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Abstract 

A workflow for tailor-made additive screening and crystallisation control using a combination of 

molecular modelling and experimental techniques is presented. The impact of seven structurally 

analogous additives, the majority of which containing a carboxylic acid group, on the nucleation 

of alpha-para-aminobenzoic acid is assessed. Intermolecular grid-search modelling is used to 

determine dimer interaction energies. Of these, three tailor-made additives are found to form 

stronger carboxylic group dimer interactions with the compound. Solvation energy calculations 

demonstrate the stability of these dimers in solution. Subsequent intermolecular interaction 

assessment demonstrates an ability of one of the tailor-made additives to interfere with the 

molecular preassembly route to nucleation, with molecular charge distributions providing an 

insight into this effect. Polythermal crystallisation experimental screening confirms the 

effectiveness of these tailor-made additives to inhibit nucleation. Interestingly, the nucleation 

mechanism is found to change from instantaneous to progressive nucleation in the absence and 

presence of the tailor-made additives in solution, respectively, together with an increase in the 

effective interfacial tension.  
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1. Introduction 

 

Crystallisation is a process that is extensively utilised in industry to produce a pure and stable 

solid form with defined physical and chemical properties. It is also, under certain conditions, an 

inevitable natural process that cannot be avoided, even when it is not desirable. To this latter end, 

steps can be taken to try and inhibit unwanted crystallisation, through e.g. solvent selection, to try 

and gain greater ‘control’ over the crystallisation processes to alter solubility1, crystallisability2, 

polymorphic3–5 or solvated forms6, etc. Additives are also often employed to aid in the control of 

crystallisation events7.  

 

The ability of additives to interfere with the crystallisation process has been well studied with 

respect to both inorganic8–11 and organic12–17 systems, as well as utilising computational modelling 

methodologies to try and understand their effect at a molecular level18–20. Studies on the influence 

of additives on the crystallisation process have focused heavily on tailor-made additives (TMAs), 

which refer to compounds added to a crystallisation system that act as imposter molecules, having 

only slight differing moieties than the solute to be crystallised, and as such, a similar molecular 

structure to the target solute17. TMA research has concentrated on their effect on crystal 

growth18,19,21–23, however, their effect on the nucleation process has been an area of growing focus. 

These additives have the capacity to disrupt/aid the nucleation process by interacting with nuclei 

cluster formation and/or cluster reorientation24–27. However, the process by which this can occur 

is extremely complex.  
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Although research into the effects of TMAs on nucleation has become a more prominent area of 

study28, TMA selection can still be a somewhat empirical approach, whereby nucleation inhibition 

TMAs may be selected for study based on their molecular structure alone. However, this does not 

take into account the structural arrangement and binding energetics associated with the specific 

intermolecular (synthonic) interactions, relating to the nucleation stage of crystallisation. Such 

knowledge can greatly enhance understanding of how specific molecular moieties can disrupt 

nucleation, hence providing a resource and workflow for crystallisation process design. On a 

fundamental level, this can also give an indication into which solute:solute interactions are 

dominant in the pre-nucleation clustering process. Reflecting this, we introduce an in silico TMA 

screening tool that, whilst being computationally efficient, can provide an insight into both the 

relative strength of solute:solute and solute:TMA intermolecular interactions respectively, as well 

as their structural orientation in space, which when integrated with crystallographic structure can 

provide valuable insight into TMA effectiveness.  

 

Grid-based molecular modelling tools have been successfully utilised for a number of 

fundamental crystallisation studies20,29–35, including studies of the interaction of solvent molecules 

with pABA to aid in solvent selection and crystallisation process design36. In this paper, the grid-

search approach has been used to understand the dominant molecular interactions between pABA 

and the TMAs, in terms of their synthonic interaction structures and energetics.  

 

An experimental polythermal assessment was utilised for validation of in silico results and to 

provide insight into TMA influence on the nucleation process. The crystallisability, in terms of the 

steady-state metastable zone width (MSZW) to crystallisation as well as solution thermodynamics 
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were assessed. These factors have previously been studied to gain an understanding of the effects 

of varying solvents and solute compositions on the crystallisation process2. The Kashchiev-

Hammond-Borissova-Roberts (KBHR) approach37–39, which has been used in a number of 

research studies, was employed to determine nucleation kinetic parameters and distinguish the 

mechanism by which the solutions nucleated, either through instantaneous or progressive 

nucleation (IN or PN, respectively). IN describes the process in which all nuclei form instantly and 

subsequently undergo crystal growth, whereas in PN nuclei continuously form in the presence of 

growing crystals. 

 

This work focusses on a case study of the nucleation of p-aminobenzoic acid (pABA), figure 1, 

from ethanol solution, in the presence of a selection of TMAs. pABA was selected for this study 

due to its functional groups being representative of many pharmaceutical compounds and is well 

studied in terms of polymorphism40–44, morphology45,46, solution structure6,36,47–49, TMAs27, 

nucleation1,50–53 and growth54. A previous study by Black et al.27 focused on the influence of two 

TMAs, 4-amino-3-methoxybenzoic acid (AMBA3), and 4-amino-3-nitrobenzoic acid (ANBA3),  

on pABA crystallisation and found that they were able to lower both the nucleation and growth 

kinetics, as well as direct polymorphic forms at a given solution scale. This work takes on a 

synthonic engineering perspective55 and aims to more thoroughly elucidate the specific 

intermolecular interactions underpinning the ability of TMAs to disrupt pABA nucleation as well 

as provide a  standardised TMA assessment procedure through the tools used in this study. In order 

to aid future studies in the area of TMA assessment and understanding, a multilayer workflow is 

presented.  
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Figure 1. Molecular structure of p-aminobenzoic acid. 

 

2. Workflow, Materials & Methods
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A methodological workflow outlining the proposed steps for simple nucleation inhibition TMA screening and assessment, using the tools 

outlined in this work, is provided in figure 2. This workflow was developed and utilised for TMA screening and assessment and is presented in 

order to try and aid future TMA selection and understanding. The stages presented outline the structure of the materials & methods and results & 

discussion sections of this article. 

 

 

Figure 2. Diagrammatic workflow outlining key steps involved in TMA screening and assessment.
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2.1. Material Properties & Bulk Synthon Characterisation 

Material selection for TMA assessment in industrial environments is often dominated by product 

development, which dictates the solute that is studied. Knowledge of basic material properties of 

the target solute, such as crystal structure, morphology and solubility must be gained to optimise 

process design and aid in TMA assessment. 

 

Knowledge of key synthons within the solute crystal structure can be obtained through 

experimental and/or computational material property assessment to determine key crystallographic 

data or through prior research/crystal databases, such as the Cambridge Structural Database 

(CSD)56. 

 

2.2. Additive Selection 

In order to ensure experimental validation and assessment could take place, TMAs that were 

commercially available were used in this study. The criteria for TMA selection focussed upon 

molecular similarity to pABA as well as the bulk synthonic characterisation results, whereby 

TMAs were selected that could have potential strong intermolecular interactions with the dominant 

synthons present in the pABA crystal structure. 

 

2.3. In Silico Screening 

2.3.1. Calculation of TMA Interaction 

Intermolecular grid searches were performed by using the molecular interaction energy 

predictor, available within the VisualHABIT synthonic engineering tool set30. These searches took 
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pABA as the target molecule, centred around which a 3D spatial grid was defined, and a probe 

molecule (pABA or a TMA). A spherical grid with radius of 15 Å from the target molecule (pABA) 

with 10 steps of grid points on the radius, the polar angle and on the equator, provided a grid with 

total points of 921, which was defined for energy calculations. A description of the grid 

optimisation procedure used as well as visualisations of the grid are given in Supplementary 

Information S2. At each point on the grid, the probe molecule was placed and rotated through a 

grid of Euler angles, which were set at 4º for the x-axis, y-axis and z-axis. This resulted in a 

heterogeneous six dimensional search space, and at each point in this search space the interaction 

energy of the probe and target assemblies was calculated using the Dreiding57 potential. All grid 

based intermolecular interaction calculations were performed using a standard PC with CPU times 

in the range of minutes and hours. 

 

Atomic fractional charges were derived from a calculation of the electrostatic potential at the 

density functional theory, using a 6-31G* basis set and the Becke three-parameter58, Lee-Yang 

Parr exchange-correlation function59, using Gaussian0960. This was completed using high 

performance computing with CPU times of less than one hour for each molecule studied.  

 

Intermolecular interactions in the form of van der Waals, hydrogen bonding and electrostatic 

interactions were calculated. The strongest intermolecular interactions for pABA:pABA and 

pABA:TMAs were compared and the target and probe assemblies for the strongest interactions 

predicted were assessed, in terms of their geometrical arrangement, using the Biovia Materials 

Studio61 software package to visualise the most prominent molecular interaction orientations.   

 



10 

 

The subsequent most energetically favourable dimer structures of each interaction pair were used 

to calculate the likely interactions of further pABA molecules. Five pABA molecules were used 

as probes, with the dimers used as the grid search target structures. The same grid dimensions and 

Euler angles, as well as interaction energy and interaction geometry assessment method, as 

aforementioned, were used. 

 

2.3.2. Calculation of Solvation Energies 

The intermolecular grid search method was also used to calculate the solvation energies of the 

most energetically favourable dimer structures determined from the pABA:pABA/TMA 

intermolecular interaction calculations. Twenty ethanol molecules were used as the probes, 

providing enough solvent molecules to ensure the target dimers were well solvated. A slightly 

smaller grid size of 14 Å with 9 steps of grid points on the radius, the polar angle and on the 

equator, was used, slightly reducing the number of grid points to enable the software to calculate 

interactions with the high number of probe molecules. Further optimisation of the calculated 

interaction shell, using the Forcite module within Biovia Materials Studio was performed. The 

SMART algorithm and a very fine tolerance was used to distinguish intra and inter-molecular 

interactions, ensuring solvation energies alone could be determined. For this, Gasteiger62,63 atom 

point charges were utilised. 

 

2.4. Experimental Screening 

 

2.4.1. Materials 
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pABA, 3-aminobenzoic acid (mABA) and 4-nitrophenol (pNP) were supplied by Alfa Aesar, 4-

amino-3-methoxybenzoic acid (AMBA3), 4-amino-2-methoxybenzoic acid (AMBA2), 4-amino-

3-nitrobenzoic acid (ANBA3) and 4-amino-2-nitrobenzoic acid (ANBA2) were supplied by 

Fluorochem, 4-aminosalicyclic acid (pASA) was supplied by LKT Laboratories Inc. and ethanol 

absolute was supplied by Sigma-Aldrich. All materials were used as received without further 

purification. 

 

2.4.2. Experimental Procedure 

All experiments were performed using the Technobis Crystal16 system64 at a 1 ml solution scale. 

 

A TMA screen was performed through determination of changes in solution crystallisation 

temperature (𝑇𝑐) in the presence of TMAs, using a polythermal analysis2. Solutions at a 

concentration of 0.17g (99 mol% pABA: 1 mol % TMA) g-1 ethanol were subjected to heating 

cycles at a rate of 0.5 °C min-1 between 37 °C and -15 °C, with constant magnetic stirrer bar 

agitation at 300 rpm. Temperature cycles were repeated 12 times to get average 𝑇𝑐 and dissolution 

temperatures (𝑇𝑑𝑖𝑠𝑠). 𝑇𝑐 and 𝑇𝑑𝑖𝑠𝑠 were determined through transmissivity data as a function of 

temperature, as described in a previous research article2. 

 

2.5. Mechanistic Understanding 

The most effective TMA was further analysed and compared to the crystallisation of pABA from 

ethanol solution. Steady-state metastable zone width (MSZW) analysis, van’t Hoff analysis and 

nucleation kinetic analysis through the KBHR approach, subsequently described, were performed. 

pABA in ethanol at concentrations of 0.14, 0.15, 0.16 and 0.17 g g-1 and pABA:TMA (99:1 mol%) 
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in ethanol at concentrations of 0.18, 0.19, 0.20 and 0.21 g g-1 were studied. Heating cycles at rates 

of 0.3, 0.5, 0.7 and 0.9 °C min-1 in the temperature range 37 °C to -15 °C were used with a 

minimum of 5 repeats for pABA in ethanol solutions. For pABA:TMA in ethanol solutions, 

additional heating cycle rates of 0.4, 0.6 and 0.8 °C min-1 were used. 𝑇𝑐, 𝑇𝑑𝑖𝑠𝑠, the equilibrium 

crystallisation temperature at the kinetic limit (𝑇𝑐/𝑙) and the equilibrium dissolution temperature 

(𝑇𝑒) were determined as described elsewhere2. The difference between 𝑇𝑐/𝑙 and 𝑇𝑒 provided the 

steady-state MSZW. 

 

A van’t Hoff analysis was performed from the obtained solubility data to determine how the 

systems of study deviated from ideality, with the ideal solubility of pABA obtained from previous 

literature49. Activity coefficients (𝛶), enthalpy (∆𝐻𝑑𝑖𝑠𝑠) and entropy (∆𝑆𝑑𝑖𝑠𝑠) of dissolution were 

calculated based on the following equations65,66:  ln(𝑥𝑖𝑑𝑒𝑎𝑙) = ∆𝐻𝑓𝑢𝑠𝑅 [1𝑇 − 1𝑇𝑚]                                                   (1) 

𝛶 = 𝑥𝑖𝑑𝑒𝑎𝑙𝑥                                                                (2) 

ln(𝑥) = − ∆𝐻𝑑𝑖𝑠𝑠𝑅𝑇 + ∆𝑆𝑑𝑖𝑠𝑠𝑅                                                        (3) 

Where 𝑥𝑖𝑑𝑒𝑎𝑙 is the solution concentration, 𝑥 is the experimentally measured mole fraction, ∆𝐻𝑓𝑢𝑠 is the enthalpy of fusion, 𝑅 is the ideal gas constant, 𝑇 is the temperature and 𝑇𝑚 is the 

melting temperature. 

 

The KBHR approach was undertaken to gain an insight into the mechanism by which 

pABA:TMA in ethanol solutions nucleated in comparison to pABA in ethanol solutions, as well 
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as to determine nucleation kinetic parameters to assess changes in the effective interfacial tension 

(𝛾𝑒𝑓𝑓) to nucleation, giving an insight into the ease by which the systems crystallised. The KBHR 

approach relates the relative critical undercooling (𝑢𝑐) to the cooling rate (𝑞), utilising classical 

nucleation theory (CNT). uc was calculated through the relationship: 𝑢𝑐 = ∆𝑇𝑐𝑇𝑒                               (4) 

Where, ∆𝑇𝑐 = 𝑇𝑒 − 𝑇𝑐 
Plots of 𝑢𝑐 vs 𝑞 in ln-ln coordinates were produced, with slopes of fitted linear regressions 

providing information as to the mechanism of nucleation. A slope <3 indicated an instantaneous 

nucleation pathway, whereas a slope >3 signified a progressive nucleation pathway.  IN describes 

the pathway by which all nucleation active sites in a system (in this case a solution) have practically 

equal activities. Therefore, when a level of supersaturation is reached, corresponding to the critical 

level of supersaturation required for nucleation, all nucleation events occur at one instance. In 

contrast, PN describes the pathway by which nucleation active centres have a range of activities 

and therefore this non-uniform distribution of energies results in nucleation events occurring over 

a range of time, once individual nuclei reach the critical cluster size required for nucleation, where 

nucleation events can take place in the presence of already growing crystals. 

 

For the case of PN, The final expression for 𝑢𝑐(𝑞) dependence, when expressed through the 

number of crystallites at the detection point (𝑁𝑑𝑒𝑡), is defined as: ln 𝑞 = ln 𝑞0 + 𝑎1 ln 𝑢𝑐 − 𝑎2(1−𝑢𝑐)𝑢𝑐2                               (5) 
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Plots of 𝑢𝑐 vs. ln 𝑞 fitted with equation 5 enabled parameters to be determined for the calculation 

of the nucleation kinetic parameters of 𝛾𝑒𝑓𝑓, the critical nucleus radius (𝑟∗) and the number of 

molecules in the critical nucleus (𝑖∗). 
 

A full description of the KBHR analysis approach methodology is outlined in a previous research 

article39. 

 

3. Results & Discussion 

 

3.1. Material Properties 

pABA has a number of polymorphic forms, but has two major polymorphs, α- and β-pABA, 

with α-pABA being the most commonly observed form. This paper concerns the α-polymorph, 

which is subsequently referred to simply as pABA. pABA crystallises in the monoclinic crystal 

system, with space group P21/n and 2 molecules in the asymmetric unit. The mix of polar and 

apolar structural groups of pABA, as well as the structurally distinct polymorphs with very 

different physical properties, make this an attractive model compound. The needle-like alpha form 

of pABA often dominates the crystallisation from organic solvents and has been shown to be 

highly soluble in ethanol48. 

 

3.2. Bulk Synthon Characterisation 

Synthon analysis of pABA has been previously studied, with the results summarised here. The 

solid-state packing of pABA is made up of -O-H⋯O- dimer hydrogen bonding (synthon A), head-

to-head π-π stacking of the phenyl rings (synthon B) and amine to carboxylic group -N-H⋯O- 
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hydrogen bonding (synthon C) synthons (figure 3)46. Several studies of the nucleation rates in 

different solvents and pre-nucleation structure has indicated that the desolvation of the carboxylic 

acid group, along with the subsequent formation of the pABA:pABA OH…O H-bond, is an 

important step for the nucleation of the alpha-form45,47,48,52,67. However, computational and 

experimental studies in water and nitromethane have implied that disruption of the π-π stacking 

interactions can also impact upon the nucleation behaviour of pABA6,27,51 and may be the dominant 

synthon type in controlling the nucleation of pABA from solution27,51. Although there is evidence 

to support both the synthon A and the synthon B hypothesis for pABA nucleation control, open 

literature is more suggestive of synthon A dominance in ethanol solution, which is the basis of the 

work presented in this paper. A thorough discussion on these contrasting views in provided in 

Supplementary Information S1.      

 

 

A 

B C 

A 

B 

C 

Synthon A 

Synthon B 

Synthon C 
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Figure 3. pABA crystal structure. Left-hand side - pABA unit cell, showing carboxylic dimer -O-

H⋯O- hydrogen bonding (synthon A) and -N-H⋯O- hydrogen bonding (synthon C). Inset shows 

dominant hydrogen bonding tetramer intermolecular interactions. Blue dashed lines show 

intermolecular hydrogen bonding. Right-hand side - pABA structural packing in the c-axis, 

showing π-π stacking of the cyclic rings of pABA (synthon B). Inset highlights π-π stacking. Taken 

from AMBNAC07 in Cambridge Structural Database46. 

 

3.3. Additive Selection 

Potential nucleation inhibition additives were selected based on two factors. Firstly, in order to 

meet the criteria of being termed TMAs, as outlined by the seminal work of the Weizmann 

Institute17, additives that had molecular similarity to pABA were selected. Also, knowledge gained 

from the aforementioned pABA bulk synthon characterisation45 was used to aid selection of TMAs 

that could potentially impact upon the important pABA crystallographic synthons, i.e. through 

exploiting electrostatic or steric hindrance effects, in an effort to inhibit nucleation. The molecular 

structures of pABA and all TMAs studied are given in figure 4.  
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Figure 4. Molecular structures of pABA and the selection of seven TMAs, which are closely 

related in their molecular structure to pABA. 

 

3.4. In Silico Screening. 

3.4.1. In Silico Intermolecular Grid Search TMA Screen - Dimers 

A comparison of the strongest intermolecular interaction energy values, determined from the 

grid-search analysis, between pABA:pABA and pABA:TMAs is summarised in table 1. The 

variation in calculated intermolecular interaction energies were found to be relatively small 

between the dimer interactions, except for pABA:pNP, which showed a larger variation. Given 

that the same calculation procedure was undertaken for all intermolecular interaction calculations 
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and all TMAs, except pNP, had strong interacting carboxylic and amine groups, these calculated 

values were taken to provide a trend in intermolecular interaction strengths between pABA:pABA 

and pABA:TMAs. 

 

The data indicates that for pABA:ANBA3, pABA:AMBA2 and pABA:AMBA3 intermolecular 

interactions energies were calculated to be stronger (more negative) than for those of 

pABA:pABA. We theorise that the stronger binding of these structurally related TMA’s may 

disrupt the formation of a critical sized nucleus for pABA nucleation. In contrast, the other tested 

TMAs were calculated to bind more weakly with pABA and thought to be less likely to inhibit 

nucleation. No significant changes were observed in trends for decreasing pABA:TMA interaction 

energies over the range of interactions calculated. An analysis of over 3000 calculated 

intermolecular interaction energies for each pABA:TMA system, as well as pABA:pABA, is 

provided in Supplementary Information S3. 
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Table 1. Strongest interaction energies for pABA:pABA and pABA:TMA from intermolecular 

grid search along with Van der Waals, hydrogen bonding and electrostatic interaction contributions 

to total energy.  

Molecule in 

dimer with 

pABA 

Van der 

Waals 

interaction 

energy (kcal 

mol-1) 

Hydrogen 

bonding 

interaction 

energy (kcal 

mol-1) 

Electrostatic 

interaction 

energy (kcal 

mol-1) 

Total 

interaction 

energy (kcal 

mol-1) 

% Variation 

in total 

interaction 

energy 

compared to 

pABA:pABA 

pABA 0.80 -5.33 -4.50 -9.03 0.00 

mABA 1.35 -5.50 -4.81 -8.96 +0.78 

ANBA2 1.02 -4.74 -5.21 -8.93 +1.11 

ANBA3 1.16 -5.84 -4.71 -9.39 -3.99 

AMBA2 1.25 -5.63 -4.93 -9.31 -3.10 

AMBA3 1.89 -5.63 -5.54 -9.28 -2.77 

pASA 1.27 -5.13 -5.16 -9.02 +0.11 

pNP 0.68 -4.06 -3.40 -6.78 +24.92 

 

For the strongest intermolecular interaction energies calculated, hydrogen bonding tended to be 

the dominant intermolecular interaction type, with a high electrostatic contribution and a 

low/repulsive Van der Waals contribution to the overall intermolecular interaction energies 

calculated, which matched the trend observed for pABA:pABA and suggested strong hydrogen 

bonded carboxylic group dimer formation (synthon A).  

 

The most energetically favourable intermolecular interaction geometries of pABA:pABA, 

pABA:ANBA3, pABA:AMBA2 and pABA:AMBA3 are displayed in figure 5. All strongest 
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calculated interactions were the OH…O H-bonding dimer, which is analogous to the strongest 

synthon in the alpha pABA structure (synthon A). This suggests that ANBA3, AMBA2 and 

AMBA3 are able to disrupt the important pABA:pABA dimer formation, which has been 

experimentally suggested to form prior to nucleation of alpha pABA and template the self-

assembly of this structure48. For all pABA:TMA intermolecular interactions studied, synthon A 

was found to be the most energetically favourable interaction type, with the exception of 

pABA:pNP, due to pNP lacking the carboxylic acid group moiety. This similarity across the 

interactions studied also highlights the relatively small changes in intermolecular interaction 

energies calculated for these systems. It also suggests that energy scaling/normalization based on 

molecular size would not be necessary for a comparison of interaction energies, as all interactions, 

except for pABA:pNP, were the same type. The most favourable interactions calculated for each 

pABA:TMA are given in Supplementary Information S5. 
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Figure 5. Most favourable interactions of a) pABA:pABA, b) pABA:ANBA3, c) pABA:AMBA2 

and d) pABA:AMBA3, calculated from intermolecular grid search. Hydrogen bonding shown by 

blue dashed lines. Additional functional groups of TMAs are highlighted in the dotted circles. 

 

3.4.2. In Silico Intermolecular Grid Search TMA Screen - Solvation 

The calculated solvation energies of the most energetically favourable calculated dimers of 

pABA:pABA, pABA:ANBA3, pABA:AMBA2 and pABA:AMBA3 are given in table 2.  

 

All potential most energetically favourable pABA:TMA dimers were found to be more strongly 

solvated than the pABA:pABA dimer. This is likely due to the additional moieties on the TMA 

molecules, which enabled stronger interactions with the ethanol molecules. The strongest solvation 

energy of the three determined most likely pABA:TMA dimers was pABA:ANBA3. A stronger 

solvation demonstrates that the dimers would be more stable within solution and would be harder 

a) b) 

c) d) 
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to desolvate for subsequent pABA intermolecular interactions to take place through the key 

secondary synthons B and C, making nucleation more difficult.  

 

Table 2. Solvation energies of 20 ethanol molecules interacting with pABA:pABA and 

pABA:TMAs.  

Molecule in 

dimer with 

pABA 

pABA ANBA3 AMBA2 AMBA3 

Solvation 

Energy (kcal 

mol-1) 

-58.71 -76.03 -60.43 -73.52 

 

3.4.3. In Silico Intermolecular Grid Search TMA Screen – pABA Interactions with 

Stable Dimers 

For 5 pABA molecules interacting with the studied dimers, the total interaction energies 

calculated with the pABA:TMAs were found to be stronger than with of pABA:pABA. This is 

consistent with the ethanol solvation results and is again likely due to the additional moieties of 

the TMAs having an effect on the oriented intermolecular interactions of pABA with the dimers. 

Therefore, intermolecular interactions of pABA molecules with the dimers in solution would be 

more favourable with the pABA:TMA dimers than with the pABA:pABA dimer. This suggests 

that if the TMAs were required to be removed from the prenucleation clusters in order for the 

pABA crystal structure to form and nucleation to occur , more energy would be required to achieve 

this. This mechanism of nucleation inhibiting additives being required to be removed from the 

prenuclei to enable nucleation to occur has been suggested in previous literature24. The 
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intermolecular interaction energies calculated for 5 pABA molecules interacting with all 

pABA:pABA and pABA:TMA dimers are given in Supplementary Information S7. 

 

The interaction geometries of the 5 pABA molecules with the most stable pABA:pABA dimer 

and the three most stable pABA:TMA dimers (ANBA3, AMBA2 and AMBA3) are displayed in 

figure 6. These geometries provide information as to the likely effect of the important secondary 

synthonic interactions of pABA necessary for nucleation in ethanol solution to occur. For pABA 

molecules interacting with the pABA:pABA, pABA:AMBA2 and pABA:AMBA3 dimers, the 

strongest intermolecular interaction was synthon C, with the amine group of the pABA molecule 

interacting with the carboxylic acid groups of the dimers. This relates strongly to the pre assembly 

mechanism of pABA. In contrast, the strongest intermolecular interaction with a pABA molecule 

and the pABA:ANBA3 dimer does not relate to the important secondary synthons B or C. Instead, 

the amine group of the interacting pABA molecule interacts with the nitro group of ANBA3, 

directing strong non-crystallographic synthons. This suggests that ANBA3 has the strongest pABA 

nucleation inhibition capabilities of any of the TMAs studied, with its meta-position nitro group 

having a large effect on the ability of pABA molecules to form key synthonic interactions and 

nucleate.
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Figure 6. Interaction clusters of 5 pABA molecules around the calculated most energetically favourable (a) pABA:pABA, (b) pABA:ANBA3, (c) 

pABA:AMBA2 and (d) pABA:AMBA3 dimers. Dimers are shown with ball and stick style. pABA probe molecules are shown with capped stick 

style. Strongest pABA intermolecular interactions with each dimer are shown with pABA molecules with light green cyclic rings. Blue dashed 

lines represent intermolecular hydrogen bonding for strongest pABA interaction with dimer.

a) b) 

c) d) 

Synthon C 
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3.4.4. In Silico Intermolecular Grid Search TMA Screen – Atomic Charges 

The calculated fractional charges of atoms on ANBA3, AMBA2 and AMBA3, figure 7, 

provide further insight into the possible pABA nucleation inhibition effect of these TMAs. 

Charges calculated over the nitro group on ANBA3 ranged from 0.69 to -0.45, whereas the 

methoxy group charges of AMBA2 and AMBA3 ranged from -0.28 to 0.02. The larger charges 

of the nitro group suggest that ANBA3 would have a stronger influence on ethanol and pABA 

molecules within solution than AMBA2 or AMBA3, as seen in the solvation and pABA cluster 

results.  A comparison of atomic charges of pABA and the selected TMAs shows somewhat 

minor variations in charges on amino groups of the molecules, except for ANBA3, which 

showed a large change in atomic charges. The nitro group of ANBA3 has strong electron 

withdrawing capacity towards the amino group and as such, created more positively charged 

hydrogen atoms and a more negative nitrogen atom (figure 7). The higher positive charges of 

the amino group hydrogen atoms of ANBA3 would create stronger -N-H⋯O- intermolecular 

interactions with subsequent pABA molecules, and as such could potentially disrupt the pre-

assembly/nucleation pathway required for nucleation of pABA from ethanol solution more than 

for the other TMAs studied. Therefore, it would be expected that ANBA3 would be a more 

effective TMA for pABA nucleation inhibition from ethanol solution than AMBA2 and 

AMBA3. 

 

The charges on the cyclic rings of the TMAs were also influenced by the additional functional 

groups present, compared to the pABA molecule, with subtle changes in the calculated charges 

of the carbon atoms. These charges influence the π-π stacking synthon B interactions and as 

such, it is likely that the changing polarizability would influence this synthon, however, it is 

less clear at this stage as to the exact influence these changes would have on synthon B 

formation. Nevertheless, a previous study found that the synthon B interaction of both ANBA3 
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and AMBA3 with a pABA molecule is stronger than that of pABA with another pABA 

molecule, although the geometries of these interactions altered significantly from the pABA 

crystallographic solid state synthon B27.  

 

 

Figure 7. Fractional charges calculated for each atom of pABA, ANBA3, AMBA2 and 

AMBA3.  

 

3.4.5. In Silico Intermolecular Grid Search TMA Screen –TMAs in pABA Crystal 

Structure 

To further aid conceptualisation of how these TMAs could potentially inhibit formation of 

the pABA crystal structure, figure 8 displays visualisations of the strongest interactions of 

pABA:TMAs, taken from figure 6, within the pABA unit cell structure46. These TMAs could 

have a significant effect on disrupting the pABA crystal structure formation through 

electrostatic and steric hindrance towards subsequent pABA molecules joining the strong dimer 

formed in ethanol solution. The additional nitro moiety of ANBA3 and the methoxy moieties 

of AMBA2 and AMBA3 could disrupt pABA molecules orientating into the required crystal 

structure and inhibit the important crystallographic synthon B formation. Given that the nitro 

group is a larger moiety than the methoxy group, ANBA3 would have a larger disruptive effect 
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on crystal structure formation. A space fill figure is provided in Supplementary Information S8 

to further highlight this. 

 

Figure 8. Visualisation of a) ANBA3, b) AMBA2 and c) AMBA3 within the pABA unit cell, 

based on the calculated strongest interaction geometry. i) View along b axis, ii) view along c 

axis. TMAs shown by thicker bonding molecules. Nitro and methoxy moieties would inhibit 

pABA molecules close to them from packing in the required pABA unit cell structure. Crystal 

structure taken from AMBNAC07 in CCDC46.  

 

The results of the intermolecular grid search pABA:TMA screen demonstrate that TMA 

selection should not be based solely on the molecular similarity of a target solute and an 

additive. This is still no guarantee of TMA competitive binding, shown by the comparison of 
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interaction energies of ANBA3 and ANBA2. Both molecules have the same moieties, but the 

nitro group is present on different carbons of the cyclic ring, with the nitro group on the second 

carbon (ortho position) for ANBA2 and the third carbon (meta position) for ANBA3. The group 

placement had a large effect on intermolecular interaction energy strengths with pABA. This 

suggests that the nitro group moiety placement on the molecular structure had a large influence 

on the molecular polarity and as such on interaction strengths. This would also suggest that 

ANBA3 would have a larger influence on the other intermolecular interactions important for 

pABA self-assembly than ANBA2.  

 

3.5. Experimental Screening 

An experimental screen of the crystallisation of pABA:pABA and pABA:TMAs from 

ethanol solution, using the same TMAs that were assessed through intermolecular grid search, 

was undertaken to validate the results obtained through the in silico TMA screen and to 

demonstrate TMA effectiveness in a real solution, with the influence of solvent molecules.  

 

The effectiveness of each TMA to inhibit pABA nucleation was assessed through a study of 𝑇𝑐 of each solution as a function of heating cycle rate, with a lowering of 𝑇𝑐 assumed to correlate 

with nucleation inhibition. Figure 9 shows determined average 𝑇𝑐 and 𝑇𝑑𝑖𝑠𝑠 results obtained for 

each solution studied. The experimental results corroborate the findings from the 

intermolecular grid search screen, with the most effective TMAs being found to be ANBA3, 

AMBA2 and AMBA3, decreasing 𝑇𝑐 by an average of 24.0 °C, 9.4 °C and 6.7 °C, respectively. 

A student T-test statistical analysis was completed to determine if deviations in average values 

of 𝑇𝑐 were statistically significant. Only the TMAs: ANBA3, AMBA2 and AMBA3 were found 

to have statistical significance when compared to results collected with pABA in ethanol 

solutions. The full student t-test analysis results are provided in Supplementary Information 
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S9. The variation in 𝑇𝑑𝑖𝑠𝑠 was found to be negligible with or without TMAs present, suggesting 

that the TMAs used had no significant effect on the solubility of pABA in ethanol. Dynamic 

MSZWs as a function of cooling rate were determined using the values of 𝑇𝑐 and 𝑇𝑑𝑖𝑠𝑠 for each 

solution and are given in figure 9. These further highlight the effectiveness of ANBA3, 

AMBA2 and AMBA3 to inhibit pABA nucleation from ethanol solution given the increase in 

MSZW for these systems.  

 

ANBA3 had the greatest effect on 𝑇𝑐, lowering it substantially more than any other TMA, 

demonstrating that the nitro group of ANBA3 had a larger effect on disrupting pABA 

nucleation than the methoxy group of AMBA2. This highlights the importance of not just 

synthon A, but also synthons B and C, given that the nitro group of ANBA3 would likely 

influence these intermolecular interaction more than the methoxy groups of AMBA2 and 

AMBA3, as discussed previously. This correlates with the intermolecular interaction energy 

calculations and the charge calculations of these moieties discussed previously, further 

validating the intermolecular grid search results. Overall, these results suggest that TMAs must 

competitively bind at least with equivalence to the host molecule but a second criterion is that 

the secondary interactions must disrupt the preassembly cluster formation, in order to inhibit 

the nucleation process. 

 

It should also be noted that the growth rate of pABA was likely reduced by the presence of 

the TMAs that influenced its nucleation. ANBA3 and AMBA3 have previously been shown to 

reduce the growth rate of pABA in 2-propanol solution27. AMBA3 was found to have a more 

drastic effect on reducing growth rates at lower additive loadings, although the reduction in 

growth rates became similar at around 1 wt% loading. However, from figure 9 it is clear that 

ANBA3 had a larger effect on inhibiting nucleation than AMBA3. Therefore, the reduction in 
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growth rate would likely influence the detection of crystallites in solution and could contribute 

to the lowering of the solution crystallisation temperatures for the pABA:ANBA3, 

pABA:AMBA2 and pABA:AMBA3 solutions, but it is clear that there is a larger impact of the 

TMAs on the nucleation process. 

 

In order to determine whether any polymorphic transformations had occurred as a result of 

the presence of the TMAs with the pABA in ethanol solution, a morphological assessment was 

completed. Previously, it has been found that the two most dominant pABA polymorphs, α-

pABA and β-pABA, have distinct morphologies, being needle-like and prismatic, respectively. 

Furthermore, this morphological dissimilarity has been shown to still be present in the presence 

of TMAs27. All crystals collected from the crystallisation experiments undertaken during this 

study were found to conform to the needle-like morphology of α-pABA, therefore, no 

polymorphic transformations are presumed to have taken place. Optical micrographs showing 

crystals collected from experiments using all TMAs are provided in Supplementary 

Information S11.   
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Figure 9. Floating column chart displaying 𝑇𝑐 (bottom of columns) and 𝑇𝑑𝑖𝑠𝑠 (top of columns) 

values determined for pABA in ethanol solution with and without the presence of TMAs. Error 

bars show standard deviations of results. Numeric value within columns represents dynamic 

MSZW in °C. Values at bottom of plot are the strongest interaction energies for each dimer, 

calculated from the intermolecular grid search, in kcal mol-1. 

 

Due to the pABA nucleation inhibition from ethanol solution capabilities of ANBA3, this 

was the TMA that was further studied. 

 

3.6. Mechanistic Understanding 

3.6.1. Crystallisability and Solution Thermodynamics  

Steady-state MSZW analysis highlighted the difference in crystallisability between pABA 

and pABA:ANBA3 in ethanol solutions. Over the concentration ranges studied the addition of 

ANBA3 increased the steady-state MSZW substantially, table 3. Negligible variations in the 
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trend of increasing equilibrium dissolution temperatures, 𝑇𝑒, with increasing solution 

concentration were determined, corroborating the previous finding of ANBA3 having a 

negligible effect on pABA solubility in ethanol. Therefore, the increase in the steady-state 

MSZW is attributed to the large decreases in the equilibrium crystallisation temperatures at the 

kinetic limit, 𝑇𝑐/𝑙, observed. This demonstrates that pABA:ANBA3 required a much higher 

driving force to induce nucleation than for pABA in ethanol solution. 

 

A van’t Hoff analysis demonstrated a very similar trend, with regards to solution 

thermodynamics of the crystallising systems, with negligible changes in the enthalpy and 

entropy of dissolution between both systems found. Full results of the van’t Hoff analysis are 

given in Supplementary Information S13. 

 

Table 3. Equilibrium crystallisation and dissolution temperatures determined over a range of 

concentrations as well as steady-state MSZWs for pABA and pABA:ANBA3 in ethanol 

solutions. 

Concentration (g g-1) 𝑻𝒄/𝒍 𝑻𝒆 MSZW (°C) 
Concentration (g 

g-1) 
𝑻𝒄/𝒍 𝑻𝒆 MSZW (°C) 

pABA pABA:ANBA3 

0.14 12.9 16.4 3.5 0.18 1.8 34.0 32.2 

0.15 14.7 22.2 7.5 0.19 8.2 36.4 28.2 

0.16 22.3 26.4 4.1 0.20 18.0 41.4 23.4 

0.17 23.0 30.6 7.6 0.21 20.8 49.6 28.8 
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3.6.2. Nucleation Kinetics 

The KBHR approach was used to determine the mechanism by which nucleation occurred 

and the nucleation kinetic parameters for pABA:ANBA3 in ethanol solutions. An example plot 

of 𝑢𝑐 vs 𝑞 in ln-ln coordinates, for nucleation mechanism assessment, for pABA:ANBA3 in 

ethanol solution at a concentration of 0.21 g g-1 is shown in figure 10. 

 

Turner et al.49 previously found that, over a comparable range of concentrations studied for 

pABA:ANBA3 in ethanol solutions, pABA in ethanol solutions nucleate through an IN 

pathway, table 4. Small angle X-ray studies have previously shown that the IN mechanism 

associated with pABA in ethanol solutions is mediated through the existence of pABA 

prenucleation clusters, which nucleate when a high enough driving force of supersaturation is 

reached48. This suggests an equilibrium of pABA clusters with similar energies exist in the 

supersaturated solution state, whereby once a high enough driving force to nucleation is 

achieved, given a high enough supersaturation, this equilibrium ensures a mechanistic 

nucleation pathway by which all nuclei reach a critical size in one instant, before subsequent 

crystal growth occurs. 

 

In contrast, pABA:ANBA3 in ethanol solutions were found to undertake the PN pathway for 

all concentrations studied, table 4. This suggests that the equilibrium of cluster formation that 

could undergo nucleation at a given instance, present in pABA in ethanol solutions, was 

disrupted by the presence of ANBA3. From the in silico findings it is clear that there are strong 

pABA:ANBA3 intermolecular interactions and the presence of ANBA3 is able to direct non-

crystallographic synthons, as well as providing steric hindrance to the formation of the pABA 

crystal structure. Therefore, this suggests that the presence of ANBA3 in solution disrupts the 

ability of solute clusters in solution to form into a pABA crystal structure. This result has been 
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found previously for TMA studies on nucleation inhibition of different crystallisation 

systems24,26. Therefore, it is assumed that a higher driving force to nucleation was required to 

overcome the favourable pABA:ANBA3 intermolecular interactions and remove the ANBA3 

molecules from the clusters. Given the potential variation of clusters in solution, containing 

different numbers of ANBA3 and pABA molecules, only certain clusters would be provided 

with enough of a driving force to initiate the nucleation stage, once a critical nucleus size was 

reached, thereby altering the nucleation pathway to a state in which nucleation occurred in 

different areas of the solution over a period of time, in line with the PN pathway. 

 

This novel insight into how ANBA3 affects the mechanism by which pABA nucleates from 

ethanol solution demonstrates that the interaction between the TMA and solute can 

fundamentally alter the behaviour of a nucleating system. Understanding how TMAs effect the 

mechanism of nucleation is extremely important as it can have a large impact on final crystal 

size distribution, solution hydrodynamics and system thermodynamics, etc. 

 

Table 4. Nucleation mechanisms determined from slope of 𝑢𝑐 vs 𝑞 in ln-ln coordinates and 

calculated nucleation kinetic parameters obtained for pABA:ANBA3 in ethanol solutions from 

KBHR analysis. Data presented for pABA in ethanol solutions over a comparable 

concentration range, taken from Turner et al49. 

Concentration 

(g g-1) Slope 

R2 of 

linear 

fit Mechanism 

𝜸𝒆𝒇𝒇 

(mJ 

m-2) 

𝒓∗ (nm) 𝒊∗ 
pABA (from Turner et al.49) 

0.18 1.76 0.80 IN - - - 

0.19 1.56 0.53 IN - - - 

0.20 1.62 0.62 IN - - - 
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pABA:ANBA3 

0.18 9.18 0.91 PN 3.74 0.93 - 0.84 20.2 - 14.8 

0.19 6.70 0.95 PN 2.98 0.83 - 0.72 14.5 - 9.5 

0.20 3.95 0.96 PN 1.83 0.57 - 0.44 4.8 - 2.1 

0.21 5.30 0.98 PN 2.59 0.74 - 0.60 10.1 - 5.5 

 

For the PN case of pABA:ANBA3, the KBHR approach enabled the calculation of the 

nucleation kinetic parameters, 𝛾𝑒𝑓𝑓, 𝑟∗ and 𝑖∗, shown in table 3. Plots of 𝑢𝑐 vs ln 𝑞 were formed 

and fitted with equation 5 to enable the determination of the parameters. An example of the 𝑢𝑐 

vs ln 𝑞 plot for pABA:ANBA3 in ethanol solution at a concentration of 0.21 g g-1 is shown in 

figure 8.  

 

 

Figure 10. Plots for KBHR analysis for pABA:ANBA3 in ethanol solution at a concentration 

of 0.21 g g-1. Left-hand side - Plot of 𝑢𝑐 vs 𝑞 in ln-ln coordinates for determination of nucleation 

mechanism. Right-hand side - Plot of 𝑢𝑐 vs ln 𝑞 for determination of nucleation kinetic 

parameters. 
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A previous research study determined values of 𝛾𝑒𝑓𝑓 for pABA in ethanol solution using 

isothermal induction time data and CNT analysis48. Over a similar concentration range as 

studied in this work, the values of 𝛾𝑒𝑓𝑓 were calculated to range from 0.85 - 1.31 mJ m-2. In 

contrast values of 𝛾𝑒𝑓𝑓 for pABA:ANBA3 in ethanol solution calculated from this analysis 

were found to be between 1.8 - 3.7 mJ m-2. The higher 𝛾𝑒𝑓𝑓 demonstrates that the presence of 

ANBA3 increased the required driving force to nucleation, which correlates well with the 

depression in 𝑇𝑐 observed with experimental crystallisation studies as well as the nucleation 

mechanism change from IN to PN with the presence of ANBA3 in solution. 

 

4. Conclusions 

4.1. Conclusions of this Study 

A workflow for TMA screening and assessment was developed and undertaken to study the 

nucleation inhibition effects of 7 TMAs on pABA crystallising from ethanol solution. 

 

Intermolecular grid search results suggested that 3 out of 7 studied TMAs (ANBA3, AMBA2 

and AMBA3) interacted more strongly with pABA than pABA did with itself. The other TMAs 

were found to have weaker intermolecular interactions. Therefore, ANBA3, AMBA2 and 

AMBA3 would likely form competitively to pABA in solution , forming through the important 

synthon A, whereas the others would have a much smaller influence on intermolecular 

interactions in solution. 

 

These 3 pABA:TMA dimers were found to be more stable in solution than pABA:pABA 

dimers and as such, harder to desolvate. pABA:ANBA3 was also found to likely disrupt the 

important synthon C formation necessary for pABA nucleation. Atomic fractional charges 
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demonstrated that ANBA3 would have stronger intermolecular interactions with subsequent 

pABA molecules due to strong charges on its nitro and amine groups and TMA cyclic rings 

had varied charges, suggesting an ability to alter synthon B and C formation. All 3 pABA:TMA 

dimers were found to be unlikely to fit within the pABA crystal structure and as such, would 

be likely to disrupt the important synthon B and other pABA intermolecular interactions 

necessary for pABA nucleation. Therefore, although initial in silico testing provided an 

indication as to the likely interaction strengths of pABA homodimers and pABA:TMA 

heterodimers, through assessment of the impact of TMAs on key pABA synthons (A, B and 

C), stability of dimers in solution, subsequent pABA interactions, atomic fractional charges 

and the stereochemistry associated with TMA incorporation into the crystal structure, the 

impact of the TMAs on pABA nucleation was comprehensively evaluated. 

 

Experimental screening corroborated the in silico findings, with only ANBA3, AMBA2 and 

AMBA3 having an ability to lower the crystallisation temperature of pABA in ethanol solution. 

ANBA3 was found to have the largest nucleation inhibition effect. 

 

The crystallisability, solution thermodynamics and nucleation kinetics of pABA:ANBA3 

were assessed to gain a mechanistic understanding of TMA inhibition of pABA nucleation. 

Large increases were observed in the steady-state MSZW with the presence of ANBA3 in 

solution, with little changes in the solution thermodynamics. The mechanism of nucleation was 

found to change from instantaneous nucleation for pABA in ethanol solution to progressive 

nucleation in the presence of ANBA3 in solution. This is suggested to be as a result of ANBA3 

molecules influencing the ability of pABA molecules to form into their crystal structure to 

enable the nucleation process to occur. A higher driving force to nucleation would be needed 

for ANBA3 to be removed from these clusters and allow pABA nucleation to occur. This was 
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found to be the case, with a higher supersaturation necessary to induce nucleation of 

pABA:ANBA3 in ethanol solutions, as well as a higher effective interfacial tension calculated 

for these solutions.  

 

4.2. Applications, Future Work and Current Limitations 

Industrial additive selection can take the form of an initial selection of hundreds of potentially 

useful additives followed by an additive screen to determine the most effective. This is a long 

and tedious process that requires substantial experimental effort and money to complete. 

Furthermore, these screens provide no real information as to the mechanism of action of the 

additives towards the crystallisation process, which means fundamental knowledge cannot be 

used to aid future additive selection. The workflow produced in this study provides a step 

towards making the process of additive selection, as well as understanding fundamental 

mechanistic additive influences on the crystallisation process, more efficient, by reducing 

experimental expenditure and gaining greater insights to aid in future idea generation. 

 

The workflow produced could also be implemented towards understanding how chemical 

synthesis impurities effect the crystallisation of desired products. This is due to these impurities 

being akin to TMAs, i.e. they have a similar molecular structure to the desired product. This 

could then aid in process understanding so that process parameters, such as solvent selection, 

could be altered. This could potentially change intermolecular interaction pathways to 

nucleation, creating a more controlled crystallisation process. 

 

Furthermore, although not thoroughly discussed in this work, understanding how TMAs 

interact with preassembly/nucleation pathways can aid in directing polymorphic form. This has 

been shown in a previous study by Black et al.27, whereby, at higher additive loadings and 
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higher solution volumes to those used in this work, ANBA3 and AMBA3 were able to direct 

the crystallisation of β-pABA, with explanations given as to the TMAs interfering with the 

important synthons in α-pABA crystal structure. The workflow presented here provides a way 

in which to thoroughly understand these interactions and as such could be used to aid 

polymorphic form selectivity. 

 

A limitation of this work is that it does not address key issues arising from TMA studies, 

such as understanding how TMA concentration influences nucleation inhibition or how 

changes in TMA solubility in the solvent influence its efficacy. 

 

A further limitation of this work is that it focusses upon a relatively simple molecule in a 

model crystallisation system. Therefore, it does not take into account added complexity of 

many solutions. This complexity could be the result of many factors, such as high molecular 

weight compounds, highly charged compounds, multi component systems, lower purity 

products or hydrophobic systems that do not have strong hydrogen bonding responsible for key 

synthons.  

 

In order to ensure effective workflow procedures and universal applicability, it is suggested 

that the produced workflow should be developed and validated further, through subsequent 

studies on nucleation inhibition using TMAs of different systems. With further studies and 

successive methodological improvement it is suggested that the TMA selection workflow could 

become a more common and rigorously used industrial crystallisation tool. 

 

Supporting Information 

The Supporting Information is available free of charge. 
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It includes: pABA crystallisation background science, grid optimization, intermolecular 

interaction energies and contributions, dimer interaction geometries, dimer solvation and 

pABA interaction energies, TMAs within pABA crystal structure, statistical T-test, TMA 

screen MSZWs, pABA optical micrographs, crystallisation and dissolution temperatures, 

crystallisability and van’t Hoff analysis and nucleation kinetic analysis. 
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