviour of glutamic acid 
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analogues has been studied using NMR spectroscopy and molecular dynamics to 

understand how the preferred shapes yield to low energy conformers (Larue et al., 

1995). The molecule is composed of a cyclopentane ring, substituted with an amine and 

carboxylic acid group on position 1 and by another carboxylic acid on position 3. These 

glutamic acid analogues (1-aminocyclopentane-1,3-dicarboxylic acid) have two more 

carbon atoms compared to glutamic acid and contain a cyclic structure, which makes the 

molecule very rigid. The functionality, however, is similar to that of the zwitterion form 

of glutamic acid with an amino acid group and a second carboxylic group. The 

spectroscopy experiments show that for the conformers studied the amine group is axial 

and that the carboxylic groups are equatorial. 

McLain et al. (2006) studied the behaviour of glutamic acid in solution using a 

combination of neutron diffraction and Monte Carlo simulations, and showed that the 

hydrogen bonding network of water is different with the addition of a high 

concentration of glutamic acid molecules. However, they focused on the deprotonated 

species of glutamic acid to compare to the neutron diffraction data rather than the 

zwitterionic form, which is the isoelectric form found in the crystals. 

MD studies of solute molecules in an aqueous solvent are often investigated using the 

radial distribution function (RDF) combined with a hydrogen bond network analysis, 

and occasionally a geometry evolution analysis is also included to monitor a 

conformational change (Brady, 1989; Puhovski and Rode, 1995; Gu et al., 1996; 

Cordeiro, 1997; Cordeiro and Cordeiro, 2004; Leung and Medforth, 2007). The RDF 

allows measurement of the solvent-solute correlations and also to identify which 

functional groups in the solute are responsible for the important interactions. The 

coordination number derived from the RDF enables quantification of these interactions. 

The RDF also allows the determination of the effect of external parameters, like 

concentration and temperature, on the intermolecular interactions. 

Concentration affects the intermolecular interactions, as it was shown with formamide, 

where the formamide hydrogen bond network is perturbed by small addition of water 

molecules (Puhovski and Rode, 1995). The water structure, however, changes little 

when small quantities of formamide were added to the solution. Neutron diffraction 

experiments also showed that concentration affects the correlations of the solvent 

molecule: in the case of tertiary butanol, the solute-solute correlation changes with 



Chapter 1 - Introduction 

20 

concentration and varies from a hydrophobic to a hydrophilic nature (Bowron et al., 

1998). 

MD simulations based on density functional theory (DFT) were performed on amino 

acids: simulations on aspartic acid and alanine revealed that the zwitterionic form of 

amino acid was unstable in a vacuum environment and tended to revert the locally 

charged groups COO- and NH3
+ to their neutral form COOH and NH2 (Paxton and 

Harper, 2004; Degtyarenko et al., 2007). In the case of MD simulations where the bonds 

are not allowed to break, the two charged groups of the zwitterion will try to form a 

hydrogen bond (Alper et al., 1991). 

1.3.3 Clusters 

The study of molecular clusters provides information on the structure and configuration 

of the molecules prior to nucleation and crystal growth. It allows the study of the 

parameters that affect the clustering of molecules, and to determine the factors that can 

promote or inhibit spontaneous nucleation at a molecular level. 

Solute molecules in a solvent will form clusters before a crystal can be nucleate and 

grow. Clusters of molecules in a solvent will form and break until the cluster is large 

enough to be stable without further breaking. Once this critical size is reach, other 

molecules will bind on the cluster to begin crystal growth. This critical cluster size can 

be calculated using: 

VG
r

∆
−= σ2

*  (1.1) 

where r* is the critical cluster size, σ is the interfacial energy, i.e. surface tension, and 

∆Gv is the free energy change per unit volume. 

The analysis of the cluster starts by defining the parameter that will determine if two 

particles belong to a cluster. Stillinger's criterion states that two particles are clustered if 

they are separated by a distance shorter than d (Stillinger, 1963), the cut-off distance, 

which is usually chosen to be 1.5 times the collision diameter σ (Senger et al., 1999). 

Others use a distance that corresponds to the first minimum of the RDF formed by the 
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atoms of interest (Kerisit et al., 2006). This is of course simpler when simulating simple 

ions compared to molecules where the calculations of intermolecular distances becomes 

a problem of choosing the appropriated interatomic distances to measure. For 

molecules, however, other criteria can also be considered, depending on the nature of 

the cluster. For hydrogen bonded clusters, the molecules are assumed to be clustered if 

they are connected by a continuous hydrogen bond network (Allison et al., 2006). This 

means using cut-off distances corresponding to the first minimum of the oxygen-oxygen 

RDF, which is around 3.5Å (Dougan et al., 2004; Allison et al., 2005) or sometimes 4Å 

(Duce et al., 2007). For methanol, Dougan et al. used the carbon-carbon distance of the 

methanol molecule, by using the first minimum of the carbon-carbon RDF, which 

corresponds to a 5.7Å separation (Dougan et al., 2004). For larger molecules, the 

problem becomes more complicated. 

Simulations of clusters are often performed on atoms rather than molecules. The 

advantage of this technique is that a wider range of simulations is available: for 

example, Anwar and Boateng (1998) used atomic species only characterised by their 

Lennard-Jones potentials and successfully simulated crystallisation from solution using 

molecular dynamics. The model is in agreement with experiments and reproduces the 

effect of supersaturation and the inclusion of inhibitors on nucleation and growth. 

Molecular dynamics simulations of ions allow simulations of systems of tens of 

thousand ions, as shown by Lee et al. (2007) for Si ions. Maeda et al. (2005) studied the 

configuration of binary solutions using isothermal-isobaric molecular dynamics over a 

range of temperatures. The density of the system at these temperatures clearly shows the 

temperature of crystallisation, as a sudden increase in the density denotes the phase 

transition from liquid to a mixture of liquid and crystal. The solute-solute RDFs clearly 

show that for temperatures above the crystallisation temperature, the solute 

configuration is liquid-like, and for temperatures below, the solute molecules form a 

crystalline structure. This is characterised by several peaks located equidistant from 

each other following the first peak. MD of small AgBr clusters in vacuum show that 

several structures are stable: for clusters containing 2, 4, 6, and 8 ions of each species, 

chain (1x12), ring, ladder (2x6) and compact (3x2x2) structures are observed, with the 

latter being the most stable (Shore et al., 2000). For systems containing 5 and 7 ions of 

each type, the compact structure is also the most stable, and a 6-membered ring 

structure is most stable for Ag3Br3. When ordered clusters of Ag1Br1, Ag4Br4, Ag6Br6, 
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Ag9Br9 and Ag18Br18 are immersed in a TIP4P water, Ag1Br1 and Ag4Br4 dissolved 

almost immediately; Ag6Br6 and Ag9Br9 did not break up but became disordered, unlike 

Ag18Br18, which remained in a crystalline configuration during the entire simulation 

time of 1ns. By immersing the same number of ions as in the systems that did not 

dissolved in 256 water molecules using a random starting configuration, they were able 

to observe nucleation and crystal growth: they concluded that the critical cluster size is 

5-6 atoms for Ag6Br6 and Ag9Br9 and 3 for Ag18Br18. The equilibrium state of the latter 

is a disordered cluster state (Shore et al., 2000). The ordered state of the Ag18Br18 cluster 

is stable if that state is reached, i.e. it is the original configuration, but crystal growth 

favours a disordered configuration, regardless of the cluster size. 

Several computational studies have been carried out on the clustering behaviour of 

small organic molecules. A model that fit experimental diffraction data to a reference 

potential was developed (Soper, 1996; Bowron et al., 1998; Soper, 2001). Empirical 

potential structure refinement (EPSR) simulations on methanol demonstrates that at 

high concentration (7:3 methanol:water ratio) methanol induces the water molecules to 

form cluster of up to 20 molecules, but most often of size three (Dixit et al., 2002). The 

methanol molecules also form clusters, which have their methyl group closer and their 

hydroxyl groups further apart compared to pure methanol. Clusters of methanol 

molecules were also observed at several concentrations by MD. The presence of water 

affects the size and structure of the methanol clusters: in pure methanol, most of the 

hydrogen bonded clusters contain more than three molecules. In a concentrated 

methanol solution (mole fraction of 0.7), 75% of the hydrogen bonded methanol 

clusters are of size one, two or three, compared to 37% in pure methanol (Dougan et al., 

2004). Another study on methanol confirmed this with 99% of the molecules clustered 

in pure methanol, with an average cluster size of 23 molecules (Allison et al., 2005). 

Forty percent of the clusters have a ring configuration and the most common ring 

structure contained 3 and 4 molecules, although rings of up to 20 molecules were 

observed. In a concentrated methanol solution of 7:3 methanol:water ratio, 70% of the 

water molecules were in clusters, solvated by the hydrophilic end of methanol. Only 

10% of the clusters form a ring structure. The formation of clusters in the solution is 

evidence of the microscopic immiscibility of the methanol with water, the water 

inducing closer contacts of the methyl groups (Allison et al., 2005).  
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Another example where water molecules form clusters is in the presence of peptides 

(Allison et al., 2006). They performed MD on N-methylacetanide (NMA) (CH3–(C=O)–

NH–CH3) and found that the water molecules become more isolated as the NMA 

concentration increased, forming small clusters hydrogen bonded between NMA 

molecules. NMA forms clusters even at low concentration, but the addition of water to 

the NMA solution increases the numbers of monomers and dimers.  

Deij et al. (2007) used a Monte Carlo crystal growth simulation program, where they 

investigate the 3-D growth probability of the nucleus size as a function of the driving 

force. They assumed that the clusters are already in a crystallographic structure. They 

found that the formation of β glutamic acid crystals is favoured over the formation of 

the α crystals. They explain this with the fact that experimentally, α glutamic acid 

crystals grow faster if the solution is stirred (Cashell et al., 2003b) and that β crystals 

form in a stagnant solution (Roelands et al., 2007) and that their simulation represents a 

non-stirred solution. These findings contradict the work done by Hammond et al. (2005) 

where they stated that small α clusters have a lower energy than β clusters. This 

difference can be explain by the statistical approach to attachment and detachment of 

molecules that Deij et al. included in their crystal growth probability model. In addition, 

the cluster sizes investigated by Hammond et al. were much smaller than those used in 

the work of Deij et al.  

1.3.4 Crystal Surfaces 

Very few studies have looked at the molecular behaviour of glutamic acid in a solution, 

and nothing has been done to investigate the nature of the crystal-solution interface and 

interactions that occurs here. Molecular dynamics simulations have been carried out to 

study the binding of water molecules onto different crystal surfaces and the disposition 

of the dissolved atoms in the solute. Some of these simulations are the crystal-water 

interfaces of α-resorcinol (Hussain and Anwar, 1999), urea (Boek et al., 1992), NaCl 

(Shinto et al., 1998), and ice (Karim and Haymet, 1988; Handel et al., 2008). The 

solution used can also affect the disposition of the molecules at the interface with the 

crystal, for example with an electrolyte (Kerisit et al., 2006; Spagnoli et al., 2006). Ter 

Horst et al. studied the effect of solvent on RDX (an explosive) and discovered that the 

potential energy distributions of the solvent molecule near the crystal surface was, on 

average, higher than in the bulk solvent (ter Horst et al., 2001). Study on the interactions 
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between water and crystal surfaces (N-n-octyl-D-gluconamide and α-resorcinol) 

showed a correlation between the slow-growing face and the specific interactions due to 

the structure of the water molecules at the interface (Khoshkhoo and Anwar, 1996). For 

the case of α-resorcinol, the adsorption of the water molecules is stronger on the slower 

growing face thereby retarding crystal growth on that face (Hussain and Anwar, 1999).  

An interesting method to calculate the adsorption energy of a molecule onto a mineral 

crystal surface was proposed by de Leew and Rabone using acetic acid on 

hydroxyapatite (Ca5(PO4)3(OH)) surface (de Leeuw and Rabone, 2007). The adsorption 

energy is calculated from the energy of the whole system containing the surface, acetic 

acid and solvent, from which the energy formed by the solvated surface and by the 

solvated acetic acid molecule were subtracted. Other work include the inclusion of 

fluoride ions from the solution into the crystal lattice of hydroxyapatite, where it was 

found that the fluoride ions remains at the surface and do not go beyond 10 Å deep into 

the bulk crystal (de Leeuw, 2004b, 2004a). 

MD has also been used to identify the difference in position and orientation of the water 

molecules at the urea crystal faces. These differences are mainly due to the different 

arrangement of the crystal molecules at the surface, which affects the molecular 

orientation. The orientation of the molecules at the surface determines which functional 

group / atoms interacts with the water (Boek et al., 1992). In the case of NaCl, the 

molecules involved are ions, so the orientation is irrelevant. However, a small 

perturbation in the crystal surface changes the interaction pattern between the surface 

and water: the (001) and (011) faces of NaCl crystal, though quite close structurally, 

present differences in the crystal surface-water interactions and the position of the water 

molecules. These differences arise due to the difference in nature of the crystal face, 

which perturb the hydrogen bonding network (Shinto et al., 1998). In the case of the 

mineral surface FeOOH (goethite), the interactions with water are very strong and the 

water presents a structured configuration for up to 15Å from the surface. The 

arrangement and orientation of the water molecules are determined by the structure of 

the surface (Kerisit et al., 2006). 

The study of the interactions between a solvent and a crystal surface at a molecular level 

is therefore a good source of information regarding the nature of the concerned crystal 
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surface. Hence, in this thesis, MD will be use to determine the behaviour of glutamic 

acid in solution, during crystallization, and at the solute-surface interface. 

1.4 Objectives 

The aim of this work is to investigate the behaviour of glutamic acid in arrangements 

that represent experimental conditions at different stages of the crystallisation process in 

order to add understanding to the molecular mechanism that underlies a polymorphic 

transformation and preferential crystallisation. The study of a solvated glutamic acid 

molecule will describe the interactions of glutamic acid functional groups with the 

surrounding water molecules and will demonstrate the preferential conformation of a 

solvated glutamic acid molecule. Investigations of glutamic acid in a supersaturated 

solution will explain the structural behaviour and the molecular packing behaviour of 

glutamic acid molecules in clusters forming in solution preceding nucleation. Studying 

the interfacial layer of glutamic acid crystals with water will demonstrate the link 

between conformational molecular behaviour of interfacial molecules with preferential 

crystallisation of polymorphs.  

1.5 Outline 

Chapter 2 describes the theory required to undergo molecular dynamics simulation. A 

detailed description of the different simulated systems and the parameters chosen for 

these systems is presented. Chapters 3, 4, 5 and 6 presents the results for different 

systems: Chapter 3 and 4 present the study of a single glutamic acid molecule in 

different environments, in vacuum, dielectric continuum and in water, and two 

supersaturated solutions using two analysis approaches: a structural study and the 

examination of the interactions, respectively. Chapter 4 will show the clustering 

behaviour of more concentrated solution of glutamic acid and the conformational 

behaviour of the solute molecules will be presented. Chapter 5 will present the study of 

the interface between the crystal surface and the solvent molecule and will investigate 

the interactional and conformational behaviour of the species present in the system. 

Finally, Chapter 7 will summarise the main results of this thesis as a concluding chapter 

and will detail propositions on the work to be carried out in the future. 

 


